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ABSTRACT

Thyroid hormone (TH) is essential for proper cochle-
ar development and function, and TH deficiencies
cause variable hearing impairment in humans and
mice. Thyroid peroxidase (TPO) catalyzes key reac-
tions in TH synthesis, and 7PO mutations have been
found to underlie many cases of congenital hypothy-
roidism in human patients. In contrast, only a single
mutation of the mouse TPO gene has been reported
previously (TpoR479 “) but was not evaluated for
auditory function. Here, we describe and characterize
two new mouse mutations of Tpo with an emphasis on
their associated auditory deficits. Mice homozygous
for these recessive mutations have dysplastic thyroid
glands and lack detectable levels of TH. Because of
the small size of mutant mice, the mutations were
named teeny (symbol 7po) and teeny-2 Jackson
(Tpo“?). Tpo™ is a single base-pair missense mutation
that was induced by ENU, and Tpo“? is a 64 bp
intragenic deletion that arose spontaneously. The
Tpo mutation changes the codon for a highly
conserved tyrosine to asparagine (p.Y614N), and the
Tpo"“? mutation deletes a splice donor site, which
results in exon skipping and aberrant transcripts.
Mutant mice are profoundly hearing impaired with
auditory brainstem response (ABR) thresholds about
60 dB above those of non-mutant controls. The
maturation of cochlear structures is delayed in mutant
mice and tectorial membranes are abnormally thick.
To evaluate the effect of genetic background on
auditory phenotype, we produced a C3.B6-Tpo?
congenic strain and found that ABR thresholds of
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mutant mice on the C3H/He]J strain background are
10-12 dB lower than those of mutant mice on the
C57BL/6 ] background. The Tpo mutant strains
described here provide new heritable mouse models
of congenital hypothyroidism that will be valuable for
future studies of thyroid hormones’ role in auditory
development and function.
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INTRODUCTION

The auditory system is highly sensitive to the effects of
thyroid hormone (TH), especially during important
embryonic and neonatal periods (Deol 1973; Uziel
1986). Mouse models of hypothyroidism have been
instrumental in elucidating the role of TH in cochlear
development and auditory function. Auditory deficits
have been described in congenitally hypothyroid mice
caused by mutations that impair pituitary function
with secondary effects on the thyroid, such as PoulfI1*
(Mustapha et al. 2009) and Prop]df (Fang et al. 2012);
mutations that prevent normal thyroid development,
such as Pax8™¢ (Christ et al. 2004); and mutations
that impede or block the synthesis of TH, such as
Tsha'™! (O’Malley et al. 1995; Sprenkle et al., 2001),
Slc26a4™™¢" (Everett et al. 2001), and Duox2™
(Johnson et al. 2007). Hearing loss and cochlear
abnormalities also have been reported in mice with
mutations that prevent peripheral responses to TH,
such as mutations of the TH receptors Thra and Thrb
(Rusch et al. 2001; Griffith et al. 2002; Winter et al.
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2006) and mutations of the deiodinases Dio2 and Dio3
(Ng et al. 2004; Ng et al. 2008).

Thyroid peroxidase (TPO) catalyzes crucial steps in
the synthesis of TH. TPO is located on the apical
surface of thyroid follicular cells and catalyzes the
iodination of tyrosine residues of thyroglobulin and
the coupling of iodotyrosines to form the thyroid
hormones T3 and T4. It therefore is essential in
thyroid hormonogenesis, and its loss of function
results in severe congenital hypothyroidism. Muta-
tions of the TPO gene have been shown to underlie
many cases of congenital hypothyroidism due to
iodide organification defects in human patients,
including both missense and frameshift mutations
(Bakker et al. 2000; Ambrugger et al. 2001; Wu et al.
2002). Hearing impairment has been shown to be
associated with some of these TPO mutations (Pfarr et
al. 2006). In contrast to the prevalence of human 7PO
mutations, only a single mutant mouse has been
reported with a Tpo mutation (Tpo™*”*%), and auditory
function was not evaluated in these mutant mice
(Takabayashi et al. 2006).

In this study, we molecularly characterize two new
independently arising recessive mutations of the
mouse Tpo gene and analyze the mutant phenotypes
associated with these mutations, with particular em-
phasis on auditory function. We show that the
congenitally hypothyroid mutant mice are severely
hearing impaired and that this impairment is associ-
ated with delayed development of cochlear structures
and a dysmorphic tectorial membrane, similar to the
effects seen in other mouse models of hypothyroid-
ism. We also show that strain background influences
the severity of hearing impairment in the 7po mutant
mice.

METHODS
Mice

Mice with the two Tpo mutations are publicly available
from The Jackson Laboratory (http://
jaxmice jax.org/index.html); the strain carrying the
tee mutation is designated C57BL/6]-Tpo"/Grst], and
the strain carryin§ the fee-2] mutation is designated
B6.Cg-Tpo"? H2%’/Grst]. To investigate the effects of
Tpo mutations on a different strain background, we
generated a C3H/He] congenic strain containing the
tee-2] mutation, which was derived from the B6.Cg-
Tpo'? H2%7/] strain by repeatedly backcrossing
hybrid progeny to C3H/He] mice and selecting for
the Tpo“? mutation at each generation until six
backcross generations (N6) were completed. The
resulting congenic strain, designated C?).B6—Tpo’”'2]/
Kjn, is available from the Jackson Laboratory. Exper-
imental mice were housed in the Research Animal

Facility of The Jackson Laboratory, and all procedures
involving their use were approved by the institutional
animal care and use committee. The Jackson Labora-
tory is accredited by the American Association for the
Accreditation of Laboratory Animal Care.

Thyroid Gland and Inner Ear Histology

Anesthetized mice were perfused through the left
ventricle of the heart with phosphate-buffered saline
followed by Bouin’s fixative. Thyroid glands were
dissected out of the body, fixed in Bouin’s for 7 days,
and embedded in paraffin. Sections were cut (6-pm
thick), mounted on glass slides. Thyroid tissue was
counterstained with hematoxylin and eosin (H&E).
Inner ears were dissected out of the skull, immersed
in Bouin’s fixative for 21 days, and embedded in
paraffin. Serial mid-modiolar cross-sections were cut 4-
pm thick, mounted on glass slides and counterstained
with H&E. All slides were examined on an Olympus
Optical (Tokyo, Japan) BX40 light microscope, and
digital images were captured with the Olympus
Optical DP70 camera.

T4 measurement

For serum preparation, trunk blood was collected
from mutant and control mice by decapitation, whole
blood was chilled on ice for 30 min and then spun at
10,000 rpm for 10 min in a benchtop centrifuge.
Thyroxine (T4) was measured on a Beckman
Synchron CX5 DELTA photometric chemistry analyz-
er (Beckman Coulter, Inc., Brea, CA) with the
Synchron CX System, the associated T4 reagent
(thyroxine Kkit, Beckman Coulter, Inc., Brea, CA),
and the Synchron T4 calibrator. This system allows
automated measurements of T4.

Morphological Examinations of Eyes

A Nikon biomicroscope (slit lamp) was used to
examine the cornea for clarity, size (bupthalmos vs.
microcornea), surface texture, and vascularization.
The iris was checked for pupil size, constriction,
reflected luminescence, and synechia. The eye was
then dilated with 1 % atropine and the lens checked
for cataracts. An indirect ophthalmoscope was used to
examine the fundus for signs of retinal degeneration,
such as retinal vessel constriction or retinal pigment
epithelial disturbance, or for other problems, such as
drusen or deposits or optic nerve head abnormalities.

ABR Assessment of Hearing

Hearing in mice was assessed by auditory brainstem
response (ABR) threshold analysis. Mice were anes-


http://jaxmice.jax.org/index.html
http://jaxmice.jax.org/index.html

JonnsoN ET AL.: Hearing Impairment in Hypothyroid Mice Caused by 7po Mutations 47

thetized with an intraperitoneal injection of
tribromoethanol (0.2 ml of 20 mg/ml stock per 10 g
of body weight), and then placed on a 37 °C
temperature-controlled pad in a sound-attenuating
chamber. Needle electrodes were placed just under
the skin, with the active electrode placed between the
ears just above the vertex of the skull, the ground
electrode between the eyes, and the reference elec-
trode underneath the left ear. High-frequency trans-
ducers were placed just inside the ear canal and
computer-generated sound stimuli were presented at
defined intervals. Thresholds were determined for
broad-band clicks and 8-, 16-, and 32-kHz pure tone
stimuli by increasing the sound pressure level in 10-dB
increments followed by 5-dB increases and decreases
to determine the lowest level at which a distinct ABR
wave pattern could be recognized. Stimulus presenta-
tion and data acquisition were performed using the
Smart EP evoked potential system (Intelligent Hear-
ing Systems, Miami, FL).

Statistical Analyses

Statistical tests of body weights and ABR thresholds of
mutant mice were performed using the JMP 10.0
interactive statistics and graphics software program
(www.JMP.com). Statistical significance of the differ-
ences among means was determined by one-way and
two-way ANOVA analyses with Tukey—Kramer HSD
tests to correct for multiple pair-wise comparisons.

Genetic Mapping

To map the fee mutation, ovaries from homozygous
mutant females were transferred to host females who
then were mated with CAST/Ei] males. The resulting
F1 hybrids were intercrossed and 21 mutant (dwarf)
F2 progeny were produced and analyzed for linkage
by their associations with microsatellite DNA markers
typed by PCR amplification and agarose gel separa-
tion. Genomic DNA for genotyping mice was rapidly
prepared from tail tips by the hot sodium hydroxide
and Tris procedure (Truett et al. 2000). PCR reactions
were comprised of 75 ng genomic DNA in 25 pl
containing 500 mM KCI, 100 mM Tris-HCI (pH 8.3 at
25 °C), and 0.01 % Tritin-X-100, 15 mM Mg(OAc)s,
100 nM of each primer (forward and reverse), 0.2 mM
of each of four deoxyribonucleoside triphosphates,
and 0.5 U of Taq DNA polymerase (5 Prime Inc.,
Gaithersburg, MD). PCR was run in a Bio-Rad Peltier
thermal cycler. Amplification consisted of 1 cycle of
denaturation at 97 °C for 30 s followed by 40 cycles,
each consisting of 94 °C for 30 s (denaturation), 58 °C
for 30 s (annealing), and 72 °C for 30+1 s (extension).
After the 40 cycles, the final product was extended for
10 min at 72 °C. PCR products were visualized on

25 % NuSieve (Lonza Bioscience, Rockland, ME)
agarose gels.

DNA Sequencing

PCR primers for amplifying portions of the mouse 7po
gene for mutant and control sequence comparisons
were designed using Primer3 (http://
primer3.sourceforge.net/) and synthesized by Inte-
grated DNA Technologies (Coralville, IA). Primer
sequences for genomic DNA and cDNA amplification
are given in Table 1. To produce cDNA, total RNA
was isolated from thyroid glands of mice at 4 weeks of
age with the TRIzol reagent (Invitrogen Life Tech-
nologies, Carlsbad, CA), and the iScript cDNA synthe-
sis kit (Bio-Rad Laboratories, Hercules, CA) was used
to make firststrand cDNA. PCR products, either
directly from reaction mixes or in some cases
extracted from agarose gels, were purified with the
QIAquick PCR purification kit (Qiagen Inc., Valencia,
CA). Primers used for DNA amplification also were
used for DNA sequencing on an Applied Biosystems
3700 DNA Sequencer with an optimized BigDye
Terminator Cycle Sequencing method.

Genotyping

Mutant mice do not breed, and the strains originally
were maintained by progeny testing or by ovary
transplants to host females; however, molecular
genotyping now allows direct identification of hetero-
zygotes for simplified colony maintenance. To geno-
type the Tpo mutation, PCR primers Tpo-teeF and
Tpo-teeR (Table 1) were designed to amplify a 150 bp
fragment of exon 11 of the Tpo gene, which contains
the fee mutation site. After incubation with the
restriction enzyme Msel, the PCR product from
uncleaved wild-type DNA is 150 bp, whereas the PCR
product from mutant DNA is cleaved into 95 and
55 bp fragments. For restriction enzyme digestion, a
15-pL aliquot of each PCR-amplified DNA sample was
mixed with 0.8 pL Msed (New England Biolabs,
Ipswich, MA) and incubated at 37 °C for 2-4 h.
Each sample was then run on a 1.5 % SeaKem
(Lonza Bioscience, Rockland, ME) agarose gel to
resolve PCR product sizes. To genotype the Tpo™?
mutation, PCR primers TpoEx5-F and TpoEx5-R
(Table 1) were used to amplify the exon 5 region
of Tpo, which contains the site of the tee-2]
deletion. The amplified fragment of wild-type
DNA is 269 bp, whereas the amplified fragment
of DNA with the tee-2] mutation is 205 bp. The 64-bp
difference in the sizes of these fragments can easily be
resolved by agarose gel electrophoresis.
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RESULTS
Origins and Dwarf Phenotype of Mutant Mice

Mice carrying two new recessive mutations causing
similar dwarf phenotypes were discovered in separate
colonies at The Jackson Laboratory and named
“teeny” (tee) and “teeny-2 Jackson” (tee-2]). The official
designations for these mutations are Tpo™ and Tpo"”
2], but for simplicity, they are referred to here as tee
and tee-2]. The tee mutation occurred in progeny of
C57BL/6] (B6) mice that had been treated with ethyl
nitrosamine urea, and the tee-2] mutation occurred
spontaneously in a congenic colony of B6 mice
carrying the H2%” histocompatibility allele (strain
B6.Cg-Tpo? H257/]). A mating of a +/tee-2] female
with a +/tee male produced three mutants out of a
total of seven progeny in two litters. The mutant
phenotype of tee/ tee-2] compound heterozygotes (non-
complementation) indicates that the recessive muta-
tions are alleles of the same gene. Homozygous
mutant mice (tee/lee and lee-2]/ tee-2]) do not breed
but live normal lifespans.

Mice homozygous for either mutation (abbreviated
B6 tee and B6 tee-2]) can be characterized by 1 week of
age by their small size in comparison with their
littermates, and this small size continues throughout
their lifespan (Fig. 1). Mutant mice of the derived
C3.B6-Tpo"“"? congenic strain (abbreviated C3H tee-2))
are also dwarf (Fig. 1A). At 6-7 weeks of age, mean
weights were 7.9, 8.5, and 8.1 g for the B6 fee (N=8),
B6 tee-2] (N=6), and C3H tee-2] (N=6) mutant mice,
respectively. Results of a one-way ANOVA test (Io, 17)=
0.29, P=0.75) indicate that mean weights of these dwarf
mutants are not significantly different. X-rays of three
10.5-week-old fee mutants showed that there was no
abnormal shortening of the long bones compared with

an age-matched control and confirmed that the nor-
mally proportioned mutants are ateliotic dwarfs. The
femurs of all three mutants looked thicker than normal,
were splayed at the distal end, and appeared to be
undermineralized.

The thyroid glands of mutant mice are dysplastic with
poorly developed follicles and hyperproliferation of
epithelial cells (Fig. 2). These pathologies indicate a
lack of thyroid hormone synthesis and consequent loss
of feedback inhibition on thyrotropic hormone activity.
At 5-8 weeks of age, serum levels of T4 in 11 B6 tee
mutant mice (5 females and 6 males) and in 9 B6 tee-2f
mutant mice (4 females and 5 males) were below
detectable levels (<0.4 pg/dl) as compared to 12 +/tee
heterozygous control mice (8 females, 4 males) that had
normal levels of T4 (4.9-8.5 pg/dl), confirming that
mutant mice are severely hypothyroid.

Eyes of two B6 tee mutant mice were carefully
examined (see Methods), but structural abnormalities
were not detected. The cornea, iris, lens, and retina
appeared normal in all four mutant eyes examined.

Hearing Impairment and Cochlear Pathology
of Mutant Mice

To assess hearing in mutant and control mice, we
measured their ABR thresholds to broadband clicks
and to 8, 16, and 32 kHz pure tone stimuli.
Homozygous mutant mice (tee/tee and tee2]/ tee-2))
had highly elevated thresholds (60-70 dB hearing
loss) for all four stimuli compared with age-matched
non-mutant controls (Table 2, Fig. 3). To investigate
the influence of genetic background on hearing in
mutant mice, we compared the thresholds of Tpo
mutant mice on a CH7BL/6] background, strain
C57BL/6J-Tpo" (B6 tee), and strain B6.Cg-Tpo™?

FIG. 1. The dwarf phenotype of mutant
mice. The tee/tee and tee-2J/tee-2) mutant
mice have the same dwarf appearance
and reduced growth rates. A A normally
proportioned (ateliotic) dwarf mouse
(C3.B6-Tpo'ee-ee2) compared with its
wild-type littermate at 32 days of age. B
Average body weights of female (N=5)
and male (N=7) non-mutant littermate
control mice (wild-type) compared with
those of age-matched female (N=6) and
male (N=6) C57BL/6}-Tpo"”®® mutant
mice (tee/tee) at 4, 6, 8, and 12 weeks
of age. Error bars indicate standard devi-
ations of the means.
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FIG. 2. Thyroid gland pathology of mutant mice. Cross-sections of thyroid glands stained with H&E from an 8-week-old +/+ control (A) and
age-matched tee/tee (B) and tee-2J/tee-2) mutants (C). Thyroid glands of mutant mice lack normal follicles containing colloid material and have
highly proliferating epithelial cells that give rise to adenomas (goiters). All scale bars, 200 um.

H27/] (B6 tee-2]), with those of Tpo mutant mice on a
C3H/He] strain background, congenic strain C3.B6-
Tpo"¥ (C3H tee-2]). A one-way ANOVA test of
broadband click responses and strain/genotypes (B6
tee, B6 tee-2], and C3H tee2]) showed a significant
strain/genotype effect on thresholds (F{9, 29,=4.63, P=
0.018). The post hoc Tukey test detected statistically
significant differences between mean click thresholds
of B6 tee and C3H tee-2]/ mutant mice (P=0.0331) and
between B6 fee-2] and C3H tee-2] mutant mice

(P=0.0382) but no significant difference between B6
tee and B6 fee-2] mutant mice (P=1.000). For the pure
tone frequency responses, a two-way ANOVA was
performed for strain/genotype x stimulus frequency
(8, 16, and 32 kHz). Both strain/genotype ([ 91)=
9.39, P=0.0002) and stimulus frequency (f{2,91,=19.00,
P<0.0001) effects were highly significant. For the
strain/genotype effect, the Tukey test detected statis-
tically significant differences between mean thresh-
olds of B6 tee and C3H tee-2] mutant mice (P=0.0008)

TABLE 2

ABR thresholds of Tpo mutant and control mice on different strain backgrounds. Numbers of female (f) and male (m) mice tested,
threshold means, standard deviations (S.D.), and standard errors (S.E.) are given for each genotype-strain combination. Data for
males and females within each group were combined because no statistically significant differences were observed

ABR thresholds (dB SPL)

Tpo genotype Strain background Number tested Age in months Click 8 kHz 16 kHz 32 kHz
+/+ C57BL/6) 5f 3 41.8 34.7 16.6 45.0 Mean
11T m 5.6 3.9 29 6.2 S.D.
1.28 0.97 0.67 1.43 S.E.
+/+ C3H/He) 4 f 2.5 37.5 40.6 19.4 42.5 Mean
4 m 3.8 4.2 1.8 4.6 S.D.
1.34 1.48 0.63 1.64 S.E.
+/tee C57BL/6) 1f 1.5 36.7 40.0 20.0 40.0 Mean
2m 5.8 0.0 0.0 0.0 S.D.
3.33 0.00 0.00 0.00 S.E.
+/tee-2) C57BL/6)? 1f 4 38.3 36.7 23.3 45.0 Mean
2m 2.9 2.9 5.8 0.0 S.D.
1.67 1.67 3.33 0.00 S.E.
tee/tee C57BL/6) 6 f 1.5 100.0 100.0 87.7 99.5 Mean
5m 0.0 0.0 6.1 1.5 S.D.
0.00 0.00 1.93 0.05 S.E.
tee-2J/tee-2) C57BL/6)? 4 f 1.5 100.0 99.0 88.0 100.0 Mean
6 m 0.0 3.2 6.9 0.0 S.D.
0.00 0.96 2.08 0.00 S.E.
tee-2J/tee-2J C57BL/6)? 2f 4 100.0 100.0 82.5 100.0 Mean
0.0 0.0 3.54 0.0 S.D.
0.00 0.96 2.50 0.00 S.E.
tee-2J/tee-2) C3H/He)® 4 f 1.5 89.5 87.3 75.9 95.9 Mean
7 m 15.7 18.8 19.0 9.7 S.D.
4.74 5.66 5.70 2.92 S.E.

Congenic strain B6.Cg-Tpo'**? H28”

tee-2J

bCongenic strain C3.B6-Tpo
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FIG. 3. Hearing impairment of mutant mice. Average ABR
thresholds (with standard errors) are shown for broadband clicks
and 8, 16, and 32 kHz pure tone stimuli for 30 non-mutant control
mice (wild-type, blue bars), 11 tee/tee mutant mice of strain C57BL/
6)-Tpo™ (B6 tee, red bars), 10 tee-2/tee-2) mutant mice of congenic
strain B6.Cg-Tpo™*? H257/) (B6 tee-2), green bars), and 11 tee-2J/tee-
2/ mutant mice of congenic strain C3.B6-Tpo'®®? (C3H tee-2), purple
bars). Asterisks indicate statistically significant differences (P<0.05) in
ABR thresholds between Tpo mutants on B6 versus C3H strain
backgrounds. All mutant mice were tested between 6 and 8 weeks of
age, and the average age of control mice was 12 weeks of age.

and between B6 tee-2] and C3H tee-2] mutant mice (P=
0.0012) but no significant difference between B6 tee
and B6 tee 2] mutant mice (P=0.9993).

To identify the cochlear pathology responsible for
the hearing impairment of mutant mice, we examined
histological cross-sections at postnatal day 7 (P7), P14,
and P28 (Fig. 4). Cochlear development in mutant mice
was delayed compared to age-matched control mice. In
the mutant cochlea at P7, the thickened tectorial
membrane remains attached to large columnar epithe-
lial cells; whereas in control mice, the thinner tectorial
membrane has detached from the underlying epithelial
cells, which have shortened and form the lining of a
distinct inner sulcus. The developmental stage of the
mutant cochlea at P14 resembles that of the immature
control cochlea at P7, whereas the control cochlea at
P14 is fully formed with a distinct tunnel of Corti (the
fluid-filled space separating the pillar cells) and space of
Nuel (the space between the outer pillar cell and the
first outer hair cell), features still undeveloped in the
P14 mutant cochlea. By 1 month of age, the develop-
ment of the mutant cochlea has progressed to resemble
a normal mature cochlea; however, the abnormally
thickened tectorial membrane is retained (Fig. 4G, H).

Genetic Mapping and Molecular Characterization
of the Mutations

To identify candidate genes for the allelic tee and tee-2]
mutations, we determined the chromosomal location

of the tee mutation by generating and analyzing a
genetic linkage cross. A female CAST/Ei] mouse was
mated to a C57BL/6] mutant (lee/lee) male. The F1
progeny from this cross were intercrossed and pro-
duced 21 F2 progeny with dwarf phenotypes that were
selected for linkage analysis. A genome-wide linkage
screen was performed by PCR genotyping analysis of
segregating microsatellite markers distributed on all
chromosomes. Linkage of tee was first detected with
marker DI2Mitll on chromosome (Chr) 12. The F2
DNA samples were then typed for 11 additional Chr
12 markers, and the best gene order placed the tee
mutation between DI2Mitl1 (GRCm38 position
19.8 Mb) and DI12Mit146 (33.2 Mb), and non-recom-
binant with DI2Mit185 (27.1 Mb), DI2Mit283
(26.9 Mb), DI2Miti36 (30.2 Mb), DI2Mit270
(31.7 Mb), and DI2Mit106 (32.2 Mb). The thyroid
peroxidase gene (7Tpo) is located at the 30.1 Mb
position on Chr 12, consistent with our localization
of the tee mutation. Tpo was considered a likely
candidate gene for fee and f{ee-2] based on this genetic
map position and its crucial function in thyroid
hormone biosynthesis.

The Tpo gene is comprised of 17 exons that span
about 78 kb on mouse Chr 12. The NCBI reference
sequence for Tpo mRNA (NM_009417) is a 3291-
nucleotide transcript, which encodes a 914 amino
acid protein (NP_033443). We found DNA alterations
in Tpo that underlie both the fee and the tee2]
mutations (Fig. 5). We designed four pairs of PCR
primers (Table 1) to amplify overlapping fragments of
mouse Tpo cDNA. Sequence analysis of tee/ lee mutant
mice showed a single-base substitution (T to A) at
position 1913 (NM_009417). The mutation changes a
codon for tyrosine (TAC) to a codon for asparagine
(AAC) at position 614 of NP_033443, and is designat-
ed Y614N. The mutation occurs in exon 11 of the Tpo
gene and creates a new TTAA Mse [ restriction site
(Fig. 5C) that is useful for genotyping (see Methods).
The single base-pair tee mutation found in 7po cDNA
was confirmed by sequence analysis of PCR products
amplified from genomic DNA of additional tee/ tee
mutant mice.

Sequence analysis of PCR-amplified genomic DNA
from tee 2]/ tee-2] mutant mice using primers flanking
each of the 17 exons of the Tpo gene (Table 1)
revealed that the fee-2] mutation is a 64-bp deletion
comprising the last 35 bps of exon 5 and the first
29 bps of intron 5, which includes the 5 splice donor
site (Fig. 5). PCR amplification of cDNA from fee-2]/
tee-2] mutant mice with primers corresponding to
exons 1 and 9 (primers Tpo-1F and Tpo-1R, Table 1)
revealed two abnormally sized products (740 and
588 bp) rather than the expected 873-bp product.
Sequence analysis revealed that the 740-bp PCR
product corresponded to a transcript that skipped
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AN & TR L . o]
FIG. 4. Cochlear pathology of mutant mice. (A-F) Midmodiolar
cross-sections through the middle turn of the cochlea focusing on the
organ of Corti and spiral limbus in control (A, D), tee/tee mutant (B,
E) and tee-2J/tee-2) mutant (C, F) mice at postnatal ages P7 (A-C) and
P14 (D-F). In P7 mutants (A, B), the inner sulcus (IS has not yet
formed, and the inner sulcus epithelia (ISE) are still attached to a
thickened tectorial membrane (TM). The developmental stage of the
cochlea of mutant mice at P14 (E, F) resembles that of control mice at
P7 (A): epithelial cells have shortened and detached from the
tectorial membrane forming the inner sulcus. At P14, the tunnel of

only exon 5 (133-bp deletion) and that the 588-bp
product corresponded to a transcript that skipped exons
4 and 5 (285-bp deletion). No normal transcripts were
detected in cDNA from tee2]/tee-2] mice. Skipping of
exon b creates a frame shift that results in 12 incorrect
amino acid substitutions (residues 111-122, NP_033443)
followed by a premature stop codon. Skipping of exons 4
and b keeps the coding sequence in-frame but deletes 95
amino acids (residues 61-155, NP_033443).

DISCUSSION

Although hypothyroidism and dwarfing have previ-
ously been reported for a mouse mutation in 7Tpo

tee/tee

tee-2J/tee-2J

Corti (TC) and the space of Nuel (SN)—between the inner hair cell
(IHO) and the outer hair cells (OHCs)—are fully formed in controls
(D) but only beginning to form in mutants, which also retain a
thickened tectorial membrane (E, F). (G-H) Midmodiolar cross-
sections through the entire cochlea of a normal control and a tee/
tee mutant mouse at adult age P28. In all cochlear turns, the tectorial
membrane (TM) of mutant mice (H) retains an abnormally thickened
appearance with partial attachment to Reissner's membrane (RM),
not seen in age-matched controls (G). Scale bars in A-F, 50 um. Scale
bars in G-H, 100 um.

(Takabayashi et al. 2006), we report here for the first
time on the hearing impairment that is associated
with mutations of this gene. The phenotypes of the
two new 7po mutations described here are very similar
to the previously reported phenotype of the Tpo™*”?¢
missense mutation (Takabayashi et al. 2006). The
morphological abnormalities of the thyroid gland and
the low T4 hormone levels caused by these Tpo
mutations are characteristic of thyroid
dyshormonogenesis. TPO is an essential enzyme in
the synthesis of thyroid hormone and its iodide
organification function is mediated by hydrogen
peroxide. The NADPH-oxidase, DUOX2 has been
shown to be the key provider of hydrogen peroxide in
the thyroid gland (Moreno et al. 2003) and, as might
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A Tpo gene structure and mutations
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FIG. 5. Molecular characterization of the Tpo™ and Tpo'=?

mutations. A The mouse Tpo gene is comprised of 17 exons. Protein-
coding exon regions are shown as black vertical lines and non-
coding exon regions as gray vertical lines; introns are shown as blue
connecting lines. The 64-bp deletion of the tee-2/ mutation, which
includes part of exon 5, and the single base-pair tee mutation in exon
11 are indicated in red. The aberrant exon 3-6 and exon 4-6 splicing
patterns caused by inclusion of the intron 5 splice donor site in the
tee-2) deletion are also shown in red. B DNA sequence chromato-
gram showing the position (indicated by arrow) of the 94 base pairs
(in red font) that are deleted in the tee-2/ mutation. C The T to A tee
missense mutation is predicted to cause an amino acid change from
tyrosine (blue Y, codon TAC) in the wild-type (WT) sequence to

be expected, the phenotype of mice deficient in
DUOX2 (Johnson et al. 2007) is very similar to the
phenotype of Tpo mutant mice.

The dysplastic thyroid glands, lack of detectable
levels of T4, and severe dwarfing of mutant mice
indicate that Tpo™ and Tpo™? are null mutations with

asparagine (red N, codon AAC) at residue 614 of the protein
(p.Y614N). The boxed TTAA sequence in tee mutant DNA indicates
the new Msel restriction site created by the tee mutation. D Amino
acid sequence of the TPO protein showing predicted effects of the
mutations. The tee-2) deletion (panel B) causes aberrant splicing
(panel A). Skipping of only exon 5 causes a frame shift that results in
12 incorrect amino acid substitutions (residues 111-122, underlined)
before early termination (vertical line). If exons 4 and 5 are skipped,
the coding sequence remains in-frame but 95 amino acids are
deleted (residues 61-155, shown in red). The tee missense mutation
changes the tyrosine (Y, shown in blue and boxed in red) at position
614 to asparagine.

no discernible TPO activity. The tyrosine (Y) at amino
acid position 614 that is changed to asparagine (N) by
the Tpo" mutation is highly conserved in all verte-
brate species examined including Xenopus and
zebrafish. The effect of the p.Y614N missense muta-
tion on TPO protein function is predicted by the
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PolyPhen-2 computer program (Adzhubei et al. 2010)
to be probably damaging, with a score of 0.997,
further supporting it as a functionally null mutation.
The Tpot”'z-/ mutation is also functionally null, causing
aberrant splicing that prevents the formation of
normal transcripts and protein.

The hearing impairment of the 7Tpo mutant mice is
profound, with ABR thresholds 60-70 dB above those
of non-mutant controls. Hearing impairment was
detected in the youngest mutant mice tested (4 weeks)
and does not progress. Thresholds for all frequency
stimuli were equally affected. Genetic background is
known to have significant effects on hearing pheno-
types in mice (Johnson et al. 2006). In particular, the
hearing loss associated with thyrotropin-deficient
hypothyroid mice with mutations of the Poulfl and
Propl genes is strongly influenced by strain back-
ground (Fang et al. 2011; Fang et al. 2012). ABR
thresholds of mice with null mutations of PoulfI are
about 20 dB above normal on a C3H/He] strain
background, whereas they are more than 70 dB above
normal when on a C57BL/6] (B6) background (Fang
et al. 2011). To investigate whether the hearing loss
associated with hypothyroid 7po mutant mice would
be similarly modified by strain background effects, we
produced a congenic C3.B6-Tpo"? strain of mice to
compare with the C57BL/6J-Tpo" and B6.Cg-Tpo"?
H2¢"/] strain mice. Thresholds of C3.B6-Tpo" "2/
mutant mice were indeed statistically significantly
lower than Tpo mutant mice on the C57BL/6] strain
background (Table 2, Fig. 3); however, the threshold
difference attributable to the different strain back-
grounds in 7po mutant mice (10-12 dB) was less than
that observed for Poulfl mutant mice (~50 dB) when
tested at 1.5 months of age. This result suggests that
hearing-related factors in addition to hypothyroidism
may be affected by the difference in strain back-
grounds. The age-related hearing loss effect of the
Cdh23™ variant of B6 mice is not likely accountable
for the threshold difference because its effect on ABR
thresholds is not detectable until mice are at least
3 months of age and is limited to high-frequency loss
at that young age (Kane et al. 2012).

The delayed maturation of cochlear structures that
we observed in Tpo' and Tpo“¥ mutant mice,
including delayed formation of the inner sulcus and
tunnel of Corti, as well as a thickened and dysmorphic
tectorial membrane, have been reported in other
mouse models of congenital hypothyroidism
(O’'Malley et al. 1995; Li et al. 1999; Christ et al.
2004; Johnson et al. 2007) and in mouse models of
resistance to TH (Rusch et al. 2001; Griffith et al.
2002; Ng et al. 2004). In addition to delaying cochlear
development and causing malformations of the tecto-
rial membrane, TH deficiency has been shown to
affect the function of outer (Weber et al. 2002;

Mustapha et al. 2009) and inner hair cells (Brandt et
al. 2007; Sendin et al. 2007). Reduced or absent
distortion product otoacoustic emissions have been
observed in several different models of hypothyroid
mutant mice (Li et al. 1999; Mustapha et al. 2009;
Winter et al. 2009), suggesting that outer hair cell
dysfunction may be a primary cause of TH-related
hearing impairment. The ABR threshold shift of
~60 dB that we observed for Tpo mutant mice is
similar to the hearing loss exhibited by mutant
mice lacking outer hair cell electromotility
(Liberman et al. 2002) and consistent with the
idea that hypothyroid-associated hearing loss is the
result of a defect in cochlear amplification (Song
et al. 2008). It remains an open question, however,
whether the tectorial membrane malformations
observed in hypothyroid mice fully account for
the loss of cochlear amplification.

TH regulates the expression of many genes and
processes, and it is not clear which cochlear defects or
combinations of defects are the major contributors to
the hearing impairment associated with TH deficien-
cies (Mustapha et al. 2009). The Tpo™ and Tpo“?
mutations we describe here provide new heritable
mouse models for studies of congenital hypothyroid-
ism and will be valuable tools for additional studies
aimed at identifying the specific molecular mecha-
nisms and pathologies that underlie TH-related
hearing impairment.
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