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ARTICLE INFO ABSTRACT

Article history:

DFN3, the most prevalent X-linked hearing loss, is caused by mutations in the POU3F4 gene. Previous
studies in Pou3f4 knockout mice suggest that defective otic fibrocytes in the spiral ligament of the
cochlear lateral wall may underlie the hearing loss in DFN3. To better understand the pathological mech-
anisms of the DFN3 hearing loss, we analyzed inner ears of Pou3f4-deficient mice during development.
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Keywords: Our results indicate that compartmentalization of the spiral ligament mesenchyme setting up boundaries
Pousfd for specific otic fibrocytes occurs normally in Pou3f4-deficient cochlea. However, differentiation of the
g}:‘;;mp“on factor compartmentalized mesenchyme into specific otic fibrocytes was blocked in the absence of Pou3f4 func-
Hearing loss tion. In addition, we found that stria vascularis in the cochlear lateral wall was also affected in Pou3f4-

deficient cochlea. Unlike the otic fibrocytes, differentiation of stria vascularis was completed in the
absence of Pou3f4 function, yet expression of Kir4.1 channels in the strial intermediate cells, essential
for the sound transduction, was lost afterwards. These results suggest that Pou3f4 deficiency causes
defects in both otic fibrocytes and stria vascularis at different developmental stages and by different

pathological mechanisms, which may account for the progressive nature of DFN3 hearing loss.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

X-linked deafness type 3 (DFN3) is the most prevalent X-linked
hereditary form of hearing loss [1,2]. DFN3 is caused by mutations
in the POU3F4 gene, which encodes a POU family transcription fac-
tor. Mutations identified in DFN3 patients have been shown to
abolish the transcriptional activity of POU3F4 proteins [3], suggest-
ing that the hearing loss in DFN3 patients is caused by mis-regula-
tion of genes important for inner ear development or function.
Pou3f4, the mouse orthologue of the POU3F4 gene, is expressed in
the periotic mesenchyme surrounding the developing inner ear
epithelium [4]. During early development, the periotic mesen-
chyme is compartmentalized into two zones; the outer zone is con-
densed and differentiated into the bony otic capsule protecting the
inner ear epithelium, while the inner zone forms other mesen-
chyme-derived cochlear structures including the spiral ligament
located between the otic capsule and the inner ear epithelium
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[4]. The spiral ligament mesenchyme is again compartmentalized
and differentiated into five distinct types of otic fibrocytes depend-
ing on their locations and unique gene expression patterns (See be-
low; Fig. 2A)[4,5]. The otic fibrocytes play critical roles in the sound
transduction by providing a mesenchymal gap junction network
essential for ion homeostasis in the cochlea [5,6].

Mouse models for DFN3 have been generated by targeted muta-
genesis or by spontaneous mutations in the Pou3f4 locus [7-10].
These Pou3f4-deficient mice are profoundly deaf and display
anomalies in the mesenchyme-derived structures such as the
temporal bones and spiral ligament, consistent with the expression
domains of Pou3f4 [7-10]. Analysis of the spiral ligament of Pou3f4-
deficient mice by transmission electron microscopy revealed
severe ultrastructural alterations of the otic fibrocytes [7].
Immunohistochemical analyses further showed that expressions
of fibrocyte-specific proteins were either lost or misplaced in
Pou3f4-deficient cochlea [10,11]. These fibrocyte defects have been
considered a major cause of the DFN3 hearing loss, yet it is cur-
rently unclear when and how the otic fibrocytes become defective
in the Pou3f4-deficient mice. In addition, since the hearing impair-
ments in DFN3 patients are often progressive [2], there may be
other cochlear defects besides the otic fibrocytes, which could
explain the progressiveness of DFN3 hearing loss.
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To better understand the pathological mechanisms of DFN3
hearing loss, we analyzed the inner ears of Pou3f4del-] mice, a
model for DFN3, during development. Our data suggest that Pou3f4
deficiency causes defects not only in the otic fibrocytes but also in
the stria vascularis, both of which are essential for the sound trans-
duction of the cochlea, by different pathological mechanisms.

2. Materials and methods
2.1. Animal and deletion analysis

C3HeB/FeJ-Pou3f49°J/| (Pou3f4del-]) mice were purchased from
The Jackson Laboratory (ME, USA). Experimental procedures were
approved by the Animal Care and Use Committee of Yonsei Univer-
sity College of Medicine. For deletion analysis, total 39 primer pairs
were used for PCR amplification of the genomic DNAs of wild type
and mutant animals. STS markers were selected to amplify the re-
gions of interest, and additional primer pairs were designed from
the non-repetitive unique sequence (<http://frodo.wi.mit.edu/>;
<http://www.repeatmasker.org/cgi-bin/ WEBRepeatMasker>). Rep-
resentative primer pairs shown in Fig. 1 were 107.53 (5-ACTTG
TGTCTAGTTTGTTCTCTCTT-3' and 5-ATTAGTTGTAGAAGGAAGTAC
CC-3"), 107.542 (5'-CAAAGGTCACACCCATAGCAT-3’ and 5'-ATAGGC
CTCCATCCACTCACT-3'), Pou3f4 (5-TGAGTGTCAAGGGCGTACTG-3'
and 5-AGGCGCTGAAAGGTTATTCA-3"), 108.071 (5'-AGTGTCAGG
GGGTGGTAAATC-3' and 5-CAAAATCCATTTAGGGCCTGT-3'), and

108.1 (5'-AATGGTTCTGAATGGGGTAGG-3' and 5'-CAGCTTGCCTC
AAGAAGTGAA-3'). Specificity of the amplified PCR products was
confirmed by direct sequencing.

2.2. Measurement of auditory brainstem response

Auditory brainstem responses (ABR) were obtained with TDT
workstation (Tucker-Davis Technologies, Alachua, FL, USA). ABR
testing was conducted in a tailored double-walled sound chamber
for animal models. ABR threshold was defined as the lowest inten-
sity of stimulation required to attain repeatable ABR wave V.

2.3. Histologic analysis, Inmunohistochemistry, and in-situ
hybridization

For histological analysis, the inner ears were dissected after
intracardiac perfusion with 4% paraformaldehyde and kept in 4%
paraformaldehyde overnight at 4 °C. After rinsing with 0.01 M
phosphate buffer saline, the specimens were decalcified in 0.5 M
EDTA/PBS for 48 h, dehydrated with ethanol, and embedded in par-
affin. Serial sections of 5 pm thickness were prepared in the mid-
modiolar plane and subjected to hematoxylin-eosin (HE) staining
or immunofluorescent labeling. Immunofluorescent labeling was
performed as previously reported [12]. Antibodies used were
anti-Aquaporinl (Millipore #AB3272), anti-Connexin26 (Zymed
#71-0500), anti-Na'-K*-ATPase o-1 (Millipore #06-520), anti-
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Fig. 1. Pou3f4del-] mice as a model for DFN3. (A) Schematic representation of wild type and Pou3f4del-] mutant genome. Dotted line represents the deleted region. Vertical
bars indicate the primer sets used in PCR reactions in (B). (C-H) Hematoxylin & eosin staining of the mid-modiolar sections of the cochlea in wild type (C-E) and Pou3f4-
deficient mutant (F-H) at P21. (C and F) Defective modiolus in Pou3f4-deficient cochlea. (D, E, G and H) Type IV and V otic fibrocytes are lost in the Pou3f4-deficient spiral
ligament. Stria vascularis shows decreased cellular density (arrowheads) and Reissner’s membrane is less flattened in the mutants (arrow). IR, interscalar ridge; IS, interscalar
septum; OtC, otic capsule; RM, Reissner’'s membrane; SM, scala media; ST, scala tympani; StV, stria vascularis; SV, scala vestibuli. Scale bars: in (C) 100 pm for (C and F) in (D),

50 um for (D and G), in (E), 25 pm for (E and H).
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Fig. 2. Defects of otic fibrocytes and stria vascularis in Pou3f4-defecient cochlea at
P21. (A) Schematic illustration indicating expression domains of specific markers
for otic fibrocytes and stria vascularis. (B and G) Cx26 expression is lost in type I and
V fibrocyte regions of the spiral ligament (asterisk), but not in the stria vascularis, in
Pou3f4-deficient cochlea. (C and H) Na-K-ATPase expression is greatly reduced in
type Il and V fibrocyte regions of the spiral ligament (H, bracket), but not in the stria
vascularis (H, arrowheads), in Pou3f4-deficient cochlea. Magnified views suggest
that the reduced Na-K-ATPase expression is observed mainly in root cell processes
(insets). (D and I) Aquaporinl, normally restricted in type III fibrocytes located
between otic capsule and spiral ligament (D), is dispersed broadly in the entire
spiral ligament in Pou3f4-deficient cochlea (I, asterisk). (E and ]J) Kir4.1 expression in
the intermediate cells of stria vascularis (arrowheads) is lost in Pou3f4-deficient
cochlea (asterisk). (F and K) Normal expression of Claudin11 in the basal cells of
wild type and mutant cochleae (arrowheads). Cx26 (Connexin26), ATPase (Na-K-
ATPase), Aqp1 (Aquaporinl), Cldn11 (Claudin11). Scale bar in (B), 100 um for all
panels.
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Kir4.1 (Alomone labs #APC-035), anti-Claudin11 (Zymed #36-
4500). In-situ hybridization was performed as previously described
[13]. Riboprobes for Trp2 [14], Cx26 and E-cad [4] were prepared as
previously described. Riboprobes for Crym were generated from a
382 bp mouse Crym cDNA fragment containing —46 to +336 nucle-
otides (NM_016669), and for Ecrg4, from a 520 bp mouse Ecrg4
cDNA containing the entire open reading frame as well as 34 bp
5 and 39 bp 3’ untranslated regions (NM_024283).

3. Results and discussion
3.1. Pou3f4del-] mice as an animal model for DFN3 hearing loss

Pou3f4del-] mice identified by typical behaviors associated with
inner ear abnormalities at The Jackson Laboratory were known to
carry a spontaneous deletion in the Pou3f4 locus and have been
used as a mouse model lacking Pou3f4 function (<http://mousem-
utant.jax.org/articles/pou3fddel.html>) [15,16]. Our detailed anal-
ysis on the break points of the genome revealed a large deletion
of approximately 550 kb including the Pou3f4 gene, which is larger
than previously suggested (<http://mousemutant.jax.org/articles/

pou3f4del.html>). The deletion breakpoints were approximately
470 kb upstream and 70 kb downstream of the Pou3f4 gene
(Fig. 1). There exist three hypothetical genes in the deleted region
besides the Pou3f4, none of which are likely associated with ear
development or hearing function. We also confirmed the hearing
loss of Pou3f4del-] hemizygous males (n = 4) by auditory brainstem
response (ABR) at weaning (postnatal day 21; P21).

Analysis of gross cochlear morphology of the Pou3f4del-] mu-
tants showed similar abnormalities to those exhibited in Pou3f4
knockout mice (Fig. 1C-H)[8,10,11]. Bony structures in the modio-
lus were severely affected, and scala tympani of the basal turn is
smaller in volume compared to controls (Fig. 1C and F). Mesenchy-
mal cells located lateral to the basilar membrane (type IV fibrocyte
area) and those located above the stria vascularis (type V fibrocyte
area) were lost (Fig. 1D and G; Fig. 2A). Stria vascularis seemed less
densely populated (Fig. 1E and H, arrowheads) and the Reissner’s
membrane was less flattened in Pou3f4del-] mutants (Fig. 2D-H,
arrows).

We next examined the defects of otic fibrocytes in Pou3f4del-|
mutants at P21, when the mice suffer profound hearing loss. In
wild types, otic fibrocytes are classified into five distinct types
according to their locations and gene expression patterns
(Fig. 2A). Type I fibrocytes, located near stria vascularis, express
Connexin26 (Cx26), a gap junction protein important for ionic
homeostasis (Fig. 2B), while Type II and 1V fibrocytes, located lat-
eral to the spiral prominence and basilar membrane, respectively,
express Na-K-ATPase, important for K* ion recycling (Fig. 2C)
[17]. Type V fibrocytes, located above stria vascularis, express both
Cx26 and Na-K-ATPase (Fig. 2A-C). Type III fibrocytes, located be-
tween the spiral ligament and otic capsule, express Aquaporinl
(Agp1), a water transporter protein (Fig. 2A and D)[18]. In Pou3f4-
del-] mutants, these fibrocyte-specific expressions patterns were
either lost (Cx26, Na-K-ATPase) or misplaced (Aqp1) (Fig. 2G-I),
while their expressions in stria vascularis were largely unaffected
(Fig. 2B, C, G and H, arrowheads). These results show that the
Pou3f4del-] spontaneous mutants closely recapitulate the cochlear
phenotypes observed in Pou3f4 knockout models [7,10,11], and
also indicate that all types of otic fibrocytes are severely affected
in the absence of Pou3f4 function.

3.2. Developmental defects of otic fibrocytes in Pou3f4-deficient mice

To elucidate the pathological mechanisms of the fibrocyte
defects, we examined the inner ears of Pou3f4del-] mice during
development. At P1, Cx26 expression was observed in the mesen-
chyme near the differentiating stria vascularis (Fig. 3A). This
expression domain became condensed and finally restricted in
the lining of the basal cells of stria vascularis by P12 (Fig. 3B and
C), suggesting that the cells expressing Cx26 at these stages con-
tribute mainly to the basal cells of stria vascularis but not to the
otic fibrocytes. At P12, another wave of Cx26 expression began in
the spiral ligament near and above the stria vascularis, indicative
of differentiation of type I and V fibrocytes (Fig. 3C, arrows). This
second wave of Cx26 expression was completely blocked in
Pou3f4-deficient cochlea (Fig. 3G, asterisk), resulting in defective
type I and V otic fibrocytes (Fig. 2G).

Expression of Na-K-ATPase at P12 was mainly observed in the
epithelial structures such as the marginal cells of stria vascularis
(Fig. 31 and M, arrowheads) and the root cell processes (Fig. 3I
and M, insets) in both wild type and mutant cochlea. Na-K-ATPase
expression was strongly up-regulated in the spiral ligament during
the next few days in wild types (Fig. 2C, bracket)[17], but no such
upregulation was observed in Pou3f4-deficient mutants (Fig. 2H,
brackets), resulting in defective type Il and IV otic fibrocytes
(Fig. 2H).
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Fig. 3. Neonatal development of otic fibrocytes and stria vascularis in Pou3f4-
defecient cochlea. Developmental processes of otic fibrocytes and stria vascularis of
wild type (A-D, I-L) and Pou3f4-deficient mice (E-H, M-P). (A-C, E-G) Cx26
expression patterns in the condensing mesenchyme differentiating into the basal
cells of stria vascularis at P1 (A and E), P5 (B and F), and P12 (C and G). Arrowheads
indicate the presumptive stria vascularis. At P12, Cx26 expressions in type I and V
fibrocyte regions (arrows) are observed in wild type but not in Pou3f4-deficient
cochlea (asterisk). (D and H) Expression patterns of Cldn11 in basal cells of stria
vascularis are similar between wild type and mutant at P12 (arrowheads). (I and M)
Expression patterns of Na-K-ATPase in marginal cells of stria vascularis (arrow-
heads) and root cell processes (insets) are similar between wild type and mutant
cochlea. (J and N) Aqp1 expression is observed broadly in the entire spiral ligament
of both wild type and mutant cochlea at P12. (K and O) Kir4.1 expression patterns in
intermediate cells of stria vascularis look normal in mutant cochlea at P12
(arrowheads). (L and P) Histological appearance of stria vascularis of wild type and
mutant cochlea at P12. Scale bars: in A, 100 pm for A-K, M-0; in L, 50 pm for L
and P.

In addition, we found that Aqp1, normally expressed at the bor-
der between the bony capsule and spiral ligament in adult cochlea
(Fig. 2A and D), was initially expressed in the entire spiral ligament
at P12 (Fig. 3] and N). While this broad expression domain became
restricted to the type III fibrocyte region during the next few days
in wild types (Fig. 2D), such restriction did not occur in the
mutants (Fig. 2I).

Together, these results suggest that differentiation of the spiral
ligament into specific otic fibrocytes is severely affected at around
P12 in Pou3f4-deficient cochlea.

3.3. Mesenchymal compartmentalization in the developing spiral
ligament of Pou3f4-deficient cochlea

Abnormal differentiation of the otic fibrocytes in Pou3f4-defi-
cient mice may indicate that mesenchymal compartmentalization
in the spiral ligament, which sets up boundaries for each otic fibro-
cyte, be affected in Pou3f4-deficient cochlea. To test this possibility,
we examined expression patterns of genes that show the mesen-
chymal compartmentalization of the spiral ligament prior to
expression of otic fibrocyte-specific genes.

Crym encoding pl-crystallin has been shown mainly expressed
in type II and 1V fibrocytes [19,20]. However, we found that Crym
was initially expressed in the entire spiral ligament during embry-
onic development (Fig. 4A), and later restricted to type Il and IV
fibrocyte regions by P1 (Fig. 4B). In addition, we identified that
expression of Ecrg4 (Esophageal cancer-related gene 4) is associated
with type I fibrocyte region in the spiral ligament mesenchyme
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Fig. 4. Gene expression analyses in the neonatal cochlea of Pou3f4-deficient mice.
(A-C) Crym is expressed in the entire spiral ligament at E15.5 (A), but is restricted to
the type II/IV fibrocyte regions by P1 (B). Similar restricted expression of Crym is
also obvious in Pou3f4-deficient spiral ligament (C). (D-F) Ecrg4 expression begins
in the type I fibrocyte region at P1 (D) and the restricted expression pattern gets
stronger at P5 (E). Similar restricted expression of Ecrg4 is observed in Pou3f4-
deficient spiral ligament (F). (G and ]) Cells expressing Trp2 are more scattered in
Pou3f4-deficient mutants compared to those in controls at P1 (J, arrowheads). (H, I,
K and L) Expressions of Cx26 and E-cad in the differentiating basal cells are weaker
and more scattered in the mutants compared to controls at P1. Arrowheads in all
panels indicate the border of presumptive stria vascularis. Scale bar; in A, 50 pm for
A-F; in G, 50 um for G-L.
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(Fig. 4D and E). Ecrg4 encodes a secreted protein that has recently
been implicated in cell senescence and cartilage development
[21,22], yet its role in the inner ear is currently unknown. Unlike
Crym, Ecrg4 expression began specifically in the type I fibrocyte
region at around P1 (Fig. 4D), when the broad expression of Crym
became restricted in the type II/IV fibrocyte region (Fig. 4B). These
complementary expression patterns of Crym and Ecrg4 at neonatal
stages indicate that the spiral ligament mesenchyme becomes
compartmentalized well before the expression of fibrocyte-specific
proteins. Using these genes as markers, we asked whether the
defective fibrocyte differentiation in Pou3f4-deficient cochlea was
due to abnormal compartmentalization of the spiral ligament mes-
enchyme. We observed that expressions of both Crym and Ecrg4
were generally unaffected in the Pou3f4-deficient spiral ligament
(Fig. 4C and F). These results suggest that mesenchymal compart-
mentalization establishing boundaries for each fibrocytes occurs
normally in the absence of Pou3f4, but their subsequent differenti-
ation into mature fibrocytes (e.g. expression of fibrocyte-specific
genes) is severely affected.

Currently, downstream targets of Pou3f4 in the spiral ligament
important for fibrocyte differentiation are unknown. Thus far, only
a few genes have been reported to be involved in fibrocyte differ-
entiation including Otospiralin (Otos) and Tbx18 [4,23]. However,
neither Otos nor Thx18 expression is affected in the developing
spiral ligament of Pou3f4-deficient mice (data not shown), indicat-
ing that the fibrocyte defects in Pou3f4-deficient mice are not due
to mis-regulation of Otos or Tbx18 expression. Currently, we are
investigating the genes misregulated in the spiral ligament of
Pou3f4-deficient cochlea by microarray analysis. Identification of
direct downstream targets of Pou3f4 will help elucidating molecu-
lar mechanisms of how Pou3f4 contributes to differentiation of otic
fibrocytes.

3.4. Defects of stria vascularis in Pou3f4-deficient mice

We next examined the stria vascularis of Pou3f4-deficient
cochlea, which showed decreased cellular integrity (Fig. 1TH)[10].
Stria vascularis is a multilayer structure composed of three distinct
cell types derived from different origins (Fig. 2A); marginal cells
facing the scala media are originated from the otic epithelium,
basal cells facing the spiral ligament are differentiated through
mesenchymal-epithelial transition, and intermediate cells located
between the marginal and basal cells are neural crest melanocytes
migrating from the dorsal part of the neural tube.

Expression patterns of Na-K-ATPase in the stria vascularis of
Pou3f4-deficient cochlea (Figs. 2A, C, H and 3I,M) suggest that the
epithelium-derived marginal cells do not require Pou3f4 function
for its normal development. Consistently, Bsnd, encoding chloride
channels localized in the marginal cells [24], was expressed nor-
mally in neonatal mutant cochlea (data not shown). Even though
Pou3f4 is expressed in the mesenchymal region where a mesenchy-
mal-epithelial transition occurs to form the basal cells, the basal
cells were normal in Pou3f4-deficient cochlea, based on the expres-
sion patterns of Cx26 (Figs. 2B, G and 3A-C, E-G) and Claudin11
(Cldn11; Figs. 2F, K and 3D and H). By contrast, expression of
Kir4.1, an inward rectifier potassium channel, in intermediate cells
[25], was not observed in Pou3f4-deficient cochlea at P21 (Fig. 2A, E
and J, asterisk). Since Kir4.1 is known to be responsible for the gen-
eration of endocochlear potential (EP), which is essential for the
sound transduction [26], the Kir4.1 loss may be the direct cause
of EP reduction observed in Pou3f4-deficient mice [7] and possibly
of the sensorineural hearing loss in DFN3 patients.

To better understand the pathological mechanism of the Kir4.1
loss, we examined differentiation processes of the strial intermedi-
ate cells in Pou3f4-deficient mice. Trp2, encoding a melanogenic
enzyme DOPAchrome tautomerase [14], was used as a marker for

migrating melanocytes (intermediate cells). At P1, Trp2 expressing
cells were more scattered near the prospective stria vascularis in
Pou3f4-deficient mutants compared to those in wild types
(Fig. 4G and ], arrowheads), suggesting a delay in migration of
the neural crest cells in Pou3f4-deficient cochlea. Consistently,
mesenchymal expression of Cx26 and E-cadherin (E-cad) near the
prospective stria vascularis, suggestive of the mesenchymal-
epithelial transition leading to basal cell differentiation [4], were
also weaker and broader in the mutants (Fig. 4H, I, K and L).
However, the delay appeared to be caught up by P12, when expres-
sion patterns of Cx26/Cldn11 in basal cells (Fig. 3C, D, G and H) and
Kir4.1 in intermediate cells (Fig. 3K and O) became indistinguish-
able between wild type and Pou3f4-deficient cochlea. Histological
appearance of the mutant stria vascularis also looked normal at
P12 (Fig. 3L and P), suggesting that differentiation of stria vascular-
is can be completed in the absence of Pou3f4 function with a slight
delay.

However, Kir4.1 expression in the intermediate cells was lost in
a next few days by P17 (Fig. 2J; data not shown), which was
unexpected because Pou3f4 is not expressed in the migrating neu-
ral crest or differentiated intermediate cells. Similar loss of Kir4.1
in the intermediate cells has been reported in mice lacking Slc26a4,
coding for the HCO; transporter pendrin, and free radical stress has
been suggested responsible for the Kir4.1 loss [27,28]. Interest-
ingly, in both Pou3f4- and Slc26a4-deficient mice, the Kir4.1 loss
occurs between P10 and P17, when the generation of a small
endocochlear potential begins and rapidly increases to the adult
level [28]. Whether similar pathological mechanism leads to the
Kir4.1 loss in Pou3f4- and Slc26a4-deficient cochlea is yet to be
determined. Nevertheless, this observation provides the Kir4.1
loss, in addition to the defective otic fibrocytes, as a possible cause
of the hearing loss in DFN3.

Taken together, our results demonstrate that Pou3f4 deficiency
causes defects in otic fibrocytes and stria vascularis, both of which
are essential for the sound transduction, at different stages and by
different mechanisms, which may account for the progressive nat-
ure of the DFN3 hearing loss.
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