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Pou4f3 (Brn3.1, Brn3c) is a class IV POU domain transcription factor that has a central function in the devel-
opment of all hair cells in the human and mouse inner ear sensory epithelia. A mutation of POU4F3 underlies
human autosomal dominant non-syndromic progressive hearing loss DFNA15. Through a comparison of
inner ear gene expression profiles of E16.5 wild-type and Pou4f3 mutant deaf mice using a high density oli-
gonucleotide microarray, we identified the gene encoding growth factor independence 1 (Gfi1) as a likely in
vivo target gene regulated by Pou4f3. To validate this result, we performed semi-quantitative RT-PCR and in
situ hybridizations for Gfi1 on wild-type and Pou4f3 mutant mice. Our results demonstrate that a deficiency of
Pou4f3 leads to a statistically significant reduction in Gfi1 expression levels and that the dynamics of Gfi1
mRNA abundance closely follow the pattern of expression for Pou4f3. To examine the role of Gfi1 in the
pathogenesis of Pou4f3-related deafness, we performed comparative analyses of the embryonic inner ears
of Pou4f3 and Gfi1 mouse mutants using immunohistochemistry and scanning electron microscopy. The
loss of Gfi1 results in outer hair cell degeneration, which appears comparable to that observed in Pou4f3
mutants. These results identify Gfi1 as the first downstream target of a hair cell specific transcription
factor and suggest that outer hair cell degeneration in Pou4f3 mutants is largely or entirely a result of the
loss of expression of Gfil.

INTRODUCTION

Hearing loss is a common inherited sensory disorder, affect-
ing ~1 in 2000 newborns and a significant portion of the
elderly population (1). To date, mutations in 37 genes have
been shown to result in human non-syndromic hearing loss
(NSHL) (2,3) (see Hereditary Hearing Loss homepage,
http://www.uia.ac.be/dnalab/hhh/). We previously reported a

dominant mutation in the POU4F3 transcription factor that
causes a progressive form of NSHL, in an Israeli Jewish
family (4,5). Similarly, mice that are homozygous for a reces-
sive targeted knockout allele of Pou4f3 (Brn3c/Brn3.1) are
deaf and have a vestibular dysfunction due to loss of hair
cells of the inner ear (6—8). Hair cells in the inner ear
are cells with actin-rich apical projections named stereocilia,
which function as mechanosensors and transducers of sound
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and movement in the auditory and vestibular systems,
respectively (9).

Mammalian class IV POU domain transcription factors
(Poudfl, Poudf2 and Poudf3), are each expressed in overlap-
ping subsets of cells of neuronal origin and are essential for
the differentiation and survival of that cell type (6,8,10—12).
Pou4f3 is expressed in all hair cells of the inner ear as soon
as they leave the cell cycle (13), between E12 and E15 (14).
In the absence of Pou4f3, hair cells begin to form, but
undergo apoptosis beginning at E17, resulting in a complete
depletion of hair cells from all inner ear sensory epithelia by
early postnatal stages (13,15). These data indicate that genes
regulated by Pou4f3 are necessary for hair cell survival and
differentiation but not for determination of cell fate.
However, to date, no in vivo target genes of Poudf3, or of
other transcription factors implicated in hair cell development
have been reported (16—18).

We sought to identify and validate the downstream in vivo
target genes of Poudf3 by comparing mRNA expression pro-
files from E16.5 inner ears of wild-type and Pou4f3 homozy-
gous mutant mice. We found that expression of Gfil (growth
factor independence 1), a zinc-finger transcription factor, is
downregulated in the ears of the Pou4f3 mutant mice. Mice
with targeted mutations in Gfi/ are deaf and have vestibular
dysfunction due to hair cell loss, but also suffer from severe
neutropenia and defects in T-cell differentiation (18-20).
Our data indicate that reduced levels of Gfil appear to be
responsible for the loss of outer hair cells in the cochlea of
Poudf3 mutant mice.

RESULTS
The dreidel mouse mutant

Poudf3°44! mice are deaf and exhibit vertical head tossing,
circling and general hyperactive behavior indicative of a ves-
tibular dysfunction. The dreidel (ddl) mutation arose on the
C57BL/6] strain background, was subsequently mapped to
chromosome 18 near the Pou4f3 locus and was found to be
a TG dinucleotide deletion (388del2) in the Pou4f3 coding
sequence, which is predicted to truncate this protein prior to
the POU-specific DNA binding domain, rendering the trans-
cription factor non-functional (data not shown). Auditory
brainstem response (ABR) thresholds of deaf Poudf37/d!
mice were determined to be above 100 dB SPL (data not
shown) whereas the ABR thresholds of age-matched
C57BL/6] Poudf3%"* mice were 35 dB SPL, which is indis-
tinguishable from wild-type mice. A similar hearing loss phe-
notype was also reported for the Pou4f3 knockout mice
(Poudf3 - 7)) (6,8), suggesting that Pou4f3ddl/dd' mice are a
second mouse model for a loss of function of Pou4f3.

Expression profiling of embryonic mouse inner ears

To identify downstream in vivo target genes of Poudf3 we
examined global gene expression profiles of whole inner
ears from E16.5 Poudf394/4dl and their wild-type littermates,
using the Affymetrix Murine Genome U74Av2 oligonucleo-
tide microarrays (Supplementary Material, Table S1). We
chose E16.5 because by this time point Poudf3 is already

expressed in most of the hair cells of the inner ear, and hair
cell degeneration is still minimal (13). In the mouse inner
ear, hair cells consist of <1% of the total number of cells,
yet expression of hair cell specific genes (e.g. Myo6, Myo7a
and Clcn3) was readily detected, notwithstanding their
minor contribution to the total RNA pool (21). For a compari-
son of our microarray results with online databases of gene
expression in the inner ear, see Supplementary Material.

Gfil mRNA levels are decreased in the Pou4f3 mutant
inner ears

We found Gfil to be downregulated in the RNA samples from
Poudf399/4d! inner ears when compared with the RNA samples
from their wild-type littermate controls, confirmed by a #-test
analysis (Supplementary Material, Table S1). Moreover, Gfil
was identified as ‘absent’ in all five replicas of the Poudf37%"
4l samples in our microarray experiments while being ident-
ified as ‘present’ in all six hybridizations from the wild-type lit-
termates. In order to validate these results, we quantified the
mRNA abundance of Gfi/ in the inner ears of wild-type and
Poudf3%"4! homozygote mutant mice at E16 and E18.5. To
control for potential non-specific decreases in mMRNA
expression as a result of hair cell death, the relative abundances
of mRNAs for the hair cell specific genes Pou4f3, myosin VI
(Myo6) and myosin VIla (Myo7a) were also determined.

Real-time semi-quantitative RT—PCR results from both
E16 and E18.5 inner ears indicate that the level of expression
for Myo6, Myo7a and Poudf3 in Poudf39"4! mice is
~63-88% of the level of expression of age-matched wild-
type mice (Fig. 1A—C). This decrease is probably the result
of ongoing hair cell degeneration and loss. In contrast to
myosin VI and myosin VIla, expression of Gfil in
Poudf399"#! mice is decreased to 5—8% of the mRNA abun-
dance found in wild-type controls (P < 0.001) (Fig. 1D),
suggesting that the decrease in Gfil is a result of the
absence of Pou4f3, and not just owing to general hair cell
loss. Furthermore, the quantification of Myo6, Myo7a and
Gfil mRNA abundance was repeated with RNA extracted at
comparable time points from ears of Poudf3 "
mice. Results (data not shown) were similar to those of
Poudf3%4 (Fig. 1A-D).

The expression of Gfil follows the pattern
of Pou4f3 in the developing organ of Corti

Total RNA was isolated at seven time points between E12 and
P3 from cochlear sensory epithelia that had been isolated from
the surrounding mesenchyme and other cell types (22). The
dynamics of Pou4f3 and Gfil mRNA abundance in the develo-
ping auditory sensory epithelium were determined by semi-
quantitative RT—PCR. Very low levels of Pou4f3 mRNA
were detected at developmental stages E12 and E13.5, and
their abundance increased consistently at later developmental
time points (Fig. 1E). Gfil expression was first detected at
E15.5, and thereafter followed an expression pattern similar
to that seen for Pou4f3 (Fig. 1F). This is consistent with pre-
viously published data, showing that while Gfi/ mRNA can be
detected at E12.5 in the otocyst, Gfil expression in the organ
of Corti is limited to the hair cells (18, this manuscript). In
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Figure 1. Gfil mRNA is specifically downregulated in the ears of E16 and E18.5 Pou4f39“!! mice and follows the developmental quantitative expression of
Pou4f3 in the developing organ of Corti. The first four bar diagrams represent the relative abundance of Myo6 (A), Myo7a (B), Pou4f3 (C) and Gfil (D) mRNA
transcripts in the ears of wild-type (black bars) and Poudf394/4d! (gray bars) mice. The three hair cell specific genes, Myo6, Myo7a and Poudf3, exhibit a small,
not statistically significant, reduction of mRNA expression in Poudf3%4! at both E16.5 and E18.5 compared with wild-type. This small difference is consistent
with ongoing hair cell death within the inner ear epithelia. In contrast, Gfi/ mRNA is dramatically reduced in Pou4f3dd’/dd', and reaches only 5—8% of the mRNA
abundance found in wild-type controls (P < 0.001). Next, Pou4f3 (E), Gfil (F) and Myo6 (G) mRNA abundances were determined by semi-quantitative RT—
PCR on cDNA extracted from thermolysin treated cochlear epithelia at seven developmental time points. Small amounts of Pou4f3 mRNA can be detected as
early as E12, and their levels constantly increase until P3, the latest stage analyzed (E). Gfil mRNA follows a similar pattern, but it could only begin to be
detected at E15.5, a delay consistent with Pou4f3 regulating its expression. Y-axis: mRNA, arbitrary units; X-axis: developmental time points. An asterisk indi-
cates a significant difference between wild-type and mutant mRNA transcript abundance (P < 0.001). Error bars represent one standard error, N = 6 (A—D),

N=3 (E-G).

contrast, Myo6 mRNA showed a different expression pattern.
Myo6 mRNA was detected as early as E12 and showed a
decreasing level of expression between PO and P3 (Fig. 1G),
indicating that individual hair cell specific genes can have
different patterns of mRNA abundance.

Gfil mRNA is expressed in hair cells of wild-type mice but
absent in Pou4f3 mutants

Next, we examined the expression of Pou4f3 and Gfil mRNA
in cochlear and vestibular epithelia of E18.5 wild-type and
Poudf34dvddl homozygous mutant mice by in situ hybridiza-
tion using digoxigenin labeled sense and antisense probes.
Both Pou4f3 and Gfil mRNAs were detected in a band that
extended along the length of the cochlea, consistent with the
position of the inner and outer hair cells (Fig. 2A and C).
To study the expression of Gfil in inner ear hair cells in
vivo, we used a reporter mouse line in which part of the
Gfil coding region had been replaced by cDNA encoding
green fluorescent protein (GFP) (23). Immunohistochemistry
of the Gfil:GFP knock-in mice inner ears at E18.5 indicated
that Gfil is expressed specifically in the hair cells of all audi-
tory and vestibular epithelia, confirming the published data

and our in situ hybridization results (18) (Supplementary
Material, Fig. S1). However, whereas mutant Pou4f3 mRNA
was expressed in Poudf394! mice in a pattern similar to
wild-type, Gfil mRNA was not detected in any of the inner
ear sensory epithelia examined (Fig. 2B and D). These
results are consistent with regulation of Gfil by Pou4f3, and
indicate that even though hair cells are present in the cochleae
of Poudf3%"4! at E18.5, functional Pou4f3 protein is required
for the expression of Gfil mRNA within these cells.

Mathl and Pou4f3 expression in the ears of Poudf3 and
Gfil mutants

Mathl1 is essential for hair cell development (16). It has been
previously shown that Mathl acts upstream of Gfi/ and that
Mathl is expressed in the ears of the Gfil mutant mice (18).
To test whether Mathl is expressed in the inner ears of
Poudf3994d! mice, we performed real-time semi-quantitative
RT-PCR. Our data indicate that at E16 and E18.5 Mathl
expression in inner ears from Poudf3"#! mice is ~50% of
the level of expression in the inner ears of wild-type mice
(data not shown), suggesting that Poudf3 might participate
in the maintenance of Mathl expression. This result, together
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Figure 2. Gfil mRNA is not detected in the E18.5 cochlea of Poudf3%/d!
mice. Whole mount in situ hybridization was performed on E18.5 cochlea
from Pou4f3dd1/ddl (B, D) and their wild-type littermate controls (A, C)
using digoxigenin labeled antisense probes for Pou4f3 (A, B) and Gfil
(C, D). Poudf3 and Gfil mRNAs were detected as purple bands along the
lateral border of the cochlea in a position that was consistent with inner and
outer hair cells in both wild-type and mutant mice (arrows); Gfi/ mRNA
was not detected in the cochlea of the Pou4f3 mutant mice. This experiment
was repeated on consecutive sections of Poudf3%4 and wild-type inner
ears with similar results (data not shown).

with the wild-type hair cell phenotype of the Mathl ™~ mice,

suggests that the decrease in levels of Gfil expression in the
ears of the Pou4f3 mutant mice is not a result of an absence
of Mathl (16). To confirm that Poud4f3 is expressed in
cochleae in the absence of Gfil, we performed immunohisto-
chemistry with the antibody for Pou4f3 on ears of E19.5 Gfil
mutant mice that have been described earlier (20). Both
Poudf3 mRNA and protein are expressed in the ears of the
E18.5, and E19.5 Gfil '~ mice, respectively (18; Supplemen-
tary Material, Fig. S2).

Outer hair cells of Poudf3 and Gfil mutants have
similar phenotypes

Though the Pou4f3 knockout mice have been previously
characterized, an analysis of the progression of hair cell
loss, hair cell surface morphology and supporting cells fate
was not performed in the embryonic Pou4f3 mutant auditory
epithelium. Therefore, to determine whether loss of Gfil can

account for some of the defects observed in the Pou4f3
mutant mice, cochleac were assessed by immunohistochemis-
try with an antibody for myosin VI or reacted with an antibody
against p75™", which labels pillar and Hensen cells (24), and
with phalloidin, which labels filamentous actin. In wild-type
cochleae, the sensory epithelium is organized in a mosaic
pattern of supporting cells and myosin VI-positive inner
and outer hair cells. The supporting cells include two rows
of pillar cells located between the inner and first row of
outer hair cells, Hensen’s cells lateral to the third row
of outer hair cells as well as Deiter cells, and phalangeal
cells (Fig. 3A—D; data not shown). Outer hair cell morpholo;y
and patterning was markedly abnormal in the Pou4f3 ",
Poudf3%V4d! and Gfil '~ mice. The three rows of outer hair
cells were severely disrupted, and intact stereociliary
bundles could not be identified with the phalloidin staining
(Fig. 3E, F, I, J, M and N). Due to the disruption of hair
cell morphology, individual cells were not readily distingui-
shed with myosin VI staining (Fig. 3G, H, K, L, O and P).
This effect was more pronounced in the basal region of the
cochleae (Fig. 3H, L and P). The pattern of expression of
myosin VI that we observed in these three mutants is consist-
ent with substantial degeneration of the outer hair cells,
suggesting that loss of Gfil or Pou4f3 is associated with a
similar death of outer hair cells.

Although the outer hair cell phenotype was similar, there
was a clear difference in the morphology of inner hair cells
in cochleae from Poudf3 '~ and Poudf3%"*! when com-
pared with cochleae from Gfil /~ mice. In the apex of
cochleae from Pou4f3~'~ and Poudf3"“ mice, inner hair
cells were easily identified with the myosin VI staining but
were clearly absent from the most basal 30—35% of the duct
(Fig. 3G, H, K and L). In contrast, in Gfil ~/~ mice inner
hair cells were present along the entire length of the cochlea
and were easily identified on the basis of the myosin VI and
phalloidin staining (Fig. 3M—P). Similar, but less severe phe-
notypes of inner and outer hair cell degeneration were
observed as early as E16.5 in cochleae from Poudf3 /",
Poudf399"4d! and Gfil '~ mice (data not shown).

The p75™" staining was continuous at the apex of the wild-
type, Poudf3%/*! Pou4f3~'~ and Gfil ', indicating that a
row of pillar cells is clearly present (Fig. 3A, E, I and M).
Interestingly, at the base of the Poudf3dd/ddl and Poudf3 '~
this staining was occasionally disrupted, suggesting a slow
degeneration of the pillar cells that occurs in a wave that
begins from the base of the cochlea toward the apex (Fig. 3F
and J; arrows). In contrast with the base of the Poudf3dd/dd!
and Pou4f3~'~ cochleae, a line of undisrupted p75™" labeled
cells was present in the basal regions of Gfil '~ cochleae
(Fig. 3N). This result, in addition to the presence of inner
hair cells in the base of Gfil '~ cochleae, and the difference
in the p75™" staining between the base and the apex of the
Pou4f3 mutants, suggests a correlation between pillar cell sur-
vival and the presence of inner hair cells.

Inner and outer hair cell stereocilia bundles of
Poudf3 and Gfil mutants are disrupted

SEM was used to compare the surface morphology of cochlea
from wild-type, Poudf3 '~ and Gfil '~ mice at E18.5 and PO.
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Figure 3. Pou4f3 and Gfil mutants exhibit similar phenotypes of degeneration
of the outer hair cells. Top view of E18.5 whole mount cochleae from wild-
type (A-D), Poudf3%"4" (E—H), Poudf3~’~ (I-L) and Gfil '~ mice
(M—P). The cochleae were stained with an antibody for p75™" (red) that
labels pillar and Hensen cells, and with phalloidin (green) to label filamentous
actin at cell boundaries and in stereociliary bundles (A, B, E, F, I, J, M, N).
Cochleae were also stained with an antibody for myosin VI (C, D, G, H, K,
L, O, P). Similar patterning defects and hair cell degeneration of the outer
hair region were observed in the base and the apex of the Poudf3™,
Poudf3%4! and Gfil "~ cochleae, including the absence of well formed
and differentiated hair bundles when compared with wild-type cochleae
(E—P). However, at the base, inner hair cells can be detected only in the
wild-type and Gfil " mice (B, D, N, P) whereas no inner hair cells can be
detected with the phalloidin staining or stain for myosin VI in the base of
the Pou4f3 mutant mice (F, H, J, L). In wild-type cochleae, a row of pillar
cells heads (red) separating inner and outer hair cells is clearly present and
continues undisrupted from base to apex (A, B). In the apex of the
Poudf3™"", Poudf3%4! and Gfil~’~ mice, pillar cell staining appeared
similar to the wild-type (E, I, M). In contrast, in the base of the Pou4f3 ™/~
and Poudf39"44 mutants, the pillar cell row appeared disrupted (F, J and
arrows), suggesting that some pillar cells are missing. In the Gfi/ mutants,
the pillar cell row was undisrupted (N). OHC, outer hair cells; IHC, inner
hair cells; PC, pillar cells. Scale bar: 10 wMm (A, B, E, F, I, J, M, N); 50 pm
(C,D,G,H,K,L,O,P).
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In wild-type cochleae, the typical pattern of three rows of
outer hair cells and one row of inner hair cells was present
(Fig. 4A and B). The stereocilia in the apex of the wild-type
cochlea were less mature (Fig. 4A), consistent with the basal
to apical gradient in cochlear maturation (25,26). In the
apical region of the cochleae of Pou4f3 '~ mice, very small
inner hair cells with poor luminal surface differentiation
were observed, including an apparent absence of stereocilia.
The outer hair cell arrangement was also disrupted, making
it difficult to identify single hair cells. In the base, it was not
possible to identify inner hair cells, whereas the outer hair
cells luminal surface consisted of a sheath of poorly differen-
tiated and disorganized apical projections and undistinguish-
able cell boundaries (Fig. 4C and D). In agreement with the
cellular morphology analysis with myosin VI antibody
(Fig. 30 and P), inner hair cells could be clearly identified
both at the base and the apex of E18.5 Gfil /" mice
cochlea, but appeared smaller and more immature when com-
pared with wild-type inner hair cells. Apical extensions, prob-
ably primordia of stereociliary bundles, seemed shorter and
less organized. The luminal surface of the outer hair cells
throughout the length of the cochlea appeared very similar
to the surface of the outer hair cells in the Poudf3 '~ mice
(Fig. 4E and F).

Interestingly, a careful analysis of the base of the PO
Poudf39dvddl and Poudf3 '~ inner ears revealed that most of
the epithelia had already degenerated (Fig. 4H). Long and aber-
rant stereocilia-like structures could be identified on the surface
of some of these dying cells (Fig. 41 and J; data not shown).
This observation is in contrast to previous reports indicating
that stereocilia do not form in Pou4f3 deficient mice (6,13).

STAT3, a downstream effector protein of Gfil,
localizes to the outer hair cells in the developing
cochlear sensory epithelium

In order to address the differences in phenotype between the
inner and outer hair cells in the Gfi/ mutant mice, we chose
to study the cochlear localization of bona fide downstream
effector molecules of Gfil from the immune system. In
T-cells, Gfil has been shown to increase signaling through
STAT3 (signal transducer and activator of transcription 3)
by binding to one of its inhibitors PIAS3 (protein inhibitor
of activated STAT3) (27). As both STAT3 and PIAS3 were
detected to be present in the microarray hybridization (Sup-
plementary Material, Table S1), we performed immunohisto-
chemistry with an antibody for STAT3 on cochleae from
El6 and PO wild-type mice (Fig. 5). STAT3 expression is
localized mainly to the outer hair cells at both time points.
Interestingly, at E16, the expression of STAT3 was mainly
nuclear (Fig. 5SA), whereas at PO it was both nuclear and cyto-
plasmic (Fig. SB—D).

DISCUSSION

Pou4f3 has a crucial role in the development and survival of
hair cells in the mouse auditory and vestibular sensory epi-
thelia. We used Affymetrix oligonucleotide microarrays to
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Figure 4. Surface morphology of cochlea from wild-type, Pou4f3 ™~ and Gfil /~ mice at E18.5 and wild-type, Poudf3%"“ and Pou4f3~'~ at P0. Scanning
electron microscopy showing a surface view of the apical (A, C, E) and basal (B, D, F) parts of cochleae from E18.5 wild-type (A, B), Pou4f3~’~ (C, D) and
Gfil '~ (E, F) mice. In wild-type cochlea, three rows of outer hair cells (top three rows) and one row of inner hair cells (bottom row) are clearly visible both at
the apex and the base (A, B). In contrast, in cochlea from both Pou4f3 '~ and Gfil /" mice, outer hair arrangement and surface morphology are disrupted
making it difficult to identify single hair cells both at the base and the apex (C—F). However, while smaller and immature inner hair cells can be easily identified
in the cochlea from the Gfil '~ mice (E, F and arrows) when compared with wild-type cochleae, the inner hair cells seemed even smaller in the apical part of
Poudf3™’~ mice (arrows), and could not be detected at the base (C, D). Top views of the basal parts of PO whole mount cochleae stained with phalloidin (green)
(G-1I) from wild-type (G) and Pou4f3"*" (H, I) mice, and high magnification of a scanning electron micrograph of the remaining of an epithelial patch at the
base of a Poudf3 ™"~ mouse (J). In the wild-type cochlea, the hair cells form three continuous lines of outer hair cells and one line of inner hair cells (G). In the
Poudf39"4! mice, most of the epithelium has degenerated, inner hair cells can not be identified and long and aberrant stereociliary-like structures can be ident-
ified on the surface of what could be the outer hair cell region (H, I and arrows). Similar stereociliary-like structures can also be identified in the scanning electron

micrograph of such a sensory patch in the base of the Pou4f3~’~ mice (J and arrow). Scale bar: 10 pm (A—F, I); 50 uM (G, H); 5 um ().

generate expression profiles of inner ears of Poudf3%/dd

mutant and wild-type mice, and identified Gfi/ as the first
downstream target of an inner ear hair cell specific transcrip-
tion factor.

Outer hair cell loss in Pou4f3 and Gfil mutants

Our analysis of both Pou4f3 and Gfil mutants demonstrates
that outer hair cell morphology and degeneration is similar
in both mutants. These results suggest that the phenotype of
the outer hair cells in the Pou4f3 mutants largely results
from the loss of expression of Gfil. In contrast, the inner
hair cell phenotypes of these two mutants were different.
Moreover, hair cells in the vestibular epithelia degenerate at
a slower pace in the Gfi/ mutant mice when compared to
Pou4f3 mutant mice (13,18). The inner hair cells and the ves-
tibular hair cells may depend on survival and/or differentiation
molecules other than Gfil that are downstream of Pou4f3. Gfil
has also been found to enhance STAT3 signaling by binding to
its inhibitor PIAS3 (27). STATS3 signaling has been shown to
promote survival of sensory neurons (28) and can induce

transcription of Bcl-2 family proteins such as Bcl-2 and Bcl-
xL (29,30). As our results indicate that STAT3 is expressed
in outer hair cells, it is possible that Gfil functions to
promote hair cell survival by interacting with PIAS3 in the
hair cells of the inner ear, thereby amplifying signals mediated
through STATS3.

Although the pattern of outer hair cell death was very
similar in the Gfi/ and Pou4f3 mutants, stereocilia were not
distinguishable on the luminal surface of the outer hair cells
of the Gfil mutant mice at either E18.5 or P0O. Conversely,
long and aberrant stereocilia were clearly present on the
apical surfaces of outer hair cells in Pou4f3 mutants at both
time points. The differences in the presence of inner and
outer hair cells as well as in the surface morphology of some
of the dying cells can probably be attributed to the abnormal
regulation of other Pou4f3 downstream target genes that are
yet to be identified and are independent of the Poudf3—Gfil
pathway. The striking difference in the phenotype of the
inner hair cells of the Pou4f3 and Gfil mutant mice could
be used for the identification of potential inner hair cell
specific markers or survival molecules.
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Figure 5. STAT3 expression is mainly localized to the outer hair cells in the developing organ of Corti. Inmunocytochemistry with an antibody for STAT3 on
cochlear sections from inner ears of E16 (A) and PO (B, C) wild-type mice and on a whole mount of a cochlea from a PO wild-type mouse (D). At E16, STAT3
expression is localized mainly to the nuclei of the outer hair cells. At PO, STAT3 expression is localized both in the nuclei and the cytoplasm of the outer hair
cells (B—D). OHC, outer hair cells; IHC, inner hair cells. Scale bars: 50 um (A, B); 25 uMm (C, D).

The role of Gfil in the inner ear

Gfil is a nuclear zinc finger transcription factor that is able to
function as a repressor of transcription via the SNAG N-
terminal domain (SNAIL/Gfil) that is conserved among the
vertebrate members of the SNAIL/SLUG/Gfil family
(31,32). Recent data point to an association of Gfil with the
nuclear matrix, the co-repressor ETO as well as with histone
deacetylases 1, 2 and 3 (HDAC-1, 2 and 3), which are chroma-
tin modifying enzymes that function to close chromatin and
silence transcription (33).

Gfil functions as a proto-oncoprotein regulating cell cycle
control genes and functions to promote cell proliferation and
prevent apoptosis (34—37). Additional potential effectors of
Gfil in T-cells have been described and include c-Maf,
LKLF, TRAFS5 and the helix—loop—helix proteins inhibitors
of differentiation and DNA binding 1 and 2 (Id1 and Id2)
(38). This is of interest, as both Id1 and 1d2 are expressed in
the developing epithelium of the otic vesicle and the thickened
epithelium of the developing cochlear duct (39), and can bind
to basic helix—loop—helix transcription factors, such as
Mathl, preventing them from dimerizing and binding to
DNA (reviewed in 40). Therefore, Gfil may contribute to
the maintenance of Mathl expression at late embryonic
stages by repressing Idl expression (J. Jones and
M.W. Kelley, unpublished data). In agreement with this
hypothesis, Senseless (Sense), the Drosophila homolog of
Gfil, is required for cell maintenance and survival in the
sensory organ precursor cells (SOP) that are dependent on

the expression of proneural genes, including atonal, the
Math1 homolog (41,42).

Conserved transcriptional cascades

In the nematode Caenorhabditis elegans, UNC-86 (the Pou4f3
homolog) is required for the generation and the differentiation
of touch neurons (43,44). UNC-86 promotes touch neuron
differentiation via the activation of mec-3, and a synergistic
activation of transcription of touch neuron specific genes
with the protein product of mec-3 (45—47). UNC-86 and
MEC-3 function together to activate mec-7 transcription, a
gene that is necessary for the function of touch cells (45).
The onset of Pag-3 expression (the Gfil homolog) in the
touch receptor neurons parallels that of mec-7 (48,49),
suggesting an evolutionary conserved transcriptional cascade
in the mouse and C. elegans. This is supported by our
finding that Gfil mRNA co-localizes with and follows the
expression pattern of Pou4f3, and that Gfil expression is sig-
nificantly reduced or absent in Pou4f3 loss of function
mutants. Consistent with this hypothesis is the recent report
that retinas from Pou4f2 '~ mice lack expression of Gfil '~
indicating that multiple class IV POU domain transcription
factors may function upstream of Gfil (50).

Our results demonstrate that a transcription profiling experi-
mental strategy, starting with inner ears of embryonic mice,
can reveal gene expression changes that are specific for hair
cells. This approach was expected to result in the identification
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Figure 6. A working model of the transcriptional cascade leading to Pou4f3/Gfil regulation of cochlear hair cell survival. The transcription factor Mathl is
necessary and sufficient to induce all hair cells formation in the inner ear. Pou4f3 is the first transcription factor shown to be expressed in all hair cells of
the cochlear epithelium as soon as they exit the cell cycle and assume a hair cell fate. Increased Pou4df3 levels positively regulate outer hair cells survival
and differentiation through the regulation of Gfil, another transcription factor. Gfil may act through a PIAS3/STAT3 cascade, but could also inhibit Id1
expression, which could downregulate Math1 expression. The downstream targets of Pou4f3 in the inner hair cells are not known, and seem to differ from

those of the outer hair cells.

of bona fide Pou4f3 target genes, as we assumed at least some
of the downstream effectors of Pou4f3 will also be hair cell
specific molecules. Moreover, previous reports suggested
that there may be remarkably large differences between the
results of gene regulation of class IV POU domain proteins
in vivo and in vitro (51,52).

While hair cell differentiation and survival is dependent on a
multitude of genes, the identification of Gfil as an effector
gene of Pou4f3 sheds light on a pathway that is involved in
hair cell differentiation and survival (Fig. 6). We believe that
with the multitude of deafness genes and mouse models that
are available, our approach could be successfully applied to
elucidate the underlying molecular pathogenesis of many
additional forms of deafness, eventually leading to the devel-
opment of general or gene-specific therapies for hearing loss.

MATERIALS AND METHODS
Breeding, phenotyping and genotyping of mice

All procedures involving animals met the guidelines described
in the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and had been approved previously by
the Animal Care and Use Committees of The Jackson Labora-
tory, the National Institutes of Health, and Tel Aviv University
(M-00-65). All lines were maintained by crossing heterozy-
gotes. To generate homozygous embryos, pregnant females
were euthanized at the desired gestational stage. The appear-
ance of a copulation plug was considered embryonic day
0.5. A definitive determination of the developmental stage of
each embryo at the time of harvesting was based on Theiler
stages (53). ABR thresholds were measured at 32 weeks of
age with clicks and 8, 16 and 32 kHz tone bursts, and auditory

thresholds (dB SPL) were obtained for each stimulus as
described previously (54).

In dreidel (Poudf39474dly mice, Poudf3 was sequenced and a
dinucleotide TG deletion (388del2), which omits a Blpl restric-
tion endonuclease recognition site at nucleotides 841—-842 of
the Pou4f3 sequence, was identified (GenBank accession
number S69352). Primers were designed to amplify the
genomic sequence surrounding this deletion and a Bipl restric-
tion digestion was performed to differentiate between the
wild-type and mutant alleles: ddl-645 (F) 5-GCGGTGGATA
TCGTCTC-3' and ddl-1165 (R) 5'-GTAAGAGACTCGAACC
TGC-3'. Poudf3~’~ knockout mice were a gift from Mengging
Xiang (UMDNJ—-Robert Wood Johnson Medical School, NJ,
USA) (8). Genotyping was performed by a multiplex PCR reac-
tion using the following primers: MX176, 5'-TGATGCCGCCG
TGTTCCGGCTGT-3"; MX177, 5'-TCGCCGCCAAGCTCTTC
AGCAAT-3 MX183 5'-CCTCTCCTCAAAGCCCAGGTCA
T-3' and MX226 5'-CCCTGCCAGACTCCCGAAGAT-3'. The
expected PCR product sizes are 600 bp for the neomycin cas-
sette (MX176 + MX177) and 400 bp for the wild-type Poudf3
allele (MX183 4+ MX226). Gfil /~ knockout mice were geno-
typed as described (20) using the following primers: mgfi2
5'-GTAGGTTTGCTGAACTGCTGTG-3’; mgfi3 5-GCTATC
TAACCGCTAAACTG-3' and PB3 5-CTTCCATTTGTCAC
GTCCTG-3'. The expected product sizes are 320 bp for the
Gfil knockout allele and 220 bp for the wild-type allele.

RNA extraction and reverse transcription

For microarray analysis and validation of differential gene
expression, total RNA was extracted from whole inner ears
isolated at E16.5 and E18.5 from wild-type, Poudf3%"d!
and Pou4f3 '~ mice. Total RNA was prepared from 4 to 10



inner ears per 1 ml of TRIzol (Invitrogen Life Technologies),
DNA was removed with DNA-Free (Ambion), and RNA was
twice purified with PCI (PCI; Invitrogen) Reverse transcription
(RT) reactions were performed by using the SuperScript™
First-Strand Synthesis System for RT—PCR (Invitrogen) with
oligo(dT) priming.

For developmental semi-quantitative profiling of mRNA
abundance, mouse auditory sensory epithelia were isolated
from embryos of timed mated ICR females and separated
from the underlying mesenchyme as previously described
(22). RNA was then extracted using the StrataPrep Total
RNA Miniprep Kit (Stratagene).

Affymetrix oligonucleotide microarrays

RNA was extracted from inner ears of E16.5 Poudf3%/!
mutants and their wild-type littermate controls as described.
The microarray experiment was performed in independent tri-
plicates and each RNA pool consisted of four inner ears from
mice of the same genotype. Ten micrograms of total RNA was
processed and hybridized to the murine genome U74Av2
oligonucleotide arrays (Affymetrix), containing probe sets
for the detection of over 12 000 cDNAs, following the manu-
facturer’s protocol. Each hybridization cocktail was hybri-
dized to another microarray as internal repeat. Scanned
output files were visually inspected for hybridization artifacts
and analyzed using MAS 5.0 software (Affymetrix). Arrays
were scaled to an average intensity of 150. Each expression
level computed by the Affymetrix software is accompanied
by a presence flag (A, absent; P, present; M, marginal), indi-
cating the authenticity of the gene’s recorded expression
level, on the basis of a comparison between signals obtained
from its perfect-match and mismatch probes (55). In order to
identify genes that were expressed differentially between the
two genotypes, we employed a statistical -test analysis.
Before applying the test, intensity levels below 20 were set
to 20 (to reduce identification of changes at the noise level),
and then intensity values were log-transformed. The full
dataset can be downloaded as an Excel file (Supplementary
Material, Table S1).

Real-time RT-PCR

Real-time multiplex RT—PCR reactions were performed in tri-
plicate for the developmental expression pattern series, and six
repeats for the validation PCRs using an ABI Prism 7700
Sequence Detector (PE Applied Biosystems), VIC labeled
Gapdh control primers (150 nm) and probe (PE Applied Bio-
systems) and the following primers (600nM) and FAM
labeled probes (PE Applied Biosystems): Myo6 (F) 5'-CA
TTTTGACGGACCCTGGATT-3', (R) 5-TTGTAGCTG GC
AAGGATGACAT-3, (probe) 6FAM-TGCACCCTGACA
AGCCACCCATC-TAMRA; Myo7a (F) 5-AACTGGAGTA
GTGGCAACACCTACT-3, (R) 5-GCGATGTCTCACAGA
GCAGTTT-3', (probe) 6FAM-CCACATCACCATTGGGAA
CTTGGTCC-TAMRA; Pou4f3 (F) 5-GGCATGCACCCCG
TACTG-3, (R) 5-GGCGCATGGCCTCAGA-3', (probe)
6FAM-AACCCAAATTCTCCAGCCTACACTCCGG-TAM
RA; Gfil (F) 5-AGCTGTGTAACACTACCGTGAGGAT-3,
(R) 5-ACCATGATGAGCTTTGCACACT-3/, (probe) 6FAM-
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TTCCCTGCCTCCCTCCAGCCC-TAMRA. For Mathi, the
Gapdh control primers were used at 75 nM with the following
primers and probe: (F) 5-AAGCAAA GGAGGCTGGCAG-3'
(300 nm), (R) 5-TGGTTCAGCCCGTGCAT-3" (600 nm),
(probe) 6FAM-AAACGCAAGGGAAC GGCGCA-TAMRA.

In situ hybridization

A 484 bp segment of the unique coding sequence of the
Poudf3 gene (NM_138945, nucleotides 13-496) and a
958 bp segment of the 3’ untranslated region of the Gfil
gene (NM_010278, nucleotides 1781-2738) were cloned
into the pGEM-T Easy Vector (Promega) for the generation
of digoxigenin labeled sense and antisense probes. Whole
mount in situ hybridization to detect Poudf3 and Gfil
mRNA were performed on cochlea of E16.5, E18.5 and PO
wild-type mice and E18.5 Pou4f39"/# mice and their wild-
type littermate controls, as previously described, with modifi-
cations (56). Poudf3 and Gfil in situ hybridization were also
performed on 12 pm cryostat sections of whole inner ears of
E18.5 Pou4f3d/ddl and wild-type littermate controls as pre-
viously described (57). All experiments were repeated at
least three times with mice from at least three separate
litters.

Immunohistochemistry, peroxidase immunostaining and
immunofluorescence

After fixation in 4% paraformaldehyde, samples were rinsed in
phosphate buffered saline (PBS), and incubated in 10% normal
goat serum in PBS with 0.5% Tween-20 (PBS-T). The
samples were then incubated with primary antibodies.
Binding of the primary antibody was detected by immunofluo-
rescence or peroxidase immunostaining. Samples that were
detected by peroxidase immunostaining were incubated in a
0.3-0.6% H,0, solution in PBS-T, prior to the incubation
with goat serum. For peroxidase immunostaining, after incu-
bation with a myosin VI antibody (obtained from Tama
Hasson), an affinity purified Pou4f3 antibody (Covance; for
affinity purification, AminoLink Kit) or a STAT3 antibody
(Cell Signaling), the samples were rinsed and incubated with
a biotin-conjugated secondary antibody (Jackson Immuno-
Research Labs). The samples were then reacted with diamino-
benzidine using an Elite ABC kit (Vector Laboratories) with
nickel intensification. For immunofluorescence, after incu-
bation with an antibody specific for p75"" (Chemicon), or
the Pou4f3 antibody, samples were rinsed, and incubated
with an Alexa Fluor 594 (red) or 488 (green)-conjugated sec-
ondary antibodies (Molecular Probes). Following antibody
labeling, filamentous actin was labeled in the same samples
by incubating with Alexa Fluor 488 or 594-conjugated pha-
lloidin (Molecular Probes). Samples were then mounted in
anti-fade medium (Slowfade Antifade kit; Molecular
Probes), and observed using a Zeiss LSM510 confocal
microscope. For GFP immunolocalization, the cochleae were
incubated with an Alexa Fluor 488-conjugated GFP antibody
(Molecular Probes) and Alexa Fluor 594-conjugated phalloi-
din (Molecular Probes).
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Scanning electron microscopy

SEM was performed on cochleae of Pou4f3~'~, Gfil '~ and
their heterozygous and wild-type littermates at E18.5 and PO,
as previously described (58) using a JEOL JSM 6400 scanning
electron microscope. The experiment was performed on at
least four inner ears for each mutant at E18.5 and PO.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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