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SUMMARY

Gfil was first identified as causing interleukin 2-
independent growth in T cells and lymphomagenesis in
mice. Much work has shown thatGfil and Gfilb, a second
mouse homolog, play pivotal roles in blood cell lineage
differentiation. However, neither Gfil nor Gfilb has been
implicated in nervous system development, even though
their invertebrate homologues,senselesi Drosophilaand
pag-3in C. elegansare expressed and required in the
nervous system. We show thaBfil mRNA is expressed in
many areas that give rise to neuronal cells during
embryonic development in mouse, and that Gfil protein
has a more restricted expression pattern. By E12.&fil
MRNA is expressed in both the CNS and PNS as well as in
many sensory epithelia including the developing inner ear
epithelia. At later developmental stagesGfil expression in
the ear is refined to the hair cells and neurons throughout
the inner ear. Gfil protein is expressed in a more restricted
pattern in specialized sensory cells of the PNS, including
the eye, presumptive Merkel cells, the lung and hair cells
of the inner ear. Gfil mutant mice display behavioral

defects that are consistent with inner ear anomalies, as they
are ataxic, circle, display head tilting behavior and do not
respond to noise. They have a unique inner ear phenotype
in that the wvestibular and cochlear hair cells are
differentially affected. Although Gfil-deficient mice
initially specify inner ear hair cells, these hair cells are
disorganized in both the vestibule and cochlea. The outer
hair cells of the cochlea are improperly innervated and
express neuronal markers that are not normally expressed
in these cells. Furthermore, Gfil mutant mice lose all
cochlear hair cells just prior to and soon after birth
through apoptosis. Finally, by five months of age there is
also a dramatic reduction in the number of cochlear
neurons. HenceGfilis expressed in the developing nervous
system, is required for inner ear hair cell differentiation,
and its loss causes programmed cell death.

Key words: Gfil, Gfilb, Senseless, PAG-3, Inner ear hair cell, Basic
helix-loop-helix (bHLH), Deafness, Mouse

INTRODUCTION

finger proteins. Gfil functions as a position- and orientation-
) ) ) independent transcriptional repressor through its 20 amino acid
Function of Gfi1 and its homologs N-terminal repressor, or SNAG, domain (Grimes et al., 1996a).
TheGfilgene was first identified as causing interleukin-2 (IL2)Gfilb appears to function biochemically in a similar manner to
independent growth in T cells (Gilks et al., 1993) by allowingGfil, as it binds the same DNA recognition site and represses
them to escape (G&arrest normally induced by IL2 withdrawal transcription through its SNAG domain.

(Grimes et al.,, 1996a) — hence the name growth factor Recent publications suggest a variety of in vivo functions for
independent (Gilks et al., 1993). Proviral integratiorGifil. =~ Gfil andGfilb. High levels of Gfil transgene result in a block
results in upregulated transcriptional activity ®fil and is  of T-cell lymphopoiesis (Schmidt et al., 1998a; Schmidt et al.,
associated with lymphomagenesis in mice (Gilks et al., 1993,998b). ConstitutiveGfil expression accelerates entry of
Liao et al., 1997; Scheijen et al., 1997; Schmidt et al., 1996)esting T cells into S phase of the cell cycle (Karsunky et al.,
Gfil and its homolog Gfilb (Tong et al., 1998) are nuclear zini2002a); and causes decreased levels of apoptosis, increased
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levels of cell proliferation and a decrease in the levels of The above data suggest that this small but specific gene
negative cell cycle regulators g97! and pRbGfil may also  family of Zn-finger transcription factors plays similar as well
regulate apoptosis through repression of multiple pro-apoptotis different roles in different species and different tissues.
regulators (Grimes et al., 1996b). Outside the lymphoidhese include suppression of apoptosis, suppression of cell
system, Gfil is expressed in granulocytes and activatectycle checkpoints, as well as promoting cell fate determination
macrophages (H. Hock, M. J. Hamblen, H. M. Rooke, Dand cell differentiation. However, in some lineages it is not
Traver, R. T. Bronson, S. Cameron and S. H. Orkinpbvious what the precise role of these proteins is.
unpublished) (Karsunky et al., 2002b). Loss-of-function )
studies in mice mutant foBfil indicate that it is necessary Inner ear hair cell development
during hematopoesis as it is required for the propeMammalian inner ear hair cells function as mechanoreceptors
specification and differentiation of neutrophils andto transduce sound and proprioreception. The morphology and
macrophages (H. Hock, M. J. Hamblen, H. M. Rooke, Ddevelopment of the mammalian inner ear are very complex in
Traver, R. T. Bronson, S. Cameron and S. H. Orkinpature. The major structures of the internal ear consist of the
unpublished; Karsunky et al., 2002b). Overexpressidbfidb  utricle and saccule, three semicircular canals, the cochlea, and
results in inhibition of G1 arrest and differentiation by directlythe endolymphatic duct and sac. The sensory neuroepithelia are
binding thep21WAF1promoter and repressing its activity (Tong innervated by the eighth cranial nerve which consists of two
et al.,, 1998).Gfilb can also directly repress the activity of parts, the vestibular and cochlear nerves. Vestibular hair cells
tumor suppressor geneédocsland Socs3by binding their  are located in the macula of the saccule and the utricle, as well
promoters (Jegalian and Wu, 2002). The Gfilb zinc-fingeas in the cristae located in the semicircular canals. These hair
domain may also act as a transcriptional activation domaicells fall into two types, Type | and Type Il, and are innervated
(Osawa et al., 2002). Thus, Gfilb may modulate transcriptioby the vestibular nerve. The hair cells of the vestibule detect
as a repressor or activator depending on promoter and cell tyfyeear acceleration and head position with respect to gravity.
context. Loss of function studies in the mouse indicate thathey are responsible for the sense of balance and
Gfilb function is required for hematopoiesis as it is requirecproprioreception. The auditory hair cells in the organ of Corti
for erythroid and megakaryocytic lineages. Mice deficient fotocated in the cochlea also fall into two categories, inner hair
Gfilb are embryonic lethal and die by E15.5 because of eells and outer hair cells. They are innervated by the cochlear
complete lack of erythrocytes (Saleque et al., 2002). nerve. These hair cells are responsible for auditory sensation.
The Gfi proteins have invertebrate homologues, includinghe membranous labyrinth of the inner ear first begins to form
senselest Drosophila(Frankfort et al., 2001; Nolo et al., 2000; from the otic cyst and is visible in mice at E10.75. By E17.5
Nolo et al., 2001) anpag-3in C. elegangCameron et al., 2002; the gross anatomy of the inner ear is mature (Cantos et al.,
Jia et al., 1996; Jia et al., 1997). Mmosophilg senselesss  2000). Many hearing impairments are caused by loss of
required during the development of the embryonic and aduttensory neurons and inner ear hair cells (for a review, see Petit
peripheral nervous system (PNS). Embryos that $a&ciseless et al., 2001). Hence, a better understanding of the genetic
differentiate the majority of PNS cells, but most cells die througimechanisms responsible for the development of these
apoptosis (Nolo et al., 2000; Salzberg et al., 1997). However, structures may help us dissect the mechanisms implicated in
adult sensory organsenseless both necessary and sufficient hearing impairment or deafness.
for their development. Mosaic analysis in imaginal discs shows A homology between hair cells in vertebrates and
thatsenselesmutant clones lack sensory organs. Expression athordotonal organs in flies has been recently revealed (Hassan
senselesss dependent on the proper expression of proneurand Bellen, 2000). The bHLH proneural gea®nal was
genes, such agonal, scute, achaetasnddaughterlesssenseless shown to be required for the specification of chordotonal SOPs
in turn is required for the upregulation and maintenance gflarman et al., 1993). These chordonal organs function as
expression of the proneural genes in the sensory orgammoprioreceptive organs and hearing devices (Eberl, 1999;
precursors (SOP), as loss-of-function mutationsenseless Mclver, 1985; van Staaden and Rémer, 1998), much like the
abolish the further upregulation and maintenance of proneurhhir cells of the balance organs and the auditory system. As
gene expression in the SOPs. Ectopic expressi@emdeless mentioned previously, Atonal is required faenseless
induces ectopic proneural gene expression and ectopic PNSpression in the SOP, and ectogenselessexpression
organs. In additiorsenselesbas been shown to synergize with inducesatonal expression (H. J. B., unpublished). One of the
the proneural genes (Nolo et al., 2000). mouse homologues atonal Math1 (Atohl— Mouse Genome
PAG-3 is aC. elegandhiomolog of Senseless and Giilag-  Informatics) is expressed in the inner ear hair cells during
3is involved in touch neuron gene expression and coordinatetevelopmentMathl-null mice die shortly after birth and lack
movement (Jia et al., 1996; Jia et al., 1997). In addition, nuhair cells in balance organs and cochleae (Bermingham et al.,
mutations ofpag-3can result in abnormal patterns of apoptosis1999). Interestingly, all the defects associated with loss of
in the ventral nerve cord as well as abnormal differentiation dflathlcan be rescued by the #iyo gene, suggesting that they
certain interneurons and motoneurons. Hepag;3functions  are orthologs (Wang et al., 2002). In additioMathl
in diverse contexts within the developing nervous system. Thaverexpression has been shown to induce hair cell growth in
finding thatpag-3is expressed in many neuronal subtypes ainner ear epithelia (Zheng and Gao, 2000). Hektzgh1, like
different points in development suggests that it cooperates witito, is necessary and sufficient for hair cell development in
different factors to regulate the expression of cell type- andertebrates.
developmental stage-specific sets of genes to generate theGiven the similarities betwedvlathlandatonaland the role
complex pattern of neuronal subtypes seenCinelegans of senselessin PNS development, we investigated the
(Cameron et al., 2002). expression pattern and role of thenseleshomolog,Gfil, in
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hair cell development. We find th@&fil is expressed in many antibodies to Myosin, TUJ1 and Caspase 3 at a 1:1000 dilution, and
neuronal precursors as well as differentiating neurons duringfil at a 1:2000 dilution, and followed the ABC Vectastain directions
embryonic development. Consistent with these expressiofith secondary anti-rabbit antibody (Myosin VI/Vila and Activated
patterns, analysis @fil function in inner ear development in Caspase 3), anti-mouse antibody (TUJ-1) or anti-guinea pig antibody
a previously generate@&fil-mutant line (H. Hock, M. J. (Gfil) followed by DAB staining. Briefly, paraffin wax embedded

ections were blocked in 196, in methanol for 20 minutes at room
Ha(;nglelq, ':) II:A Rooket,)l!l).r]TEjaver, R'IT('j I?rzor;sont, S.tiarnercil mperature, rehydrated in a series of ethanols, boiled in citrate
an - H. Orkin, unpublished) reveale al mutant hair ce §ntigen retrieval solution in a microwave for 5-10 minutes, and

are initially specified and express many hair cell markersyiocked with horse serum (Vectastain) in PBS for 30 minutes at room
including Mathl However, Gfil is required for proper temperature. Primary antibody was diluted in blocking solution and
differentiation and maintenance of inner ear hair cell&filh  incubated on the section overnight at 4°C. Slides were rinsed in PBS
mutant mice, the vestibular and cochlear hair cells arend incubated in secondary for 30 minutes at room temperature. The
morphologically abnormal, hair cell organization within theslides were rinsed in PBS and incubated in Vectastain ABC solution
sensory epithelia is aberrant, the outer hair cells in the orgd@r 30 minutes. The slides were again rinsed in PBS and the signal
of Corti express a neuronal marker, and cochlear hair celias detected with 2 mg/ml DAB, 0.02%@® in PBS. Some slides
degenerate after separation. Th@il is expressed in the Were counterstained with Hematoxylin.

developing nervous system and is required for the Ga) staining

differentiation and survival of inner ear hair cells. Mice heterozygous for thB-galactosidase cassette in the place of

Math1-coding region were bred ®fil heterozygous mice to generate
double heterozygotes, which in turn were crossed to obtain genotypes

MATERIALS AND METHODS that wereMath1 heterozygous and eith&fil wild type orGfil null.
] This allowed us to visualize hair cells in t@il null mutants by
Mice staining the tissues fdB-galactosidase. Appropriately staged mice

Gfil mutant andMathl mutant mice were generated as previouslywere harvested, fixed briefly in 4% paraformaldehyde and stained
described in 129/S¥ c57BL/6J backgrounds (Ben-Arie et al., 2000; overnight at 37°C forp-galactosidase according to established
H. Hock, M. J. Hamblen, H. M. Rooke, D. Traver, R. T. Bronson, Sprocedures (Ben-Arie et al., 2000). The tissue was then fixed
Cameron and S. H. Orkin, unpublished). For some experiments, linesernight in 4% paraformaldehyde, and processed for paraffin wax
were crossed to yield mice heterozygousMaith1f-92land Gfil wild embedding and sectioning or imaged immediately for whole mounts.
type or null.

TEM
Embryo staging and tissue preparation Staged cochleae were dissected and fixed in 0.1 M cacodylate buffer,
Embryos were considered to be E0.5 days on the morning the vagir®#o glutaraldehyde and 4% formaldehyde at 4°C for 2 hours.
plug was observed. To harvest the embryos, pregnant females we3pecimens were then rinsed in 0.1 M cacodylate buffer and post fixed
sacrificed by cervical dislocation and the embryos dissected out of tiie 1% osmium tetroxide in cacodylate buffer at 4°C overnight.
uterus. Regions of the yolk sac or tail were saved for genotypingsgamples were again washed in cacodylate buffer and rinsed with
Embryos were fixed overnight in 4% paraformaldehyde, dehydratedistilled water. Specimens were stained with 4% uranyl acetate for 3
in an ethanol series and embedded in paraffin wax for sectioningours and again washed in distilled water. Specimens were then
according to standard histological protocols. Sections (i) dehydrated for 15 min each in a series of ethanols: 50%, 70%, 80%,
were collected and analyzed by in situ hybridization 0r90%, 95% and 100% (twice), and then finally 100% overnight at room
immunohistochemistry. Ear tissue for postnatal stages was collectéeimperature. Samples were then rinsed in ethanol followed by rinsing
by harvesting the temporal bones of the appropriately aged pup propylene oxide and embedded in scipoxy 812 resin with dodenyl
fixing overnight in 4% paraformaldehyde, decalcifying in 1.35 Nsuccinate anhydride and nadric methyl anhydride. Semithin sections
hydrochloric acid for at least an hour, dehydrating in an ethanol seri¢6.5um) were obtained and then thin sections (50 nm) were obtained
and embedding in paraffin for sectioning. Sections (i) were  and grid stained with 4% uranyl acetate and 2.66% lead acetate and
collected and analyzed by immunohistochemistry. observed on an electron microscope.

In situ analysis of Gfil, Mathl and Brn3c

The cDNA probe foBrn3c (Pou4f3— Mouse Genome Informatics) RESULTS

was kindly provided by Bill Klein. Probes for each of the genes were

transcribed in the antisense direction and labeled with digoxigeni fi1 is exor in differentiating neurons an
using the Dig RNA Labeling Kit from Roche. Probes were hybridizecﬁner Zaer Ea?rsts:gltljs differentiating neurons and

to paraffin sections and detected by anti-digoxigenin antibody coupled ) ; .
to alkaline phosphatase. Hybridization and stringent posthybridizatiofS Gfil and Gfilb have not been reported to be expressed in

wash steps were performed at 65°C. neurons or neuronal precursors, we first searched for other
) _ senselesiomologues that are expressed during embryonic
Immunohistochemistry mouse development. Two lines of evidence suggest that there

Anti-Myosin VI/Vlla was kindly provided by Tama Hasson. Anti- may be no additionadenselesfiomologs toGfil and Gfilh

TUJ1 was obtained from Babco. Anti-activated Caspase 3 wasirst, we did not identify another gene with similar sequence
obtained from R&D Systems. An anti-Gfil antibody was generated '?lomology in BLAST searches of the human and mouse
guinea pig. This antibody was raised against the domain of Gf%enomes Second, RT-PCR with degenerate primers

between the SNAG domain and the zinc fingers (amino acids 20-25 b ding to the highl d zine-fi
cloned into pET28a. This domain does not display homology to Gfil rresponding 1o the highly conserved zinc-finger sequences

or other proteins. It is a specific nuclear antigen that is not present #lowed us to identify transcripts in E10.5, E11.5, E12.5 and
Gfil mutant mice and recognizes a specific band of the appropriafel3.5 embryos and adult thymus. Sixty-four clones were
molecular weight on western blots of Gfil-expressing yeast extracgequenced and all correspondeddiil and Gfilb (data not
and of mouse thymus protein extracts (data not shown). We usedhown). These data show tl@afil andGfilbare expressed in
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embryos and that it is unlikely that otlemnselessomologues 1F) and the lung (Fig. 1J). We did not detect Gfil protein
exist in mice. expression in the brain or any of the ganglia, which is where
To determine when and whe@ilis expressed, we carried we seeGfil mRNA expression (see Discussion).
out in situ hybridization and immunohistochemistry in WhereadGfilis expressed in a variety of tissues, we chose
embryos. As shown in Fig. 1/fil mRNA is expressed in to focus our analysis of the role Gfil in the developing ear.
E12.5 embryos in the PNS, CNS and many sensory tissuess shown in Fig. 2Gfil mMRNA and protein are expressed in
More specificallyGfil mMRNA is expressed in the developing the ear throughout developmef@fil mRNA is expressed in
brain, optic epithelia, dorsal root ganglia, otic vesiclethe developing otic vesicle and several ganglia, including the
trigeminal and vestibulo-cochlear ganglia, and gut epitheli@estibulo-cochlear ganglia as early as E12.5 (Fig. 2A). Gfil
(Fig. 1A). At later stages expression is also seen in margrotein can be detected at E12.5 in a more restricted pattern in
sensory organs such as the developing eye (Fig. 1Bbhe hair cell precursors in the otic vesicle, where Mathl is
presumptive Merkel cells (Fig. 1D,E), cells of the nasalexpressed (Bermingham et al.,, 1999). This timing is
epithelia (Fig. 1G), epithelia of the tongue (Fig. 1H), as welconcomitant with the initial generation of hair cells during
as in small clusters of neuroepithelial precursor cells innner ear development as sensory hair cell precursors undergo
developing lung (Fig. 1I; D. W., unpublished), and many cellgheir terminal mitosis between E11 and P2 (Ruben, 1967).
of the developing thymus (Fig. 1K). Hendgfil mRNA is  Specification and differentiation of hair cells is initiated just
widely expressed in epithelia in which sensory cells arafter terminal mitosis between E12-P2 (Zheng and Gao, 1997),
specified (tongue, nasal epithelia, gut, lung and eye), as welhd hair cells then mature and grow sterociliary bundles during
as in the developing brain and PNS ganglia. However, the Gfdifferentiation. By E14.5, we finGfil mRNA and protein in
protein has a more restricted expression pattern and localizése developing vestibular organs in positions analogous to the
to several specialized sensory cells of the PNS. Gfil protein iwly developed hair cells (Fig. 2B,E). By E16.5 to E18.5,
present in the eye (Fig. 1C), the presumptive Merkel cells (Figvhen the sensory structures are well defitg&d, mRNA and

Fig. 1. Gfil wild-type expression == = = ——— |
pattern. In situ hybridization using a . .
specific antisense probe derived fror
the 3 UTR of Gfiland
immunohistochemistry using a Gfil-
specific antibody. For in situ, positive
cells are purple, and for
immunohistochemistry positive cells
are brown and counterstained with
Hematoxylin (purple). (A) Sagittal
section of E12.5 embryo. Areas of hi
expression 06fil mRNA are denoted
and include the developing brain (FE
forebrain; HB, hindbrain), optic
epithelia (Op), dorsal root ganglia
(DRG) and gut epithelia (Gut). In
addition,GfilmRNA is expressed in
the developing otic vesicle (OV) and
several ganglia including the trigemii
(V) and vestibulo-cochlear ganglia
(VII) (see Fig. 2A for enlarged view
of ear and associated ganglia).

(B) Sagittal section of E18.5 retina
showingGfil expression primarily in
the retinal ganglion cell layer.

(C) Sagittal section of E16.5 retina
showing immunohistochemistry of
Gfil expression in specific cells
denoted with arrows that are likely tc
be retinal ganglion cells. (B3fil
expression in E16.5 section through
upper lip and mouth area where the
whiskers develop. Positive cells arot
the shaft of the whiskers are thought
be the Merkel cells. (B}fil expression
in E15.5 section through the skin. Positive cells are located under the touch domes and correspond in size and positdietaéts.

(F) E18.5 section through the upper lip and mouth area where the whiskers develop. Immunohistochemically positive cekdi{peraunc
the shaft of the whiskers denoted by arrows are thought to be the Merkel ce@dil(&)pression in E16.5 section of the olfactory epithelia.
(H) Gfilexpression in E18.5 section of the tongue and its dorsal epithelium where taste papilla de&fidexression in E15.5 section of
the developing lung. Clusters of cells as well as individual cells express Gfil. (J) Gfil protein expression in E16.5 sectensddping
lung. Clusters of cells denoted by arrows express GfilG(K)mRNA expression in E15.5 section of the developing thymus.
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protein are clearly detected in the vestibular organs (Fig. 2@nd lack of a proper startle response to loud noises. This
as well as in the organ of Corti in the cochlea (Fig. 2D,Fphenotype coupled wittGfil expression in the inner ear
arrows), where it localizes to hair celZfil mRNA expression sensory epithelia suggests inner ear defects.

is also detected in the cochlear ganglia (Fig. 2D, asterisk); ) ] o )

however, Gfil protein is not expressed in the cochlear gangliafil is required for proper differentiation of hair

at any time (data not shown). Hence, the temporal and spatiglls

expression pattern of Gfil protein in the ear correlates with th&s the overall gross morphology of the inner ear appeared
specification of hair cells and is very similar if not identical tonormal at PO inGfil mutant mice (data not shown), we
the expression pattern dflathl (Bermingham et al., 1999; immunocytochemically stained ear epithelia with several hair

Chen et al., 2002). cell markers to identify differentiation defects. Myosin VI/Vlla
] o ] is an early marker for hair cell differentiation and initiation of
Gfil mutant mice display behavioral defects expression of this marker occurs properly at E13.5 in the

We previously established a mouse line deficienGfit (H.  mutant balance organs and cochlea (Fig. 3A,B) (Hasson et al.,
Hock, M. J. Hamblen, H. M. Rooke, D. Traver, R. T. Bronson,1997). However, as shown in Fig. 3A,B, the mutant hair cells
S. Cameron and S. H. Orkin, unpublished). T4 allele has  in the utricle are thinner and more elongated than the wild-type
part of the SUTR along with the entire first and second exon,cells, and there are two to three layers of myosin VI/Vlla-
as well as part of the third exon deleted. This deleted regigpositive cells in the mutant instead of the single layer observed
contains the entire SNAG transcriptional repression domain bt wild-type epithelia. Anti-myosin VI/VIla staining of the
not the zinc fingers and creates a severe loss-of-function or nulricle at E14.5 (Fig. 3C,D) also shows abnormal hair cell
allele. We have found heterozygous mice to be phenotypicalijorphology and layering in the mutant. The vestibular organs
indistinguishable from wild-type littermates at all stages in ounormally show a straight line of hair cells at the edge of the
assays. The mutant mice are viable for 3-6 months. Thiemen, but the mutant hair cells do not form this straight line
mutants look similar to wild type and heterozygous littermatesas the hair cells are present in the support cell layer. Similarly,
until about postnatal day 10 (P10). By P10, the mutants nilne organization of the auditory hair cells in the organ of Corti
longer continue to grow at the rate of their littermates (His also aberrant. The characteristic three rows of outer hair cells
Hock, M. J. Hamblen, H. M. Rooke, D. Traver, R. T. Bronsonand single row of inner hair cells are not present in the mutant.
S. Cameron and S. H. Orkin, unpublished; Karsunky et alSerial sections of the organ of Corti often show that one of the
2002b) and ataxic behavior becomes apparent.

This ataxia and the differences in size betv
mutant and heterozygous littermates increa:
severity with age (see video at http:/flypt
imgen.bcm.tmc.edu/lab/deeann/mouse-videol
The mutant animals display several behav
abnormalities suggestive of inner ear del
including hyperactive circling, head tilting, ata

Fig. 2. Gfil wild-type expression in the sensory
epithelia of the inner ear. MRNA in situ hybridization
using a specific antisense probe derived from the 3
UTR of Gfil and immunohistochemistry using a Gfil-
specific antibody. For in situ hybridization, positive
cells are purple, and for immunohistochemistry,
positive cells are brown and counterstained with
Hematoxylin (purple). (A) Sagittal section of E12.5
embryo.Gfilis expressed in the otic vesicle (OV) and
several ganglia including the vestibulo-cochlear
ganglia (VIII). (B) Sagittal section of E14.5 e@filis
expressed in the saccule (S) and utricle (U), but high
levels of expression are not yet visible in the cochlea
(Co). (C) Sagittal section of E16.5 e@filis

expressed in the saccule (S), utricle (U) and cochlea
(Co). An arrow indicates the hair cells in the organ of
Corti. (D) Sagittal section of E18.5 cochlea. High
expression levels d@&fil mMRNA can be seen in the hair
cells. The inner hair cell is indicated by a red arrow [
and the outer hair cells by green arrows. Lower levels [%
of expression can be seen in the cochlear ganglia '
(asterisk). (E) Sagittal section of E14.5 ear. Gfil
protein is expressed in the saccule (S) and utricle (V). |:
(F) Sagittal section of E18.5 cochlea. High expression |
levels of Gfil protein can be seen in the hair cells. The| -
inner hair cell is indicated by a red arrow and the outer .
hair cells by green arrows. -
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outer rows of cells is lacking as shown with anti-myosin VI/VIlasenselesgxpression, andenselesgxpression is required for
staining at E16.5 (Fig. 3E,F). Similarlyviathl in situ  maintenance of proneural gene expression (Nolo et al., 2000;
hybridization at E17.5 (Fig. 3G,H), an®rn3c in situ  Frankfort et al., 2001). To determine if a similar relationship
hybridization at E18.5 (Fig. 3I1,J) each show one inner hair ceéxists betweeMathlandGfil, we investigated the expression
and two outer hair cells. Thus, though some hair cells appear o6 Gfilin Mathlmutants antlathlin Gfil mutants. AMath1l

be missing, hair cell-specific markers are expressed arahd Gfil expression overlap temporally and spatially in the
maintained throughout inner ear hair cell developmei@fih  inner ear epithelidylathlmay be required fd&fil expression.
mutant mice. In addition, we find that the remaining mutant haiwe therefore tried to asseSfil expression at the earliest stage
cells in the organ of Corti are not properly innervated. As shownf development, just prior to hair cell formation when hair cell
in Fig. 3K,L, staining with anti-TUJ1, a marker foitubulin in ~ precursors are specified (E12.5). At this stagBl mRNA
neurons, reveals a very different staining pattern in mutargxpression in théMlathl mutant is present in the entire otic
animals. In wild-type hair cells (Fig. 3K), the cochlear neurongpithelia similar to wild-type controls (Fig. 4A,B). However,
synapse with the base of the three outer hair cells forming a cu@fil protein expression is drastically reduced or absent (Fig.
like staining pattern at the base of each outer hair cell (indicatetC,D). These observations indicate that initiation Gffl

by green arrows). In the mutant outer hair cells, the anti-TUJIRNA expression is not dependent Miathl, but that Gfil
labels the entire cell body including the cytoplasm. However, thprotein expression idMathl dependant. At later stages in
base of the cells where synaptic sites are normally seen as caevelopment (E14.5, E16.5 and E18.85fi1 mRNA and

like structures in wild-type embryos are not, or are barely visiblgrotein are both drastically reduced or abseMath1l mutants
(indicated by green arrows in Fig. 3L). This aberrant pattern ifFig. 4E,F and data not shown). This may imply tathlis

not observed for the inner hair cells. Hence, as the cytoplasm dquired forGfil expression, or, alternatively, that the cells in
the outer hair cells iGfil mutants stain with TUJ1 antibody, the which Gfil is expressed are not specified (Chen et al., 2002).
outer hair cells express a neuronal marker that is not normally also indicates thaGfil mMRNA and protein expression is
expressed in these cells. We conclude that based on aberraabfined to hair cells at later developmental stages.
morphology of vestibular hair cells and ectopic expression of the Is Gfil required to maintaitathl expression? To monitor
neuronal marker TUJ1 in outer hair cells, hair cell differentiatiorMath1 expression inGfil mice, we used a mouse containing

is affected inGfil mutants. the B-galactosidase-coding region that replaced the entire
] ) . Mathl-coding regionf3-galactosidase staining of heterozygous

Is Gfil expression dependent on  Math1 expression Math1 animals faithfully mimicsMath1 expression, whereas

and vice-versa? hair cell specification appears normal (Ben-Arie et al., 2000).

In flies, proneural gene expression is required for initiation oMice that wereMath1 heterozygousMath1*/AGa) and Gfil
wild-type or null mutant were derived. In
the Gfil mutants, Math15al expression is
present in all inner ear sensory epithelia (Fig.
4G-J, Fig. 5A-L). However, sections of PO
saccules stained witf-galactosidase show

Fig. 3. Expression profile of markers fil

mutant ears. (A,C,E,G,|,KBfil wild type (+/+);
(B,D,F,H,J,L)Gfil null (/=) mice. The inner

hair cell is denoted by a red arrow and the outer
hair cells by green arrows. (A-F) Anti-myosin
VI/VIla (Myo) staining of inner ear hair cells
showing abnormal cell shape (arrow) and
organization (arrowhead) at E13.5 (A,B) and
E14.5 (C,D) in the developing vestibular organs.
Note that some mutant hair cells are maintained
in the support cell layer (arrowhead). (E,F) Hair
cells in the mutant organ of Corti are
disorganized. (G,HMathlin situ showing that
MRNA expression in the organ of Corti at E17.5
is unaffected in the mutants, but hair cells are
disorganized. (1,JBrn3cin situ showingBrn3c
MRNA expression in the organ of Corti at E18.5
is unaffected in the mutant, but the hair cells are
disorganized. (K,L) Anti-TUJ1 staining marking
the neurons at E17.5 showing abnormal TUJ1
staining in the outer hair cells of the mutant.
Note that in wild type, innervation stops at the
base of the outer hair cells, but the TUJ1 staining
of the mutant outer hair cells appears to be all
over the cell body. The inner hair cell is indicated
by a red arrow and the outer hair cells by green
arrows.




some disorganization and some cells appear 1
present in the supporting cell layer (Fig. 4G,H).
mutant hair cells also seem to have less well orga
stereocilli than do wild-type cells. Note, however,
the cristae appear to be less affected or unaffect
they have a very similar morphological appearan:
wild-type cristae (Fig. 4l1,J). Similar data were ¢
observed withMathl in situ hybridization inGfil
mutant organ of Corti (Fig. 3G,H). In summary,
found no obvious changeshfathlexpression patte
in Gfil mutants. These data suggest that there
dependence oMathl on Gfil in mouse. This is i
contrast to what we observed in fruit fly betw
atonal and senseles¢Frankfort et al., 2001; Nolo
al., 2000).

Gfil is required for cochlear hair cell survival

The Math15Ga/+;Gfil mice provided us with

convenient tool to follow hair cell development
wholemounts of organ of Corti and asses differe
in apical and basal areas of the cochlea. Normall
E15.5Math1/B-galactosidase expression is visible
the developing hair cells of the organ of Corti and 1
of hair cells are beginning to differentiate in a bz
to-apical gradient. As shown in Fig. 5A,B, by E1!
Math1/3-galactosidase positive cells are preser
wild-type and mutant embryos. However, the rows
not as clearly defined in the mutant as in the wild 1
By E17.5, the wild-type hair cells have formed
characteristic one row of inner hair cells and tl
parallel rows of outer hair cells (Fig. 5C). At E1
the mutant hair cells are disorganized and

numerous in the basal cochlea (Fig. 5D). As shov
Fig. 5E-H, by PO the loss of hair cells has progre
in a basal to apical gradient. Fig. 5E shows the or
arrangement of wild-type hair cells at PO, wherea
basal cochlea of th&fil-null mice has lost tr
majority of its hair cells as gauged bylathl
expression (Fig. 5F). The medial cochlea is

severely affected, but the inner hair cells are
present (Fig. 5G). At PO the apical cochlea st
little to no loss of hair cells, but does exhibi
disorganization similar to that seen in basal cochl
early as E15.5 (Fig. 5H, compare with Fig. 5B).
P3 the loss of hair cells in the basal to apical gra
is more severe in the mutants (Fig. 5I-L). The k
cochlea has few hair cells by P3 (Fig. 5J). The m
cochlea still retains the majority of inner hair cells
has lost almost all outer hair cells (Fig. 5K). Ever
apical cochlea is beginning to show drastic redu
in the number of hair cells by P3, though aga
appears as though the outer hair cells degenerat
Hence, it appears that the inner and outer hair cel
initially specified by E15.5 but are subsequently
in a basal-to-apical gradient. In all cases, the oute

Gfilis required for hair cell survival 227

‘ . '— h -,
L) \ :
‘, =~ ‘F

Fig. 4.GfilandMathlexpression in hair cells dfathlandGfil mutants.
(A-F) Gfilexpression in wild-type andathlmutant mice.(G-JMathl/p3-Gal
expression irGfil mice. (A,C,E,G,l) Wild-type littermates (+/+).

(B,D,F) Math1null mutants (—/=). (H,Xpfil-null mutants (—/-). (A,B&fil
MRNA expression in both wild-type aiiathlnull otic vesicle (OV) at E12.5.
(C,D) Gfil protein expression in wild-type but Méath1 null otic vesicle (OV)
at E12.5. Arrow indicates position of Gfil-positive cells (E,F) Lossfdf
MRNA expression at E18.5 in tMath1null mutant utricle (U), saccule (S)
and cochlea (Co), presumably due to loss of hair cells. {&iH)1/B-Gal
expression (blue) and hair cell placement are visualized [+ glaéactosidase
cassette driven by thdathlpromoter in PO coronal sections of the ear.
Sections are counterstained with Nuclear Fast Red (pink). Some of the
stereocilli are visible (small arrows). (Gfil wild-type saccule showing a

cells in a given region degenerate prior to the i
hair cells.

As the mutants age, the organ of Corti becc
unrecognizable. Analysis of serial sections sta
with Hematoxylin and Eosin indicates that by P1:
cochlear hair cells and most support cells |

single layer of blue stained hair cells and a single layer of pink stained support
cells. (H)Gfil-null saccule showing the disorganization of the hair cell ‘layer’.
Note that some hair cells are placed completely beneath others in the layer
(large arrows) (see Fig. 3A-D for comparison) Gf)1 wild-type cristae

showing normal development of hair cells and expressidfatiil (J)Gfil-

null cristae showing normal development of hair cells and expressidatbi.
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disappeared in mutant animals (Fig. 6A,B). However, despitef Corti, we carried out transmission electron microscopy
the rapid degeneration of cochlear hair cells, the hair cells i(TEM). TEM shows abnormal hair cell morphology at E18.5
the vestibular organs do not degenerate, but remaim the mutant mice and confirms the disorganization of hair
unorganized (Fig. 6C,D). Note the separation of hair cells ancklls in the organ of Corti. The stereocilli are nicely preserved
support cells in the saccule of the wild-type mouse (Fig. 6Cand easily identifiable in the wild type outer hair cells (Fig.
This layering is again not as clearly defined in the mutant whenA,C), but the stereocilli of the mutant hair cells are not well
compared with wild type (Fig. 6D). preserved and are barely visible in some cells. Some of the
As shown in Fig. 2D (asteriskifilmRNA is also expressed mutant outer hair cells also display typical morphological signs
in the cochlear ganglion neurons, although we did not obsend apoptosis, such as shrinkage of the cell body, extensive
Gfil protein expression. We therefore examined number arfiebbing and vacuolization (Fig. 7B,D). Also, consistent with
morphology of the cochlear ganglion neurons. As shown ian apoptotic mechanism of cell death, the mutant mitochondria
Fig. 6E,F, at P7, both wild-type (Fig. 6E) and mutant (Fig. 6Fpppear indistinguishable from the wild-type mitochondria, in
cochlear ganglion neurons show similar cell densities and a losontrast to what happens when cells die by necrosis. These data
level of apoptosis as indicated by anti-activated-caspase 3 (C8)ggest that the outer and inner hair cells die by apoptosis.
staining. Low levels of apoptosis at P7 in wild-type cochlear
ganglion neurons has been previously observed (Kamiya et al.,
2001). At P21, the cochlear ganglion neurons in the wild-typ&ISCUSSION
(Fig. 6G) and mutant mice (Fig. 6H) show slightly different
cell densities and quite a few mutant cells express activatefil and the development of the nervous system
caspase 3, suggesting that these cells undergo cell death Ay bothsenselesandpag-3play a role in the development of
apoptosis. We did not observe apoptosis in the wild-type mougke nervous system, we wished to determir@fit andGfilb
at P21. By 5 months of age there is a dramatic reduction @lay a role in nervous system development in vertebrates.
neurons in the cochlear ganglion, as seen by Hematoxylin amtbwever, expression of Gfi genes in nervous system
Eosin staining (Fig. 61,J). Hence, cochlear ganglion neurodevelopment had not been documented. We therefore
degeneration occurs after hair cell loss and is progressive. determined the developmental expression patterns for both
. ) Gfil and Gfilh We foundGfil mRNA to be expressed in a
Ultrastructural analysis of the organ of Corti variety of CNS, PNS and sensory epithelia, whei@ésb
To determine the ultrastructural defects in the cells of the orgaseems to be predominately expressed in the fetal liver with

Fig. 5.Cochlear hair cells degenerate
rapidly in Gfil mutants Math1/3-Gal
expression (blue) and hair cell placeme
are visualized by thp-galactosidase
cassette driven by tdath1promoter in
whole mounts of the cochlea. (A,C,E,l)
++ -H,J-
CHAUVE CARE 0l misislaeest e
galactosidase at E15.5. (&fil wild-type
(+/+) region of the basal cochlea, showi
the development of the orderly
arrangement of three outer and one inn
row of hair cells. (B)Gfil null (—/-) basal
cochlea showing/lath1 expression and

P3

hence specification of hair cells is Basal E15.5 | Basal PO | Basal P3
unaffected in the null cochlea. However. +/+
the characteristic rows of inner and oute - e -/-

hair cells are not as clearly defined as ir

wild type. (C,D)Math1/B-Gal expression

at E17.5. (C)5fil wild-type region of the

basal cochlea showing the orderly J < TP
arrangement of three outer and one inn Basal E1l7.5 | Medial PO | Medial P3
row of hair cells. In the wild-type mouse
these orderly rows are continuous along
the entire length of the cochlea. (Bjil-

null basal cochlea showing persistent
disorganization of hair cells and decrea:
hair cell numbers. (E-Hylath/(3-
galactosidase at PO. (Bfilwild-type

region of the basal cochlea showing the
orderly arrangement of three outer and one
inner row of hair cells. (FEfil null basal cochlea, (G3fil null medial cochlea, (HEfil null apical cochlea. Note the degeneration of the
cochlea in a basal to apical gradient. (IMathl/3-galactosidase at P3. @fil wild-type region of the basal cochlea showing the orderly
arrangement of three outer and one inner row of hair cell&fihull basal cochlea; (K&fil null medial cochlea;( LEfil null apical
cochlea. Note the degeneration of the cochlea in a basal to apical gradient.

PO | Apical




minimal or no expression in the nervous system (dat
shown). Hence, we chose to focus our analysi&fh
Gfil mRNA is present in a variety of tissues du
development. It is expressed in the CNS, a varie
ganglia and many specialized sensory cells of the
However, the Gfil protein expression pattern is r
restricted. We detect Gfil protein primarily in special
sensory cells of the PNS. However, we did not detect
protein in the CNS or any ganglia. The differencé&iiil
mMRNA and protein expression may have several po:
explanations. First,senselessmRNA is also mor
widespread than its protein expression pattern in tF
(Nolo et al., 2000). Thus, it is likely that this is a
phenomenon and not just an artifact of in situ
immunohistochemical analysis. Alternatively, the k
and/or the protein stability may vary from cell to cell ty
Third, it is possible that Gfil is only translated ur
specific conditions, i.e. in the presence of Mathl.
The temporal and spatial distribution @&fil transcript:
in many cells and epithelia overlaps with that of
bHLH gene expression patterns. In most tissues in \
Gfilis expressed, there is a corresponding bHLH gen
may regulate/contrdbfil expression. For exampl®lashl
(Ascll— Mouse Genome Informatics) is expressed ir
developing olfactory epithelia (Cau et al., 1997),
neuroendocrine cells of the lung (Borges et al., 199°
et al., 2000) and the tongue (Seta et al., 1999), whe
observeGfil mMRNA expressionMathlis expressed in tl
developing ear epithelia (Bermingham et al., 1999)
epithelia (Yang et al., 2001) and Merkel cells (Ben-Ar
al., 2000) where we obsern@fil mRNA and protei
expressionMath5is expressed in the developing eye
retinal ganglion cells (Wang et al., 200Neurodl is
expressed in the ear epithelia, as well as the gangli
innervate the ear (Liu et al., 2000). These bHLH gene
homologous to thérosophila bHLH proteins Achaet
Scute, Atonal or Amos and are required for
specification of subtypes of cells. Similarly, other bt
proteins such as the neurogenins have been shown
expressed and required in some of the PNS ganglia-
Gfil mRNA is expressed (Ma et al., 1997; Ma et
2000b). These observations suggest that, similar tc
flies, Gfil expression may be regulated by bHLH gen
Because we foun@filto be expressed in the develog
ear, we chose to focus our analysis on the developir
to test potential interactions @fil with the bHLH gen
Mathl (Bermingham et al., 1999). We assessed
expression pattern d&fil in Mathl mutants andviathl
expression ilGfil mutants. Interestinglyathlexpressiol
is unaffected irGfil mutants. As atonal positively regula
its own expression in the fly (Sun et al., 1998), it is pos
that Mathl may also regulate its own expression in
mouse. This provides a potential explanation as to
Math1 expression may be maintained in tBl-deficien
mouse. This data may also suggest @fil is not require:
for maintenance oflathl expression. HoweveMathlis
required for Gfil protein expression, but not requirec
initial Gfil mRNA expression. Hence, it remains to
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H&E

Fig. 6. The inner ear phenotype @fil mutant mice. (A,C,E,G,l) aiéfil
wild-type (+/+) mice and (B,D,F,H,J) a€&fil null (-/-) mice.

(A,B) Hematoxylin and Eosin (H&E) morphological stains of the organ of
Corti at P14. Note the development of the organ of Corti with one inner
(red arrow) and three outer (green arrows) hair cells in the wild type, but
its complete degeneration in the mutant section. (C,D) Hematoxylin and
Eosin morphological stains of the saccule at 5 months of age. Note the
presence of hair cells with stereocilli in both the wild-type and mutant.
However, the mutant saccule has disorganized layering of the hair and
support cells. (E-J) The progressive degeneration of the cochlear ganglion
neurons in the mutant mice. (E-H) Sections stained with anti-activated-
caspase-3 (C3) as a marker of apoptosis (brown cells) and counterstained
with Hematoxylin. Arrows in E, F and H indicate activated-caspase-3-
positive cells. (E,F) P7 mice. Note similar cell densities and levels of
apoptosis in both samples. (G,H) P21 mice. Note that by P21 we see a
slightly lower cell density in the mutant as well as a high level of
apoptosis in the mutant that is not present in the wild-type mouse. (1,J) 5-
month-old mice. Sections stained with Hematoxylin and Eosin.

established howGfil mRNA and protein expression is Mathl, but may not support a model in whi&iil functions

precisely controlled.

in a positive feedback loop wittlathl However, it is possible

Our data support a model where Gfil is downstream ahat another bHLH gene expressed in the vertebrate ear
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Fig. 7. Ultrastructural analysis of the organ of
Corti at E 18.5 using transmission electron
microscopy (TEM). (A,C)5fil wild-type mice.
(B,D) Gfil-null mice. (A,B) An overview of the
outer hair cell. (C,D) The same outer hair cells
as in A,B at a higher magnification. Double
arrowheads indicate stereocilli of the wild-type &
outer hair cell, while single arrowheads indicate =&
the blebbing seen in the mutant hair cell. Note
the shrinkage of the cell body in the mutant
outer hair cell. The mutant hair cell also
contains vacuoles (asterisk). There is no
detectable difference between wild-type and
mutant hair cell mitochondria.

epithelium prior toMathl expression i
required forGfil mRNA expression. Tt
identity of this putative bHLH protein
unknown. However, the existence of s
factor is suggested becauseNtathl-null
mutants, hair cell precursors form a zon
non-proliferating cells that delineate -
sensory primordium within the cochle
anlage, and a significant subpopulatior
these precursors die because of apopto:
a basal-to-apical gradient (Chen et
2002). The fact that these cells die inst
of becoming support cells indicates t
these cells have a different fate than t
surrounding cells in the absence of or p
to Mathl1 expression. We surmise that t
difference is induced by the presump
factor. Our data are consistent with the |
that this factor is upstream of bolfathl
and Gfil. Such a factor could functic
similar to a proneural gene as it might
initially expressed in a cluster of cells rendering themearliest stages of hair cell differentiation and at all subsequent
competent to become neural cells and then refine to a specifitages. In addition, hair cells are not specifically localized to a
cell that also expressdsathl and Gfil to become a hair cell lumenal monolayer, and are more variable in size and shape.
(Chen et al., 2002; Hassan and Bellen, 2000). This factor couTthis disorganization of hair cells in the vestibule may account
be responsible for the initial expression@fil and explain  for the ataxic behavior of the mice. In the cochiéél is

why in aMathl mutant we observ&fil mRNA expression required for the organization and maintenance of both inner
early on. Candidate bHLH transcription factors expressed pria@nd outer hair cells. Although the mutant hair cells seem to be
to Mathlin ear development includéeurodl(Liu et al., 2000)  specified in the developing organ of Corti as early as E15.5 and
and neurogenin 1 (Ma et al., 2000a). Both are required faxpress typical hair cell markers, they are disorganized. In
proper development of the inner ear, INeurodl and addition, the outer hair cells express the neuronal marker TUJ1
neurogenin 1 mutant mice display very different phenotypeat E17.5. This abnormal/ectopic TUJ1 expression may indicate
from the ones we observe@fil mutants (Liu et al., 2000; Ma a partial transformation of outer hair cells into neurons, or the
et al., 1998), suggesting that neitiNgurod1nor neurogenin  de-repression of a single neuronal marker. It is thus possible

1 corresponds to the proposed factor. that these cells are part hair cell and part neuron, and this
o ) ] . ambiguity could trigger apoptosis. In fact, the outer cochlear
Gfil is required for hair cell development in the hair cells are the first to disappear starting at E17.5. Based on
vestibule and hal!’ cell differentiation and viability in TEM analysis, we see some of the classical morphological
the organ of Corti signs of apoptosis in the mutant hair cells at E18.5, including

The hair cells of the inner ear seem to be specified properly akrinkage of the cell body, blebbing and vacuolization. Whole-
they express many of the typical hair cell markers such amount analysis of the cochlea indicates that this loss of hair
myosinVI/VIla, Mathl andBrn3c Thus,Gfil is not required cells occurs in a basal to apical gradient and affects outer hair
for the specification of hair cells as they are formed in both theells prior to inner hair cells in any given region of the cochlea.
vestibule and the cochlea. However, the los&fif seems to The hair cells and support cells of the organ of Corti continue
affect the vestibular and cochlear hair cells differently. In théo disappear until the entire organ of Corti has been destroyed
vestibule, the hair cells are morphologically abnormal at théy P14. Because wild type mice do not perceive sound until
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after P12 (Kamiya et al., 2001), and becaG$& null mice We thank Fred Pereira, Vincent Wang, Qi (Melissa) Yang, Bill
have no hair cells by P14, we assume that these mice are dedéin, Tama Hasson, Ruth Anne Eatock, Ming-Jer Tsali, Loretta Doan,
which is in agreement with the lack of a startle response to loudamed Jafar-Nejad, Mahira Zaheer and Suzanne Paylor for
noises. discussions, reagents and technical assistance. Funding was provided
Upon degeneration of the organ of Corti, the cochleal y NASA grants NAG2-1496 and NAG2-1355 to H..J. B., and NIH
ganglion neurons also degenerate. This degeneration i SA grant F32 DC 5109 to D. W. Support was provided by the cores

. beginni fter P7 but fairl ¢ ve by fi the Baylor Mental Retardation Research Centers HD 24064 to H.
progressive, beginning arter ut fairly extensive by Tive, Z., a Centers of Excellence in Hematology Award to S. H. O., and

months of age. AGfilmRNA is expressed at low levels in the 1,y 5 cancer Research Foundation of America Hope Street Kids grant

neurons, it may be directly required for neuronal survivalio H. L. G. H. Y. Z., H. J. B. and S. H. O. are investigators of the

However, Gfil may not be directly responsible for neuronal HHMI.

loss because Gfil protein is not expressed in the cochlear

ganglion, and cochlear neurons normally die after degeneration

of hair cells, presumably because of the withdrawal of trophig,EFERENCES

support (Dodson, 1997; Lefebvre et al., 1992). Thus, it seems

likely that the loss of cochlear ganglion neurons is seconda®en-arie, N., Hassan, B. A., Bermingham, N. A., Malicki, D. M.,
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