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Role of Protein Misfolding in DFNA9 Hearing Loss™
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Mutations in the COCH (coagulation factor C homology) gene
have been attributed to DFNA9 (deafness, autosomal-dominant
9), an autosomal-dominant non-syndromic hearing loss disor-
der. However, the mechanisms responsible for DFNA9 hearing
loss remain unknown. Here, we demonstrate that mutant coch-
lin, the protein product of the COCH gene, forms a stable dimer
that is sensitive to reducing agent. In contrast, wild-type (WT)
cochlin may form only dimers transiently. Interestingly, the
presence of mutant cochlin can stabilize WT cochlin in dimer
conformation, providing a possible mechanism for the domi-
nant nature of DFNA9 mutations. Furthermore, the expression
of mutant cochlin eventually induces WT cochlin to form stable
oligomers that are resistant to reducing agent. Finally, we show
that mutant cochlin is cytotoxic in vitro and in vivo. Our study
suggests a possible molecular mechanism underlying DFNA9
hearing loss and provides an in vitro model that may be used to
explore protein-misfolding diseases in general.

Protein misfolding is a fundamental mechanism underlying
multiple chronic neurodegenerative diseases, including Alzhei-
mer disease, Huntington disease, and prion disease, which have
been called collectively the conformational diseases to empha-
size the role of aberrant protein conformations in the clinical
manifestation of the diseases (1). Mutations of different genes
involved in these diseases have been shown to lead to oligomer-
ization and aggregation of corresponding proteins to form
amyloid. The conformational transition thatleads to the forma-
tion of amyloid requires misfolding of native protein structure
and intermolecular bonding. However, we still understand very
little about the conformational transition processes from the
misfolded state to the aggregated state, as this transition for
most conformational disease-associated mutant proteins
explored so far is both rapid and heterogeneous.

Point mutations in the COCH (coagulation factor C homol-
ogy) gene are responsible for an autosomal-dominant non-syn-
dromic hearing disorder termed DFNA9 (deafness, autosomal-
dominant 9) (2). DENAY is characterized by adult-onset,
progressive neurosensory hearing loss with vestibular dysfunc-
tion. Pathological studies of the temporal bones from affected
individuals have shown remarkable degeneration of neuroepi-
thelial cells, including both fibrocytes and neurosensory cells,
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and the accumulation of abundant acellular eosinophilic depos-
its throughout the auditory and vestibular systems (3, 4). How-
ever, the mechanism responsible for the degeneration and
hearing loss in DFNA9 syndrome remains unknown.

The amino acid sequence of cochlin, the protein product of
the gene COCH, is highly conserved in mammals (5). The
deduced amino acid sequence of cochlin contains a signal pep-
tide in its N terminus, followed by a region homologous to a
domain in the FCL domain (factor C of Limulus; also named the
LCCL domain for Limulus factor C/Coch-5b2/Lgl1), a short
intervening domain, and two von Willebrand factor A-like
domains separated by a second short intervening domain. The
von Willebrand factor A-like domain is known to function by
interacting with extracellular matrix proteins such as collagen
(6). The LCCL domain is a novel fold consisting of a central
a-helix wrapped on two sides by irregular secondary structures
that include eight short B-strands stabilized by two pairs of
disulfide bonds (7). Because most of the disease-associated
point mutations in COCH are localized in the LCCL domain of
cochlin (8), the function of the LCCL domain is predicted to
play a critical role in the pathogenesis of DFNA9. Cockh™ '~ mice
do not develop the degeneration and hearingloss as observed in
DENAO9 patients, suggesting that DFNA9-associated COCH
mutations may be gain of function in nature (9). It is not clear,
however, how disease-associated mutations in COCH convey a
toxic gain of function.

The normal function of cochlin is also unknown. The expres-
sion of COCH is highly enriched in the inner ear but can also be
detected in other organs (2, 10). Five isoforms (p63, p44, p40,
p18, and p16) of cochlin were found in adult bovine cochlea (11,
12), and two isoforms were found in fetal human inner ear (p60
and p50) (13). Cochlin comprises the major non-collagen com-
ponent of the extracellular matrix predominantly present in the
spiral ligament and spiral limbus regions in fetal and adult
mouse and human inner ears, corresponding to the regions of
abnormalities in DFNA9 (13).

The abundant acellular eosinophilic deposits throughout the
cochlear and vestibular systems of DFNA9 patients (3) and the
tendency of the recombinant mutant LCCL domains to misfold
in vitro (7) have led to the proposal for a potential involvement
of protein misfolding in DFNA9. However, no direct evidence
for misfolding of mutant cochlins has been demonstrated. In
cultured cells, wild-type (WT)? and mutant cochlins are syn-
thesized, modified, and secreted in similar amounts (14, 15).
Thus, mutant cochlins are able to be glycosylated and secreted

2 The abbreviations used are: WT, wild-type; CM, conditioned medium; HA,
hemagglutinin; ABR, auditory brainstem response; CTF, C-terminal frag-
ment; NTF, N-terminal fragment.
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adequately by cells through the Golgi/endoplasmic reticulum
secretory pathway. The cellular behavior of mutant cochlins is
different from that of other known intracellular and extracellu-
lar misfolded mutant proteins such as mutant Htt (16) and
B-amyloid (17), which readily form high order oligomers upon
expression. These results have led to the suggestion that
DFNA9 mutations may manifest deleterious effects beyond the
point of secretion in the extracellular matrix of the inner ear by
disrupting cochlin function or interfering with protein-protein
interactions involving the LCCL domain. However, although
WT cochlin accumulates in extracellular deposits that closely
parallel the matrix component fibronectin, no consistent depo-
sition of mutant cochlin was found (14).

In this study, we show that although mutations in the COCH
gene do not consistently affect the secretion of cochlin, they
lead to dimerization and oligomerization of intracellular and
secreted cochlins. Interestingly, the presence of mutant cochlin
is able to induce WT cochlin to form reducing agent-sensitive
dimers and eventually reducing agent-insensitive oligomers.
We further reveal that the coexpression of mutant and WT
cochlins is cytotoxic for cells of inner ear origin in vitro and in
vivo. Our study demonstrates the interaction of WT and
mutant proteins, the role of WT protein in protein-misfolding
diseases, and a potential molecular mechanism for co-domi-
nance of WT and mutant proteins in mediating selective degen-
eration in age-delayed chronic neurodegenerative diseases.

EXPERIMENTAL PROCEDURES

Generation of Mammalian Expression Constructs—Full-
length mouse Coch cDNA was amplified by PCR from a mouse
spleen library (18) and subcloned into the pcDNA3.1(+) vector
(Invitrogen) and the pFLAG-CMV5 (Sigma) and pMH (Roche
Applied Science) vectors, respectively. Point mutations were
introduced using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA) according to the manufacturer’s
protocol. Anti-active caspase-3 antibody was from Cell Signal-
ing (Beverly, MA).

Cell Culture and Transfection—UB/UE-1 cells, kindly pro-
vided by Dr. Mathew Holley (19), were maintained at 33 °C in
complete medium plus 50 units/ml recombinant murine inter-
feron-y (R&D Systems, Inc., Minneapolis, MN). UB/UE-1 cells
were induced to differentiate by culturing at 39 °C in complete
medium without recombinant murine interferon-vy. Primary
fibrocytes were isolated from mouse cochlea following a previ-
ously described protocol (20).

293T cells were allowed to grow to 70~80% confluence and
transfected with constructs with TransIT polyamine transfec-
tion reagents (Mirus Corp., Madison, WI). UB/UE-1 cells were
transfected with the Amaxa Nucleofector and Cell Line
Nucleofector Kit R, Program T-27 (Amaxa Inc.). The condi-
tioned medium (CM) of 293T cells collected for intracochlear
injection did not contain 10% fetal bovine serum, 1% penicillin/
streptomycin, or phenol red. CM was concentrated ~8-fold by
centrifugal filter units with microporous membrane. HeLa cells
were grown in Dulbecco’s modified Eagle’s medium + 10% fetal
calf serum and transfected with TransIT reagent.

Immunoblotting and Immunoprecipitation Analysis—Forty-
eight hours after transfection, 293T cell culture supernatant
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was collected. Cells were then washed once with cold phos-
phate-buffered saline and solubilized in radioimmune precipi-
tation assay buffer (150 mm NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, and 50 mm Tris, pH 8.0) sup-
plemented with Complete protease inhibitor mixture (Roche
Applied Science). After incubation at 4 °C for 30 min, samples
were centrifuged at 16,000 Xg for 30 min, and culture superna-
tants were collected. The samples were mixed at a 1:1 ratio
either with nonreducing loading buffer (50 mm Tris, pH 6.8,
10% glycerol, 2% SDS, and 0.5% bromphenol blue) and not
heated for nonreducing SDS-PAGE or with reducing loading
buffer (50 mm Tris, pH 6.8, 10% glycerol, 2% SDS, 5% [-mer-
captoethanol, and 0.5% bromphenol blue) and heated at 95 °C
for 10 min for reducing SDS-PAGE. Cell lysates were separated
either by nonreducing SDS-PAGE in the absence of 3-mercap-
toethanol or by reducing SDS-PAGE in the presence of
B-mercaptoethanol.

Immunoprecipitation was accomplished using agarose beads
conjugated with anti-FLAG monoclonal antibody M2 (Sigma)
or with anti-hemagglutinin (HA) monoclonal antibody (Santa
Cruz Biotechnology) for 2 h at 4 °C with rotation from super-
natants or cell lysates collected from 5 X 10°293T cells express-
ing vector only or cochlins. After the beads were washed four
times with radioimmune precipitation assay buffer, FLAG-
tagged cochlins were eluted in 100 ul of radioimmune precipi-
tation assay buffer containing 250 mg/ml FLAG peptide
(Sigma) for 1 h at 4 °C or by heating (for HA).

Cell Death Analysis—UB/UE-1 cells were transfected by the
Nucleofector system. The cells were maintained either at 33 °C
(undifferentiated) or at 39°C (differentiated). Seventy-two
hours after transfection, dead and living cells containing green
fluorescent protein were counted visually.

Intracochlear Injection and Hearing Test—C57BL/6 mice
(4~6 weeks old) were chosen as the recipients. The surgical
procedure was performed, and 10 ul of CM containing either
WT or mutant cochlin was injected from the lateral semicircu-
lar canal using the procedure described previously (21, 22). The
hearing threshold for each animal was measured by auditory
brainstem response (ABR) testing 1 and 4 weeks after the pro-
tein injection as described (23).

Tissue Preparation and Histology—Mice were anesthetized
with a mixture of ketamine (80 mg/kg) and xylazine (16 mg/kg)
given intraperitoneally, and mouse cochleae were processed as
described (24) and stained with Mayer’s hematoxylin solution.

Immunofluorescence Microscopy—HeLa cells were fixed with
4% paraformaldehyde, treated with 0.1 M glycine, and perme-
abilized in 0.1% Triton X-100 + 0.2% bovine serum albumin.
Cells were then subsequently stained with anti-FLAG antibody
M2, Alexa 488-conjugated anti-mouse IgG antibody (Molecu-
lar Probes), mouse serum (1:100), and Alexa 594-conjugated
anti-HA antibody (Molecular Probes). Cells were imaged on a
Nikon TE2000E inverted fluorescence microscope as Z-series
(0.25 wm) using a 60X objective lens. Z-stacks were decon-
volved using AutoQuant X2 software (AutoQuant Imaging,
Inc.), followed by three-dimensional reconstruction using
MetaMorph software (Molecular Devices).
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tor of full-length COCH cDNA,
including full-length cochlin, CTF,
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RESULTS

Expression of Mutant Cochlin Induces Cell Death of Inner Ear
Origin—Because degenerative hearing loss is a hallmark of
DENAJY, we hypothesized that mutant cochlin may function as
a proteotoxic species that leads to cell death. To test this
hypothesis, we utilized UB/UE-1 cells, a cell line derived from
progenitor cells of the mouse inner ear. Cochlin is expressed
abundantly in the inner ear and has been reported to represent
as much as 70% of the extractable proteins in the bovine inner
ear (11). On the other hand, the expression of cochlin in
UB/UE-1 cells is much lower than that iz vivo (data not shown).
To create a condition comparable with the expression of coch-
lin in vivo, we transfected the expression vectors of murine WT
and mutant G90E cochlins, corresponding to the DFNA9-asso-
ciated G88E mutation in humans, into UB/UE-1 cells. Interest-
ingly, expression of mutant cochlin or WT and mutant cochlins
together but not WT cochlin alone in differentiated UB/UE-1
cells induced cell death associated with activation of caspase-3
(Fig. 1, A-D). In contrast, expression of WT and/or mutant
cochlin in 293T or HeLa cells was not cytotoxic (data not
shown). Thus, expression of mutant cochlin leads to cytotoxic-
ity in cells derived from the inner ear.

Secretion and Processing of Wild-type and Mutant
Cochlins—Cochlin was predicted to be a secreted protein
based on its N-terminal signal peptide and von Willebrand fac-
tor A-like domains, which are usually found in proteins associ-
ated with the extracellular matrix (25). We developed two spe-
cific anti-cochlin antibodies, an anti-LCCL monoclonal
antibody and an anti-C-terminal fragment (CTF) polyclonal
antibody. The anti-LCCL antibody recognizes the LCCL
domain, whereas the anti-CTF antibody recognizes the N-ter-
minal part of the C-terminal domain (CTF) of cochlin as well as
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FIGURE 1. Cell death induced by coexpressing WT and mutant cochlins. UB/UE-1 cells were cotransfected
with HA- and FLAG-tagged WT and mutant G90E (GE) cochlins as indicated. Cell death was measured after
UB/UE-1 cells were transfected for 48 h (A) or 72 h (B) by counting green fluorescent protein-positive live versus
dead cells. At least 200 cells were counted for each of treatment, and at least three independent experiments
were performed. Total cochlin expression was determined by Western blotting using anti-LCCL monoclonal
antibody against cochlin (C). Activation of caspase-3 was detected by Western blotting using anti-active
caspase-3 antibody (D). Student’s t test was applied for statistical analysis. Vec, vector; FL-Coch, full-length

we conclude that our culture model
recapitulates key behaviors of
endogenous cochlin in processing
and secretion.

Using this system, we explored
the processing of WT and mutant
cochlins in HEK293T cells tran-
siently transfected with expression
vectors of WT and mutant cochlins.
We followed the maturation of WT
cochlin by Western blotting using
anti-LCCL and anti-CTF antibod-
ies. On Western blots, anti-CTF
antibody recognized secreted WT
cochlin predominantly as the CTF
(44 kDa) as well as a small amount of
full-length cochlin (Fig. 24). Atlater time points, two additional
cochlin species, NTF-A (18 kDa) and later NTF-B (16 kDa),
both derived from the LCCL domain, were detected in the cul-
ture supernatant. On Western blots of the supernatant using
anti-LCCL antibody, which recognizes the LCCL domain only,
we first detected full-length cochlin, followed by NTF-A and
then NTE-B (Fig. 2B). Interestingly, the amount of secreted
full-length cochlin (63 kDa) in the culture supernatant
remained constant over 24 h, whereas the amount of the
smaller fragments of other cochlin species (CTF, NTF-A, and
NTE-B) increased over time. Importantly, the processing of
WT cochlin as detected by both antibodies is entirely consis-
tent. The kinetic difference in the detection of full-length versus
mature cochlin isoforms in the culture supernatant suggests
that the smaller isoforms, especially NTF-A and NTE-B, are
produced by the cleavage of full-length cochlin at the cell
surface.

We also analyzed the secretion of cochlin mutants associated
with DFNA9 syndrome. Because the amino acid sequences of
murine and human cochlins are 94% identical, we introduced
four point mutations, P53S, V68G, G90E, and W119R, into
murine WT cochlin, corresponding to the human DFNA9
mutations of P51S, V66G, G88E, and W117R, respectively. The
expression vectors of WT and mutant cochlins were trans-
fected into 293T cells, and the culture supernatants were ana-
lyzed by Western blotting using anti-CTF (Fig. 2C) and anti-
LCCL (Fig. 2D) antibodies. Compared with WT cochlin, all
mutants analyzed showed a varying degree of increases in the
levels of full-length cochlin and decreases in the levels of pro-
cessed forms (CTF, NTE-A, and NTF-B). In the culture super-
natant of 293T cells expressing P53S and W119R, there was a
slight increase in the full-length cochlin/CTF ratio compared

WT GE WT GE
WT WT GE GE

Vec WT PS GE
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tion of both NTF-A and NTE-B in
the supernatant expressing all the
point mutants. On the other hand,
because the anti-LCCL antibody is
much more sensitive in detecting
the LCCL domain compared with
the anti-CTF antibody (supple-
mental Fig. 1), the anti-LCCL anti-
body detected variable amounts of
NTF-A and NTE-B on the same
Western blot of the culture superna-
tant expressing different mutants,
with the exception of W119R, which
expressed approximately the same
amount of NTF-A and NTEF-B as
WT cochlin (Fig. 2D). The variable
effects of different mutations on the
processing of secreted mutant coch-
lins were further confirmed by a
time course study of the P53S and
G90E mutants (Fig. 2, E and F).
Because the V68G mutation almost
completely abolished the produc-
tion of CTF, NTF-A, and NTF-B,
whereas the WI119R mutation
appeared to have a minimal effect,
we conclude that DFNA9-associ-
ated COCH mutations have variable
effects on the processing and/or
secretion of cochlin and that at least
some of the mutants are processed
and secreted normally similar to
WT cochlin. Consistent with this
proposal, we found that the subcel-
lular distributions of WT and
mutant cochlins are very similar
(supplemental Fig. 2), which is con-
sistent with what was reported by
Robertson et al. (15).

Excessive Dimerization of Cochlin
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with WT cochlin (Fig. 2C). On the other hand, the increase in
the full-length cochlin/CTF ratio was much more dramatic in
the culture supernatant expressing V68G and G90E, which
showed very little detectable CTF (Fig. 2, C and D). This con-
clusion is also supported by a time course study of mutants
P53S and G90E (Fig. 2, E and F). Although the production of
CTF and NTF-A for P53S cochlin is largely normal, the pro-
cessing of G90E cochlin is highly defective. In addition, these
mutations also affected the processing of the N-terminal LCCL
domain isoforms, namely NTF-A and NTF-B. On Western
blots probed with anti-CTF antibody, there was a severe reduc-
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anti-CTF
FIGURE 2. Dynamics of cochlin secretion. WT (A and B) and mutant (C-F) cochlin expression vectors were
transiently transfected into HEK293T cells, and the culture supernatant was collected at the indicated time
points (A, B, E, and F) and analyzed by Western blotting using anti-CTF polyclonal antibody (A, C, E, and F) or
anti-LCCL monoclonal antibody (B and D) after separation by 15% reducing SDS-PAGE. The results shown are
representative of three separate experiments. FL-Coch, full-length cochlin; V, vector; PS, P53S; VG, V68G; WR,

Mutants—To understand how
mutant cochlin causes cytotoxicity,
we investigated the effects of the
mutations on protein folding. We
developed an assay using nonreduc-
ing SDS-PAGE in the absence of
B-mercaptoethanol in conjunction
with Western blotting. The WT and mutant cochlin expression
constructs were transfected into HEK293T cells individually,
and the culture supernatant and cell lysate were collected under
nonreducing conditions for Western blotting using anti-CTF
polyclonal antibody (Fig. 3, A and E) and anti-LCCL mono-
clonal antibody (Fig. 3, B and F) after SDS-PAGE in the absence
of reducing agent. The full-length WT and CTF cochlins in the
culture supernatant and cell lysates, which ran as 63- and
44-kDabands upon reducing SDS-PAGE, respectively (Fig. 2C),
migrated also as 63- and 44-kDa bands upon nonreducing SDS-
PAGE (Fig. 3, A and E). Thus, the migratory behavior of WT
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FIGURE 3. COCH mutations induce the formation of a 120-kDa mutant complexintracellularly and extra-
cellularly. The culture supernatant (A-D) or cell lysates (E-H) from transiently transfected HEK293T cells
expressing the control vector (V), the WT COCH gene, or mutant P53S (PS), V68G (VG), G9OE (GE), or W119R (WR)
COCH were separated by 8% nonreducing SDS-PAGE (A, B, E, and F) or by 12% (C and D) or 10% (G and H)
reducing SDS-PAGE. The Western blots were probed with anti-CTF polyclonal antibody (A, C, E, and G) or
anti-LCCL monoclonal antibody (B, D, F, and H). The arrowheads point to the 120-kDa mutant-specific band
(dimer cochlin (DI-Coch)), full-length cochlin (FL-Coch), CTF, and NTF.
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cochlin is similar under reducing
and nonreducing conditions. Inter-
estingly, in all samples of the culture
supernatant and cell lysates col-
lected from the cells expressing
cochlin mutants, an additional 120-
kDa band recognized by both anti-
CTF and anti-LCCL antibodies on
Western blots was observed (Fig. 3,
A, B, E, and F, arrowheads). The
migratory behavior of full-length
cochlin upon nonreducing SDS-
PAGE suggests that the 120-kDa
band constitutes a dimer of cochlin.
This result suggests that all DFNA9-
associated cochlin mutants misfold
and form dimers, although the effi-
ciency of dimerization may be dif-
ferent: P53S and GO90E cochlins
appear to form dimers much more
readily compared with V68G and
WI119R cochlins. The migratory
behavior of misfolded cochlin
mutants is similar, as they all
migrated as a 120-kDa band in the
presence of SDS without reducing
agent.

To further characterize this 120-
kDa band, we treated the culture
supernatant and cell lysates col-
lected from cells expressing WT and
mutant cochlins with the reducing
agent B-mercaptoethanol and ana-
lyzed the results by reducing SDS-
PAGE and Western blotting. As
shown in Fig. 3 (C, D, G, and H), the
addition of B-mercaptoethanol
completely eliminated the presence
of this 120-kDa band in the culture
supernatant and cell lysates from
cells expressing the mutant cochlin.
On the basis of these results, we
conclude that the mutant-specific
120-kDa band detected by both
anti-CTF and anti-LCCL antibody
is highly sensitive to reducing
conditions. Considering that -
mercaptoethanol reduces disulfide
bonds in proteins, this result sug-
gests that the mutations in cochlin
may result in the formation of
abnormal disulfide bonds. On the
other hand, because a significant
amount of misfolded mutant coch-
lin is detected in the culture super-
natant and cell lysates, it appears
that protein misfolding per se is
not sufficient to result in their
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FIGURE 4. Dimerization of cochlins. HEK293T cells were
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cotransfected with HA- or FLAG-tagged WT, P53S, or G90E cochlin as indicated at a 1:1 ratio.
Forty-eight hours after transfection (A-D), supernatants and lysates were collected. Western blotting (WB) of the culture supernatant (A and B) and cell lysates
(Cand D) was performed using anti-HA antibody after separation by 8% nonreducing SDS-PAGE (A and C, upper panels) or anti-CTF antibody after separation
by 12% reducing SDS-PAGE (A and C, lower panels). The collected culture supernatant and lysates (Band D) were used to perform immunoprecipitation (/P) with
anti-FLAG antibody-conjugated agarose beads. After washing, the FLAG immunocomplexes were eluted with FLAG peptide, and the eluates were analyzed by
8% nonreducing SDS-PAGE (B and D, upper panels) or 12% reducing SDS-PAGE (B and D, lower panels). The Western blots were probed with anti-HA antibody.
The bands at ~220 kDa in C (both upper and lower panels) are nonspecific. NS, nonspecific band. Cell lysates were collected 72 h after transfection, and 12%
SDS-PAGE was conducted under reducing conditions (E). The Western blots were probed with anti-HA antibody. The results shown are representative of three

independent experiments. DI-Coch, dimer cochlin; FL-Coch, full-length cochlin; OL-Coch, oligomer cochlin.
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retention in the endoplasmic reticulum and/or selective deg-
radation through ER-associated protein degradation (26).

Dimeric Interactions of WT and Mutant Cochlins—To gain
further insight into the cellular events that lead to cochlin mis-
folding and dimerization, we constructed HA- and FLAG-
tagged WT, P53S, and G90E cochlin expression vectors and
transiently transfected them pairwise into HEK293T cells. In
culture supernatant from cells expressing WT cochlin, anti-HA
Western blotting detected predominantly CTF (44 kDa) (Fig.
4A, upper panel), consistent with the efficient processing of
WT cochlin after its secretion. Immunoprecipitation using
anti-FLAG antibody from cells expressing two expression vec-
tors of FLAG-tagged WT cochlins pulled down a significant
amount of HA-tagged CTF as well as a small amount of full-
length cochlin (Fig. 4B, upper panel). Although the dimers were
disrupted by the presence of reducing agent, the interaction of
secreted full-length and CTF cochlins could still be detected
(Fig. 4B, lower panel), including WT cochlin. Thus, cochlin may
normally dimerize, and the dimerization of mutant cochlin may
be further stabilized by disulfide bonds.

In the supernatant of cell cultures expressing mutant cochlin
alone or WT and mutant cochlins together, different amount of
the dimer (120 kDa), full-length cochlin, and CTF could be
detected by Western blotting (Fig. 4A4). Anti-FLAG antibody
from the supernatant of cells expressing both FLAG- and HA-
tagged mutant cochlins could immunoprecipitate HA-tagged
mutant cochlin (Fig. 4B, upper panel), confirming that the 120-
kDa species is indeed a dimer. Interestingly, WT cochlin, which
could not be detected as a 120-kDa dimer in the supernatant
after nonreducing SDS-PAGE when expressed alone, was
found to interact with mutant cochlin as part of a 120-kDa
dimer when coexpressed with mutant cochlin (Fig. 4B, upper
panel). Thus, the interaction between WT and mutant cochlins
leads to the formation of misfolded dimers that persist after
secretion, similar to that with mutant cochlin alone, suggesting
that WT cochlin can be recruited to and form stable dimers
with mutant cochlin.

We next investigated whether the dimers could be detected
intracellularly. The interaction of intracellular WT and mutant
cochlins was also detected using immunoprecipitation in cells
expressing two differentially tagged cochlin-expressing vectors
(Fig. 4, C and D). Interacting mutant and WT cochlins were
found to be present as 120-kDa dimers as well as in higher
molecular mass oligomers after nonreducing SDS-PAGE.
Interestingly, when WT cochlin was expressed alone, a small
amount of WT cochlin was also present as a 120-kDa dimer in
cell lysates, suggesting that WT cochlin might form disulfide
bond-stabilized dimers intracellularly in a transient manner,
with reduced affinity and/or with reduced rate of dimer forma-
tion, whereas interacting mutant and WT cochlins persist in
dimer conformation even after secretion.

In the supernatant and lysates collected from cells expressing
WT and mutant cochlins for 48 h and analyzed under reducing
conditions, all dimers and oligomers were efficiently disrupted
(Fig. 4, A-D, lower panels), suggesting that misfolded cochlin is
initially sensitive to reducing conditions. Interestingly, in
lysates collected from cells expressing WT or mutant cochlin
for 72 h, a higher molecular mass complex of WT cochlin resis-
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FIGURE 5. WT and mutant cochlin oligomerization in UB/UE-1 cells.
UB/UE-1 cells were cotransfected with HA- and FLAG-tagged WT and mutant
GI0E cochlins as indicated at a 1:1 ratio. Cochlin was detected by immuno-
precipitation (/P) using anti-FLAG antibody, and the Western blot (WB) was
probed with anti-LCCL antibody after 8% nonreducing SDS-PAGE (A). Also
shown is a control Western blot probed with anti-LCCL antibody after nonre-
ducing SDS-PAGE of the cell lysates shown in A (B). Vec, vector; DI-Coch, dimer
cochlin; OL-Coch, oligomer cochlin; FL-Coch, full-length cochlin.

Nonreducing
WB: anti-LCCL

tant to reducing agents (>220 kDa) was immunoprecipitated
using anti-FLAG antibody for mutant cochlin (Fig. 4E), sug-
gesting that WT cochlin may be induced to form highly stable
oligomers in the presence of mutant cochlin.

Next, we investigated whether the misfolding event of
mutant cochlin observed in 293T cells is relevant to DENA9
hearingloss using UB/UE-1 cells derived from the inner ear. On
the Western blots of cell lysates analyzed by nonreducing SDS-
PAGE, anti-LCCL antibody detected the same mutant 120-kDa
dimer as well as higher molecular mass oligomers in cells
expressing mutant cochlin or WT and mutant cochlins
together but not WT cochlin alone (Fig. 5). These results sug-
gest that the formation of mutant cochlin and the WT and
mutant cochlin complex occurs similarly in differentiated
UB/UE-1 cells as in 293T cells, providing a validation for our
analysis in 293T cells.

Hearing Impairment Induced by Mutant Cochlin in Vivo—
Because mutant cochlins are processed differently from WT
cochlin (Figs. 3 and 4) and because mutant cochlin recruits WT
cochlin to form oligomeric complexes, we asked whether inoc-
ulation with mutant cochlin could impair hearing ability in
wild-type mice in vivo. We collected CM from 293T cells
expressing WT or G9OE (corresponding to human DFNA9
mutation G88E) cochlin and injected CM directly into the
cochleae of mice. One and 4 weeks after injection, hearing
thresholds were examined by ABR testing. As shown in Fig. 6,
mice injected with CM containing WT cochlin showed no sig-
nificant changes in ABR thresholds either 1 or 4 weeks after
injection, whereas mice injected with mutant cochlin showed
an increase of ~40 db in ABR thresholds. The functional
changes induced by mutant cochlin were dramatic: most of the
mice were nearly deaf 1 week after injection, although some of
them recovered slightly 4 weeks after injection (Fig. 6A4). This
observation strongly suggests that the administration of
mutant cochlin leads to chronic hearing impairment.

To determine at the cellular level how the mutant cochlin
causes hearing loss, we conducted histological analysis to
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tion of WT CM did not affect the
survival of primary fibrocytes,
incubation of WT/mutant CM or
mutant CM alone significantly
T decreased cell survival (Fig. 7B).

These results suggest that the
extracellular mutant cochlin can
be retained by primary fibrocytes
and is cytotoxic to primary fibro-
cytes in vitro, consistent with the
ability of injected mutant cochlin
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FIGURE 7. Extracellular mutant cochlin binds to primary fibrocytes and reduces cell survival. A, fibrocytes

WT wWimM Mut

to induce fibrocyte death in the
cochlea, leading to damage in the
cochlear structure and loss of
hearing ability of mice in vivo
(Fig. 6).

(FC) from WT mice were isolated and cultured in vitro and treated with CM (1:5 dilution) collected from tran-

siently transfected HEK293T cells expressing vehicle control (Vec) or WT or mutant G9OE cochlin. After treat-
ment, the supernatant was removed, and cells were washed twice with phosphate-buffered saline. The cell
lysates were analyzed by 15% reducing SDS-PAGE, followed by Western blotting using anti-LCCL antibody. B,
primary fibrocytes were incubated with CM from 293T cells expressing vehicle (Con), WT cochlin alone, WT and
mutant G90E cochlins together (W/M), or mutant G90E cochlin alone (Mut) for 72 h. Cell survival was measured

using the MTS assay. *, p < 0.05. FL-Coch, full-length cochlin.

examine whether injection of CM containing mutant cochlin
would disrupt the cochlear structure. We observed changes in
the thickness of the stria vascularis in mice injected with CM
containing mutant cochlin compared with mice injected with
CM containing WT cochlin and further quantified this differ-
ence in both the apex and base canal of the cochlea (Fig. 6,
B-D). Interestingly, an extensive loss of fibrocytes I-IV in the
spiral ligament was easily observed after one injection of
mutant cochlin, whereas fibrocytes in the spiral limbus were
largely spared (Fig. 6E). These results suggest that stria vascu-
laris cells and fibrocytes of the spiral ligament are highly sensi-
tive to the insult of injected misfolded extracellular mutant
cochlins, consistent with a prominent loss of fibrocytes as
found in pathological specimens of DENA9 (3).

Extracellular Mutant Cochlin Exhibits Cytotoxicity to Pri-
mary Fibrocytes—Because our in vivo injection experiments
suggested that mutant cochlin might exhibit an extracellular
cytotoxicity to fibrocytes of the inner ear, we set out to test this
possibility directly in vitro. We first asked whether the extracel-
lular cochlin can be retained by primary fibrocytes derived from
the cochlea. As shown in Fig. 74, after incubating primary
fibrocytes with CM from 293T cells expressing WT or mutant
cochlin, significant amounts of both WT and mutant cochlins
were detected in the cell lysates of primary fibrocytes. Thus,
extracellular cochlin adhered to and/or was taken up by pri-
mary fibrocytes.

To determine whether the extracellular mutant cochlin may
be cytotoxic to primary fibrocytes, we incubated primary fibro-
cytes with CM from 293T cells expressing WT and mutant
cochlins for 72 h and measured cell survival. Although incuba-

DISCUSSION

In this study, we examined the
processing and secretion of full-
length WT and mutant cochlins in
fibrocytes of the inner ear using two
anti-cochlin antibodies developed
in our laboratory. We found that the generation of the 18- and
16-kDa LCCL domain isoforms is differentially affected by the
DENA9-associated cochlin mutations. On the basis of a bio-
chemical assay using nonreducing SDS-PAGE and Western
blotting, we further found that the expression of DFNA9-asso-
ciated cochlin mutants leads to early dimerization and oligo-
merization and the eventual formation of reducing agent-in-
sensitive oligomers. Importantly, we have discovered the ability
of mutant cochlin to interact with and to mediate dimerization
and oligomerization with WT cochlin and the formation of
reducing agent-resistant WT oligomers. On the basis of these
in vitro biochemical data, we hypothesize that mutant cochlin
oligomers may contribute to hearing loss by inducing the
degeneration of the stria vascularis and the death of fibrocytes
in the spiral ligament in vivo. Our study suggests that protein
misfolding might provide an important mechanism underlying
the DENAY pathology.

The structural features of the LCCL domain might play an
important role in the dimerization and oligomerization of WT
and mutant cochlins. The LCCL domain represents an unusual
fold with a centrally located a-helix wrapped by two 3-sheets
and a highly irregular secondary structure with an extended
polypeptide (7). Disulfide bonds in the WT LCCL domain are
predicted to form between Cys® and Cys** and between Cys*®
and Cys*®, although alternative possibilities have not been ruled
out. Because most DFNA9-associated COCH mutations
involve residues on the cochlin surface and because all four
cysteine sulfurs are close in space, it is conceivable that these
mutations lead to mispairing of cysteines during oxidative for-

FIGURE 6. Mutant cochlin induces hearing loss and histological changes in the cochlea. WT and mutant G90E (Mut) cochlins were transiently expressed in
HEK293T cells. Special culture medium without fetal bovine serum and antibiotics (CM) was collected and concentrated and then injected into the cochleae of
adult C57BL/6 mice (n = 4), and the ABR thresholds were measured 1 and 4 weeks after injection (A). The thickness of the stria vascularis (Stv) was measured in
hematoxylin/eosin-stained mouse inner ears (B). The morphological changes in mouse cochleae injected with WT CM (C) and mutant G90E cochlin (D) collected
at4 weeks afterinjection are shown (¥, p < 0.05, t test), with arrows pointing to the stria vascularis. Four different types of fibrocytes affected by injection of G90E
CM are clearly observed in the spiral ligament (SPL) but not in the spiral limbus (E).
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mation of the disulfide bridges. The extended B-sheets on the
surface of the LCCL domain may also be important in mediat-
ing misfolding. Although the expression of mutant cochlin
alone is sufficient to lead to dimerization and oligomerization
of itself as well as to the stabilization of WT cochlin in the dimer
and oligomer conformation, the presence of WT cochlin in the
complex may further stabilize the oligomer conformation.
Structural analysis of a seven-residue peptide from yeast
prion Sup35 showed a double 3-sheet, which may play a key
role in the formation of stable amyloid fibrils (27). This has
led to the “exposed B-sheet hypothesis,” in which the transi-
tion to the B-sheet dominant conformation plays a key role
in mediating neurotoxicity (28). Future studies are needed to
test whether DFNA9-associated cochlin mutations are
another example of such exposed 3-sheet-mediated protein
misfolding.

The nature of DFNA9 mutant cochlin-mediated misfold-
ing shows a critical difference compared with mutant Htt,
which, upon expression in mammalian cells, rapidly forms
highly insoluble microscopic visible aggregates that are
irregular in shape and size. On the other hand, misfolded
mutant cochlin does not seem to form microscopically visi-
ble aggregates at least 3 days after expression in mammalian
cells. However, because coexpression of WT and mutant
cochlins does eventually lead to the formation of reducing
agent-resistant oligomers detectable by Western blotting
after transfection for 72 h, the characteristic eosinophilic
and microfibrillar deposits in DFNA9-affected inner ears
(29) could represent the accumulation of such misfolded WT
and mutant cochlins. Future experiments are needed to test
this hypothesis directly. The slow kinetic behavior of
DENA9-associated mutant and WT cochlins in dimerization
and oligomerization presents an interesting opportunity for
us to examine the cellular and biochemical mechanisms by
which mutant and WT protein interactions lead to protein
misfolding.

We have shown that the expression of mutant and WT coch-
lins in UB/UE-1 cells induces cell death. Furthermore, we have
shown that extracellular cochlin interacts with primary fibro-
cytes and that the presence of extracellular mutant cochlin
induces cytotoxicity in primary cultured fibrocytes. Because
extracellular cochlin provided as CM from 293T cells express-
ing WT or mutant cochlin exhibits certain selectivity, as the
binding to primary fibrocytes is more efficient than that of
HelLa cells (data not shown), fibrocytes might express a recep-
tor for cochlin. Interestingly, mutant cochlin delivered directly
into the cochlea in vivo appears to exhibit some selective cyto-
toxicity toward the stria vascularis and fibrocytes in the spiral
ligament. However, the fibrocytes in the spiral limbus are
largely unaffected. Because a selective loss of fibrocytes is one of
the characteristic pathological features of DFNA9 (3), we sug-
gest that we have established both culture and animal models
that can be used for further studies of the mechanism involved
in DFNAO.

We propose that misfolding of mutant and WT cochlins in
dimers and oligomers leads to a toxic gain of function that is
responsible for the cellular degeneration and hearing loss in
DENADY patients. Recently, an interesting Coch G88E knock-in
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mutant mouse was made (8). Vestibular function was affected
in CochS®¥S88E homozygous mutant mice starting from 11
months of age, when cochlear function was still normal. Defec-
tive cochlear function was detected only at advanced ages in
both CochS88¥/S88E homozygous and CochS®%F/* heterozygous
mutant mice. No loss of cellularity or eosinophilic deposits
characteristic of DFNA9 was observed in CochS88F/G85E
homozygous mutant mice. Because DFNA9 syndrome in
humans leads to late-onset hearing loss, aging might play an
important role in triggering the onset of hearing loss in DENA9
syndrome. This situation may be similar to many other late-
onset neurodegenerative diseases such as Huntington disease,
where patients may live unsymptomatic for decades before the
onset of disease. Furthermore, cell death is rarely observed in
mouse models of Huntington disease, whereas selective neuro-
degeneration is a key feature of end-stage polyglutamine dis-
eases such as Huntington disease (30). On the other hand,
mutant Htt with expanded polyglutamine forms aggregates in
vitro and in cell culture models and induces cell death (31). We
propose that aging may negatively impact on the ability to clear
both intracellular and extracellular misfolded cochlin in the
inner ears of DFNA9 patients and lead to the eventual onset of
deafness. Because none of the experimental models can com-
pletely mimic the in vivo condition, a combination of different
model systems is needed for us to explore the mechanism that
leads to the onset of age-dependent neurodegeneration such as
DFNAOJ.
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