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Abstract

Caveolin may be a molecular target for modulation
of aging process in cochlear hair celis and have asso-
ciation with oxotoxicity. First we investigated the ba-
sal expression of caveolin-1, caveolin-2, caveolin-3,
nitric oxide synthase, and superoxide dismutase in
UB/OC-1 cochlear hair cell line. By using a RNA inter-
ference technique, we investigated whether down-
regulation of caveolin influenced telomerase activity
and reactive oxygen species (ROS) production in co-
chlear hair cells. In addition, cisplatin and gentamy-
cin, known ototoxic drugs, were administered to the
cochlear cells to determine their impact on caveolin
expression. Further attempts at elucidating cellular
aging mechanism with caveolin and ototoxic drugs
were carried out. The main discoveries were the pre-
sence of caveolin-1 in UB/OC-1 cells and that down-
regulation of caveolin-1 reduced protein kinase A
activity. Telomerase was activated by caveolin down-
regulation and caveolin down-regulation inhibited
oxidative stress at the mitochondrial level. When cis-
platin and gentamycin were administered to the co-
chlear hair cells during a caveolin expression state,
a decrease in telomerase activity and increase ROS
activity was observed. Caveolin-1 may modulate the
senescent mechanisms in cochlear cells. An increase
in caveolin-1 levels can lead to ROS production in
the mitochondria which may cause ototoxicity.
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Although many theories and hypotheses have been
presented to explain aging processes, specific mecha-
nisms underlying the aging phenomenon remain large-
ly undetermined. Production of free radicals and the
loss of antioxidant protection mechanism are thought
to contribute to the aging phenomenon. These studies
have been investigated by several research groups.
According to some studies, free oxygen radicals are
not always harmful and may actually be essential to
maintaining life!. Given these results, many research-
ers have started to investigate other possible molecu-
lar targets that could explain the aging process'. Cave-
olin is a protein which is believed to play a role in the
aging process. When caveolin accumulates in cells,
interactions between cells decrease. If the amount of
caveolin decreases in the cell, not only do interactions
between the cells normalize, but the structures of the
cells also recovered. These findings have been confirm-
ed by several studies®.

Caveolae are defined as membrane-invaginated
vesicles which have a size of 50-100 nm in diameter
and were first discovered by the electron microscope™.
However, caveolae do not only exist as vesicular forms
linked to plasma membranes but also as rosette, grape-
like clusters, and tubular structures (Figure 1).

Caveolin is one of the structural protein components
of caveolae, and it has a critical role in vesicle forma-
tion and insertion of caveolae, and thus intracellular
vesicular transport’. Caveolae/caveolin are known to
regulate various signaling systems. The caveolae/cave-
olin act as signal transduction molecules and have
coupling mechanisms which bind signal molecules to
transduction proteins*. For example, caveolae interacts
with signaling proteins such as H-ras, G-proteins, Src
family tyrosine kinase, Neu, and endothelial NOS
{eNOS). Caveolin, the structural protein of caveolae,
suppresses signaling by binding to another signaling
protein called motif®. Because of these functional cha-
racteristics, the roles of caveolae/caveolin in the aging
process!2, tumors®’, age-related diseases®, and ner-
vous-system disorders® have been investigated.

Aminoglycosides are the most efficient and cost-
effective antibiotics that target gram negative bacteria
and are popularly used world-wide’. However, this
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Figure 1. Caveolae can exist in many forms besides the traditional invaginated membrane form. They can be found in vesicular
forms or in aggregates of grape-like clusters, rosettes, or even elongated tubules.

family of drugs can have the adverse side effect of
severe sensory neural hearing loss and balancing dis-
orders!’, The mechanism responsible for these side
effects has not yet been discovered. However, the cre-
ation of reactive oxygen species'', over stimulation of
N-methyl D-aspartate (NMDA) receptors'?, and the
mitochondrial dysfunction’® are thought to play impor-
tant roles in the ototoxicity that induces hearing im-
pairment and vestibular dysfunctions.

Cisplatin, a platinum agent, is the first anticancer
drug that was used in clinical trials, and it was recog-
nized as an effective anti-cancer drug in 1971°. Al-
though it is known to have no adverse effects on vesti-
bular cells', it has the same ototoxicity against co-
chlear hair cell as aminoglycosides®. The ototoxicity
of cisplatin is known to be induced by oxidative in-
jury'>'*. Like aminoglycosides, the toxicity advances
from outer hair cell to inner hair cell, resulting in cel-
lular apoptosis which in turn causes hearing loss'®¢,

The aim of this research is to evaluate intracellular
changes associated with the aging phenomenon by
suppressing caveolin in UB/OC-1, a cochlear sensory
cell line. Furthermore, we investigate the association
of caveolin with gentamycin and cisplatin ototoxicity.

Differentiation of UB/OC-1 Celis

The UB/OC-1 cells cultured at 33°C, 95% CO, for 2
days appeared spindle-shaped. The cells cultured at
39°C at atmosphere with 95% CO, for 24 hours were
flat. These results correlate with those published by Dr.
Matthew Holley, proving that incubation of UB/UE-1
cells at 39°C results in differentiation into acoustic
sensory cells. Therefore, for the purpose of this study,
we consider the UB/OC-1 cells grown at 39°C in a
95% CO, incubator for 24 hours to be vestibular sen-
sory cells.

Expression of Caveolin-1 in UB/OC-1 Celis
Among the three types of caveolin (-1,-2,-3), only
basal expression of caveolin-1 was observed in UB/

siRNA
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Figure 2. Basal expression of BNOS, MnSOD, and caveolin-
1 in the UB/OC-1 hair cell line. Caveolin-1 was selectively
down-regulated by siRNA. Down-regulation of caveolin-1 did
not affect the expression of nNOS or MnSOD as assessed by
western blot.

OC-1 cells by western blot. Among the three types of
nitric oxide synthases (NOS; iNOS, eNOS, nNOS),
only basal expression of neuronal NOS (nNOS) was
detected and among the three types of superoxide dis-
mutases (SOD; MnSOD, CuZnSOD, ECSOD), only
basal expression of manganese SOD (MnSOD) was
seen. There were no changes in expression of NOS
and SOD after caveolin-1 siRNA administration (Fig-
ure 2).

Effect of Caveolin-1 on the Activity of PKA
The activity of PKA was measured in three cells

groups: caveolin-1 processed with siRNA, caveolin-1

processed with control siRNA, and the non-transfec-
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Figure 3. PKA activity was reduced by caveolin-1 siRNA-mediated down-regulation.
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Figure 4. (A) Telomerase activity in relation to caveolin-1
status. Down-regulation of caveolin-1 increased telomerase
activity. (B) Telomerase activity with PKA inhibitor H-89.
An increase of PKA inhibitor (H-89) increased telomerase
activity.

tion group. The two control groups, the control siRNA
processed group and the non-transfection group, show-
ed no change in PKA activity. However, the caveolin-
1 siRNA group showed a significant decrease in PKA
activity (Figure 3).

Effect of Caveolin-1 on Cell Aging

Telomerase activity was measured to determine the
effect of caveolin-1 on the cell aging process. Telo-
merase activity was measured in the non-transfection
group, the lipofectamine-only treated group, the con-

trol siRNA group, and the caveolin-1 siRNA group.
Telomerase activity was increased only in the siRNA
processed group (Figure 4A). For comparison, the PKA
inhibitor H89 was administered and telomerase activ-
ity was measured. Telomerase activity increased in a
dose-dependent manner relative to the amount of H89
administered (Figure 4B).

ROS Tracing in Mitochondria

The binding of DHR123 and H,0, results in a flo-
rescent green emission and binding of MitoTracker to
mitochondria produces an orange fluorescence.
DHR 123 and MitoTracker were added to the caveolin-
1 siRNA group and control siRNA group, and were
observed using a LSM510 confocal microscope. In the
study group, DHR123 florescence decreased inside
the mitochondria (Figure 5).

Effects of Caveolin-1 on Ototoxicity

The caveolin-1 siRNA group and control siRNA
group were treated with gentamycin (aminoglycoside;
Figure 6A) and cisplatin (Figure 6B). When we com-
pared the two groups, the caveolin-1 siRNA group
showed significantly lower DHR 123 florescence local-
ized within the mitochondria.

Discussion

Our study showed that caveolin-1 developed spon-
taneously in the UB/OC-1 cell line, which indicates
that caveolae and caveolin protein may play an impor-
tant role in signal transduction in the inner ear. When
caveolin-1 was down-regulated, oxidative-relative
substances such as NOS and SOD did not show any
expressional changes. However, PKA activity was
significantly decreased.

Telomeres are located at each end of the eukaryotic
chromosome, which is a specialized chromatin struc-
ture, preventing DNA breaks. When cells age, the leng-
th of telomere shortens and eventually it disappears.
Then, at the end of chromatin, DNA breaks occur and
the cell dies!”. Telomerase is a cellular reverse trans-
criptase that controls the length of telomere. When
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the activity of telomerase increases, the telomere is
repaired and this maintenance prevents the cell from
undergoing apoptosis. In our study, caveolin-1 was
selectively down-regulated, causing an increase of
intracellular telomerase activity. We then tested with
HB89, a known PKA inhibitor, and achieved similar
results. When the ototoxic drugs gentamycin and cis-
platin were administered, the ROS produced by oxi-
dative stress increased when caveolin-1 was not down-
regulated and this was clearly seen by confocal micro-
scopy (Figure 7). This phenomenon occurred within
mitochondria as observed by confocal microscopy.
Our results suggest that up-regulation of caveolin by
ototoxic drugs results in oxidative damage to the inner
ear cells, thereby inducing sensory neural hearing loss.

There are two main hypotheses to explain the mecha-
nism of aminoglycosides. The first theory, that produc-
tion of nitric oxide (NO) and an increase of iNOS leads
to production of reactive oxidants which have impor-
tant roles in ototoxicity, was proven in guinea pig stud-
ies'® 2% The second theory, that the cellular stress
mediated NMDA receptor is also an important factor
for ototoxicity, was proven by DNA analysis of gen-
tamycin-exposed organs of Corti. Cisplatin is not oto-
toxic to vestibular cells, unlike the aminoglycosides'®,
However, it does cause cochlear hair cell damage, sim-
ilar to the aminoglycosides. Furthermore, cisplatin
damages marginal cells in the stria vascularis earlier
before it damages the organ of Corti®. The ototoxicity
of cisplatin is known to be caused by oxidative inju-
ry'318. The damage begins from outer hair cells and
progresses to inner hair cells, resulting in eventual
acoustic damage!®'®. Our results indicate that there is
a relationship between ototoxicity and caveolin-1.

MitoTracker

Overlay

Figure 5. Decreased DHR-
123 activity was observed by
caveolin-1 siRNA-mediated
down-regulation. This phe-
nomenon was observed with-
in mitochondria in UB/OC-1
cells.

The ototoxic drugs gentamycin and cisplatin do not
directly control caveolin-1 expression. We suggest that
they change the activity of PKA which controls the
caveolin-1 levels indirectly, thereby causing ototoxi-
city. Furthermore, our study indicates that an increase
of caveolin-1 leads to ROS production within mito-
chondria, which may also result in ototoxicity.

There are few studies that have examined aging in
cochlear cells. Our study revealed the possibility that
caveolin-1 may modulate the aging process in cochlear
cells. Caveolin-1 activates telomerase and regulates
the formation of ROS through the PKA pathway in co-
chlear-neuronal cells. The effect of the ototoxic drugs
gentamycin and cisplatin on the inner ear may be due
to altered activity of PKA. An increase in caveolin-1
levels can lead to ROS production in the mitochondria
which may cause ototoxicity.

Materials & Methods

Cell Culture and Differentiation of UB/OC-1
Cells

The UB/OC-1 cell line used in this study is an im-
mortal cell line derived from the cochlear outer hair
cell of 2-day old mice (kindly provided by Dr. Matthew
C. Holley, University of Bristol, Bristol, United King-
dom). UB/OC-1 cells were cultured in 100 mm cell
culture dishes (tissue culture dish, TPP Trasadingen,
Switzerland), using Dulbecco’s modified Eagle’s medi-
um (DMEM) with 10% fetal bovine serum and 100
U/mL penicillin G. Cells were incubated at 33°C in a
5% CO, incubator for 48 hours. The Dulbecco’s mod-
ified Eagle’s medium (DMEM), phosphate buffered
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Figure 6. (A) Administration
of ototoxic drugs (gentamycin
50 uM, cisplatin 50 uM) rev-
ealed an increase of DH123
activity in the control siRNA
group. (B) Administration of
ototoxic drugs (gentamycin 50
uM, cisplatin 50 uM) reveal-
ed an increase of DH123 acti-
vity in caveolin siRNA group.
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Figure 7. Caveolin-1 siRNA-mediated down-regulation of caveolin-1 may reduce oxidative stress resulting from ototoxic sub-

stances.

saline (PBS), and fetal bovine serum (FBS) were bou-
ght from Gibco BRL (Gland Island, NY, USA). The
penicillin G was purchased from Sigma (Sigma Diag-
nostics, St. Louis, MO, USA). The cells were cultivat-
ed at 39°C for 24 hours in 5% CO, incubator. These
cells differentiate into hearing sensory cells, and dif-
ferentiation was confirmed by examination under a
light microscope.

Caveolin-1 Down-regulation by siRNA

In this study, we used siRNA to knockdown the ex-
pression of caveolin-1. Caveolin-1 and control siRNA
were obtained from Santa Cruz® Biotechnology (CA,
USA). The cells were stabilized in TPP for 24 hours.
Caveolin-1 or control siRNA were introduced to the
cells using Lipofectamine 2000 (Invitrogen®, Carls-
bad, CA, USA).

After 4-6 hours, the transfection solution was remov-
ed and exchanged with fresh media and stabilized for
18 to 24 hours in a 5% CO, incubator. After the stabi-
lized cells were collected, we treated the cells with
solubilized gentamycin and cisplatin in DMEM with-
out FBS for 18 to 24 hours.

Western Blot Analysis
To determine caveolin-1 protein expression levels
in UB/OC-1 cells, western blot analysis was perform-

ed. For western blot analysis, the treated cell group
was dissolved in lysis buffer (0.3 M sucrose, 200 mM
HEPES, 1 mM EDTA, | mM DTT, 10 mg/mL leupep-
tin, 2 ug/mL trypsin inhibitor, 2 mg/mlL aprotinin, 1
mM PMSF and 1 g/mL pepstatin) and lysed by soni-
cator. For quantitative protein analysis, a BCA Protein
assay kit (Pierce, Rockford, IL) was used. Protein ex-
tracts were mixed with sample buffer (62.5 mM Tris-
HCI, pH 6.8, 5% 2-mercaptoethanol, 10% glycerol, 2%
sodium dodecyl sulfate (SDS), 0.005% bromophenol
blue) and heated at 100°C for 10 minutes. Proteins
were then separated by electrophoresis at 80 V for 2
hours in 10% SDS polyacrylamide gels. The proteins
were then transferred to a PVDF membrane (Millipore,
Bedford, MA) at 30 V and incubated in a 5% non-fat
milk containing TBS-T buffer (10 mM Tris-HCI, pH
7.4, 150 mM NaCl, 0.1% Tween 20) for 1 hour at room
temperature to block nonspecific binding.

After blocking, the membrane was washed three
times for 10 minutes with the TBS-T buffer, and poly-
clonal caveolin-1 antibody (Santa Cruz), polyclonal
manganese superoxide dismutase (MnSOD, Stressgen),
monoclonal neuronal nitric oxide synthase antibody
(nNOS, BD Transduction), and monoclonal actin
antibody (Sigma) were administered for 1 to 2 hours
at room temperature. The membrane was washed three
times for 10 minutes with TBS-T buffer, and combin-



ed with horseradish peroxidase-conjugated rabbit-IgG
antibody (Pierce, 1: 5,000 dilution) or horseradish per-
oxidase-conjugated mouse-I1gG antibody (Pierce, 1 :
5,000 dilution) for 1 hour at room temperature. After
that, one more washing with an enhanced chemilumi-
nescence (ECL) kit (American, Piscataway, NJ) was
used and membranes were then exposed to X-ray film
in a dark room.

Measurement of PKA Activity

We measured PKA activity in a non-transfection,
control siRNA group, and caveolin-1 siRNA group.
We used a cAMP-dependent protein kinase assay sys-
tem and the reaction took place in 30°C water bath in
PKA dilution buffer (PepTag® PKA 5X reaction buf-
fer 5 uL, 0.4 ug/ulL peptide 5 ul, PKA 5 x activator
solution 5 ul) with 5 g protein for 30 minutes. We
checked PKA activity by electrophoresis on a 0.8%
agarose gel (50 mM Tris-HCI, pH 8.0 solution) after
heating the protein at 95°C for 10 minutes.

Measurement of Telomerase Activity
Telomerase activity was monitored using the TRA-
PEZE detection kit (Chemicon®, USA). Telomerase
activity was measured in the non-transfection group,
the lipofectamine-treated only group, the control siRNA
group, and the caveolin-1 siRNA group, with a vari-
able concentration of H-89 (PKA inhibitor) adminis-
tered. Cells were incubated in 1x CHAPS buffer with
100 units/mL of RNase inhibitor (Takara), then trans-
ferred to ice for 30 minutes. Next, they were purified
at 4°C for 10 minutes and pure proteins were collect-
ed. Protein (1.5 pug) was mixed with the buffer in the
kit, and the solution was incubated at 30°C for 30 min-
utes. PCR was done in 30-33 cycles of 94°C/30 sec,
59°C/30 sec, 72°C/1 min after processing. The ampli-
fication of telomerase was measured by electrophore-
sis at 60-80 V in a 12.5% non-denaturing PAGE gel.

Ototoxic Drug Administration to the UB-OC-1
Celi Line

A 50 uM concentration of cisplatin (Sigma Diagnos-
tics, St. Louis, MO, USA) and uM gentamycin (Sig-
ma Diagnostics, St. Louis, MO, USA) were adminis-
tered to the caveolin-1 siRNA group and non target-
ing siRNA control group. Cells were incubated with
these drugs for 24 hours and used in subsequent exper-
iments.

Measurement of Reactive Oxygen Species
(ROS)

Differentiated cells were placed on cover glasses
and apoptosis was induced by the addition of 1 M
dihydrorhodamine (DHR123; Molecular Probes, Eu-
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gene, OR, U.S.A.) and 125 nM mitoTracker (Mole-
cular Probes, Eugene, OR, U.S.A.) for 30 min at 37°C
and 5% CQO,. After cells were washed with PBS, they
were reactivated with 4% paraformaldehyde for 15
min. The cells were then washed with PBS containing
0.02 M glycine, and then with PBS containing 0.1%
Triton X. After removing the PBS, cells were mixed
with mounting medium (gelvatol), then covered and
fixed on slide glasses. Prepared samples were observ-
ed using a LSM510 confocal microscope (Carl Zeiss,
Tornwood, NJ, U.S.A.). A band pass filter of 505/530
nm was used for DHR123, and a 560 nm long pass
filter was used for mitoTracker red. The magnification
was 40 x and MetaMorph software (Universal Imag-
ing, Westchester, PA, U.S.A.) was used for analysis.
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