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Topical application of the antiapoptotic TAT-FNK protein
prevents aminoglycoside-induced ototoxicity

A Kashio', T Sakamoto', A Kakigi’, M Suzuki?, K Suzukawa', K Kondo', Y Sato® S Asoh®, S Ohta® and T Yamasoba'

We previously demonsirated that an artificial protein, TAT-FNK, has antiapoptotic effects against cochlear hair cell (HC) damage
caused by ototoxic agents when applied systemically. To examine the feasibility of topical protein therapy for inner ear
disorders, we investigated whether gefatin sponge soaked with TAT-FNK and placed on the guinea pig round window
membrane (RWM) could deliver the protein to the cochlea and attenuate aminoglycoside (AG)-induced cochlear damage in
vivo. First, we found that the immunoreactivity of TAT-myc-FNK was distributed throughout the cochlea. The immunoreactivity
was observed from 1-24h after application. When Tat-FNK was applied 1h before ototoxic insult (a combination of kanamycin
sulfate and ethacrynic acid), auditory brainstem response threshold shifts and the extent of HC death were significantly
attenuated. When cochlear organotypic cultures prepared from P5 rats were treated with kanamycin, TAT-FNK significantly
reduced the extent of caspase-9 activation and HC death. These findings indicate that TAT-FNK topically applied on the RWM
can enter the cochlea by diffusion and effectively prevent AG-induced apoptosis of cochlear HCs by suppressing the

mitochondrial caspase-9 pathway.

Gene Therapy advance online publication, 22 Decernber 201 1; doir10.1038/gt.2011.204

Keywords: protein therapy; apdptosis; cochlea; aminoglycoside; topical application

INTRODUCTION

Apoptosis is involved in cochlear sensory hair cell (HC) death
caused by a variety of insults, which include acoustic trauma, loss
of trophic factor support, ischemia-repetfusion, and exposure to
ototoxic agents such as aminoglycoside (AG) antibiotics and the
anti-neoplastic agent cisplatin.'~* Protecting cells from apoptosis
by controlling the balance of pro- and antiapoptotic proteins by
techniques such as gene therapy is considered a good strategy for
protection of HCs from ototoxic insults, Overexpression of Bcl-2
proteins by delivery of the Bcl-2 gene into HCs has been reported
to prevent the degeneration of HCs exposed to AG or cisplatin.®
Injection of the Bcl-x; gene into mice cochlea also prevents HC
degeneration induced by kanamycin® However, such gene
transfer application cannot control the amount or exposure time
of the target protein to achieve optimal prevention of cell death.
In addition, gene transfer technology cannot avoid the possibility
of detrimental insertion of transgenes. Therefore, injection of the
target protein could be an alternative method. For example,
several proteins such as granulocyte-colony stimulating factor®
have already been used in clinics. Such protein therapy, however,
is not always applicable for treatment of inner ear disorders
because the blood-labyrinth barrier may inhibit the delivery of
high-molecular-weight proteins into the cochlea. This problem
may be- solved by using the protein transduction domain
technology. When fused with a protein transduction domain such
as the TAT domain of the HIV/Tat (transcription-transactivating)
protein, a variety of high-molecular-weight proteins have been
successfully introduced into’cells both in vitro and in vivo.”®

We first constructed a powerful artificial antiapoptotic protein,
FNK (originally designated Bcl-xFNK by Asoh et al”), which has

three amino-acid substitutions, Tyr-22 to Phe(F), GIn-26 to Asn(N)
and Arg-165 to Lys(K), to strengthen the cytoprotective activity of
Bcl-x.. We then demonstrated that fusion of FNK with TAT enabled
FNK to penetrate highly negatively charged chondrocytes®'°
and the blood-brain barrier,”" and that TAT-FNK showed an

.antiapoptotic effect in a model of brain and hepatic ischemia.'"?

When injected intraperitoneally into guinea pigs in vivo, we
observed that TAT-FNK was distributed widely in the cochlea and
that it reduced the expression of cleaved poly-(ADP-tibose)-
polymerase (PARP), auditory brainstem response (ABR) threshold
shifts, and HC loss induced by a combination of ethacrynic acid
{EA) and kanamycin sulfate (KM), in vivo."®

Another potential drug delivery system for treatment of
cochlear disorders is topical drug application into the middle ear
space. Compared with systemic injections, such local delivery
is beneficial because it requires significantly lower amounts of
drug and reduces systemic side effects. A major side effect after
long-term administration of an antiapoptotic drug is a possibility
of carcinogenesis. Overexpression of Bcl-x, the original protein of
FNK, is reported to have the potential to cause tetraploidization, -
which would result in neoplasia."*'® Schuknecht'® has developed
a topical drug application technique for inner ear disorders:
injection of streptomycin into the middle ear space of patients
with Méniere’s disease. Intra-tympanic dexamethasone injections
have also been performed as primary treatment for sudden
sensorineural hearing loss.'” Intra-tympanic drug application has
also been used in animal studies to examine the effects on inner
ear function or disorders. It is quite difficult, however, to achieve
the delivery of high-molecular-weight proteins into the inner ear
because these proteins cannot pass through the round window
membrane (RWM), which is the main route into the inner ear.
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In the current study, we examined whether the TAT fusion
technique could make transtympanic protein therapy applicable
for inner ear disorders. We investigated whether TAT-FNK applied
topically on the RWM could be successfully delivered into the
cochlea, and protect cochlear HCs from an ototoxic combination
of KM and EA. We also investigated whether TAT-FNK could
prevent HC death caused by KM by suppression of the
mitochondrial caspase-9 pathway.

RESULTS v
Transduction of TAT-myc-FNK into cochlear tissue

Immunohistochemical staining using an anti-myc-tag antibody
revealed that TAT-myc-FNK was detectable in the cochlea from
1 to 24h after the application onto the RWM. There was a

statistically significant difference between the groups as deter- -

mined by one-way analysis of variance (ANOVA) (Fg 203 =41.239,
P<0.01). Scheffe’s post hoc test revealed that the labeling indices
(Lls) at 1, 3, 6, 12 and 24 h were significantly higher than that of
the control (P< 0.01). The LIs gradually increased from 1 to 6 h, but
no differences were observed among the Lis at 1, 3 and 6h.
" Beginning 12h after the application, the Lls gradually decreased.
The Lls at 6 and 12h, 6 and 24 h, and 3 and 24 h were significantly
different (P<0.01). No significant difference was observed
between the LI of the control and that at 48 h (2a). High-power
views of the organ of Corti (OC) and the spiral ganglion revealed
that many spots consisting of TAT-myc-FNK were localized within
the cells outside their nuclei (Figures 1b and ¢). The basal turn
tended to show higher immunoreactivity than the upper turns,
but there was no statistically significant difference between the
cochlear turns at 1 and 6h. Two-way ANOVA was conducted
to examine the cochlear turns and the time course. There were no
interactions between the two factors (F,;74=0.051, P=0.950).
There was also no statistical difference in the main effect of the
cochlear turns (F, 174=1.033, P=0.358; Figure 2b). In addition to
the OC, the spiral ganglion cells (SGCs), the stria vascularis (SV)
and spiral ligament (SL) also appeared to show greater

N

immunoreactivity than the control 6h after the application of
TAT-myc-FNK onto the RWM. Because the background immunor-
eactivity in the control sections varied between the organs, the
normalized Lls, that s, the ratio of the Lls in each organ to those of
the control, of these organs were compared by one-way ANOVA.
There was a statistically significant difference between the groups
(F3116=39.257, P<0.01). Scheffe’s post hoc test revealed that
immunoreactivity was strongest in the cells in the OC, followed by
that in the SGCs. The normalized LI of the OC was significantly
greater than that of the SGCs, the SV and the SL (P<0.01).
The normalized LI of the SGCs was also significantly higher than
that of the SV and the SL (P<0.1; Figure 2c). Specific
immunoreactivity to myc was not observed in any control ears
that were administered only myc-FNK (that is, without TAT) or in
the ears of animals administered TAT-myc-FNK in the contralateral
ear (Figure 1d).

Protective effects of TAT-FNK against ABR threshold shifts induced
by ototoxic insults

The baseline ABR thresholds measured before ototoxic insult were
statistically not different at all tested frequencies among animals
(data not shown). Neither experimental nor drug control animals
showed any signs of systemic illness, such as diarrhea or hair loss,
until euthanasia. For drug control animals, a gelatin sponge

. soaked with TAT-FNK was placed on the RWM, but a combination

of KM and EA was not given. These animals showed no ABR
threshold shifts at any tested frequency (data not shown),
indicating that topical application of TAT-FNK on the RWM is
not harmful to cochlear function.

ABR threshold shifts 14 days after the ototoxic insult in the
experimental animals are shown in Figure 3 (n = 8 each). Two-way
ANOVA was conducted to examine the effect of the TAT-FNK
administration and the frequency on the ABR threshold shifts.
There was no significant interaction between TAT-FNK adminis-
tration and hearing frequency (F;4; = 0.042, P= 0.959). There was
a main effect of TAT-FNK administration (F, 4, =27.355, P<<0.01)
but no significant difference in frequency (Fy4; =0.833, P=442),

Figure 1. Transduction of TAT-myc-FNK protein into guinea pig cochlea. (@-¢) The anti-myc-tag antibody was used to stain TAT-myc-FNK,
Entire cochlea (a). An enlarged image of the OC (b) and the spiral ganglion (¢). The insets in panels b and c are high-power views of the cells in
the OC and SGCs, respectively. (d) An image of the contralateral ear, with a high-power view of OC in the insets. Scale bar: 200 um, panel a;

40pm, b~d. )
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Figure 2. Lls for TAT-myc-FNK immunostaining of the inner ear, The time course of the normalized Lis level for immunostaining of the
OC is shown (a). Error bar: s.d. *P<0.01. (b) Normalized Lls for each turns at 1 and 6 h after application of TAT-myc-TNK. (€) Normalized Lls

at 6h for OC, SGCs, the SV and the SL. Error bar: mean (s.d.). *P<0.01.
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Figure 3. ABR threshold shifts at each tested frequency in both
TAT-FNK treated and untreated ears. Pure tone 4, 8 and 20-kHz
ABR threshold shifts before ototoxic insult and 14 days after the
insult are shown. The dark gray bars indicate the values for the
TAT-FNK-treated ears. The light gray bars indicate the values for
the TAT-FNK-untreated ears. Error bar: s.d. *P<0.01.

indicating that the ABR threshold shifts were significantly smaller
at all the tested frequencies in the TAT-FNK-treated ears than

in the untreated contralateral ears. This result suggests that the

TAT-FNK treatment significantly attenuated the ABR threshold
shifts induced by the ototoxic agents.

HC protective effects of TAT-FNK in vivo

- Figures 4a and b show the average cytocochleograms in the TAT-
FNK-treated and contralateral untreated ears, respectively, which
were produced by plotting the average percentage of HC loss in
every segment between 5 and 16 mm from the apex that was
averaged across all subjects (n=6 each). Segments measuring
under 5 mm and over 16 mm were excluded because the extent of
HC damage could not be quantified owing to damage in some
samples during surface preparation. The frequency map was
added in the x-axis according to the data of Tsuji and Liberman.®

© 2011 Macmillan Publishers Limited

The ototoxic agents induced losses of 91,7 = 7.0% of the outer
HCs (OHCs) and 13.8£5.9% of the inner HCs (HCs) in the
TAT-FNK-untreated ears, whereas the losses of the OHCs and the
IHCs in the treated ears were reduced to 64.0%29.6% and
83+3.5%, respectively (Figure 4c). Two-way ANOVA was
conducted to examine the effect of the TAT-FNK administration
and the type of HC on HC loss. There was no significant interaction
between TAT-FNK administration and type of HC (F; 0= 3.055,
P=0.096). There were main effects of TAT-FNK administration
(F1,20=6.869, P=0.016) and type of HCs {Fy 50 =110.657, P<0.01),
indicating that the TAT-FNK treatment significantly attenuated the
HC damage induced by KM and EA. Drug control animals
administered only TAT-FNK showed minimal HC loss throughout
the cochlea.

in vitro effect of TAT-FNK on protection of HCs and caspase-9
activation )

Figure 5c shows an intact, untreated cochlear explant that was
double-labeled with rhodamine-conjugated phalloidin (red) and
activated caspase-9 (green). The stereocilia bundles on the three
rows of OHCs and one row of IHCs have normal morphology and
negligible green staining. Figure 5a shows a cochlear explant
treated with KM for 10 h. HCs are missing and caspase-9 labeling is
preseni in the HC regions. These results indicate that KM
treatment caused an increase in caspase-9 activation, leading to

~apoptosis of the HCs by a mitochondra-mediated pathway.

Addition of TAT-FNK to the explants greatly suppressed caspase-9
activation (Figure 5b). The number of HCs with activated caspase-
9 in the explants treated only with KM was 20.6 + 5.2 per 0.2-mm
length, whereas the number was reduced to 7.6 +3.2 per 0.2-mm
length in the explants treated with KM and TAT-FNK (Figure 5d,
n=4 each). The number of HCs with activated caspase-9 in
explants treated with KM and FNK (without TAT) was 16.7 +3.2.
There was a statistically significant difference between the groups
as determined by one-way ANOVA (F3.,=31.337, P<0.01).
Scheffe's post hoc test revealed that there were significant
differences between the KM with TAT-FNK-treated explants, and

" the KM-treated explants or the KM with FNK-treated explants

(P<0.01). There was no statistically significant difference between
the KM-treated explants and the KM with FNK-treated explants

Gene Therapy (2011), 1-9
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Figure 5. Fluorescence micrographs of caspase-9 activation and HC morphology. Rhodamine phalloidin (red) was used to stain the cell
morphology and the fluorescent caspase substrate fam-LEHD-fmk (green) was used to stain caspase-9. Scale bar= 30 pum. (@) TAT-FNK-
untreated group. (b) FNK-treated group. (c) TAT-FNK-treated group. (d) Control group. () Mean number of caspase-9-positive HCs
(IHCs + OHCs) present in 0.2-mm length of the cochlea. Error bar: s.d. ¥*P<0.01; *P< 0.05.

(P=0.429). Therefore, the TAT-FNK treatment significantly re-
duced the number of HCs entering the caspase-9-dependent
apoptotic pathway after KM application. ‘

We counted the number of viable HCs (h =6 each) after 12h of
culture. In the control that was not administered any additional
agent such as KM, FNK or TAT-FNK, no or only few HCs were lost.
When the number of viable HCs (n=6 each) was counted after
12h of culture with KM (that is, in the absence of TAT-FNK),
massive losses of the OHCs and the IHCs were induced, as only
252+9.1% and 285+ 11.9% of the cells survived, respectively.
The TAT-FNK treatment attenuated OHC and IHC damages, as

Gene Therapy (2011), 1-9

80.1 £ 14.9% and 74.1 £ 20.6%, respectively, of the cells remained.
In the explants treated with KM with FNK, the extent of survival .
was 27.6 £ 5.9% for the OHCs and 38.3 % 15.9% for the IHCs. Two-
way ANOVA was conducted to examine the effect of the drug
administration and the type of HC on HC loss. There was a main
effect of drug administration (F340=99.432, P<0.01). There was
also a main effect of type of HC (Fy 40=419.899, P<0.01). Finally,
there was interaction between drug administration and type of HC
(F3,40=47.846, P<001). The simple effects analysis revealed
significant differences between the KM with TAT-FNK-treated
explants, and the KM-treated explants or the KM with FNK-treated

© 2011 Macmillaﬁn Publishers Limited



explants (P<0.01), in the OHCGCs. There was no significant
difference between the KM-treated explants and the KM with
FNK-treated explanis. However, in the IHCs, thete were no
significant differences between the KM with TAT-FNK-treated
explants, and the KM-treated explants or the KM with FNK-treated
explants. These resulis indicate that the TAT-FNK treatment
significantly attenuated damage to the OHCs; however, FNK alone
did not protect the HCs against KM (Figures 6¢ and d). Drug
control animals administered only TAT-FNK showed minor HC loss.

DISCUSSION )

In the present study, we' demonstrated that the TAT-fusion
technique enabled the macromolecule FNK protein, which was
infilirated into a gelatin sponge and placed on the RWM,
to successfully enter the cochlea because it allowed the protein
to penetrate through the RWM. TAT-myc-FNK was distributed
throughout all turns of the cochlea, but immunoreactivity was not
observed in the contralateral ears, suggesting that, when topically
applied, the distribution of TAT-FNK may be confined to the
applied cochlea.

* The Lis of TAT-myc-FNK gradually increased until 6 h, but there
were no significant differences in the Lls at 1, 3 and 6 h. Beginning
at 12h, the Lis gradually decreased. At 48 h, the immunoreactivity
disappeared. This suggests that TAT-myc-FNK was immediately
distributed into the cochlea 1 h after administration onto the RWM
and remained in high concentration until 6h. It gradually
decreased beginning at 12h and disappeared by 48h. When
examining the entire cochlea at 6h after administration of
TAT-myc-FNK, the strongest immunoreactivity was present in
the cytoplasm of the supporting cells and the HCs in the OC,
followed by the SGCs. Immunoreactivity could also be observed in
the SV and SL. This suggests that XTAT-myc-FNK was distributed
most prominently in the OC followed by SGCs, and that it also
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reached the SV and SL at 6h after administration on the RWM.
The duration of FNK expression was much longer compared with
when it was administered systemically.'”> A single topical
administration of TAT-FNK on the RWM effectively protected
cochlear HCs from the combination of KM and EA in vivo. These
findings imply that, when fused with TAT and soaked in a gelatin
sponge macromolecular proteins can be applied on the RWM as
an effective and selective therapeutic agent to function in the
cochlea. Considering the adverse effects introduced by systemic
injection, this technology is feasible as a novel treatment for inner
ear disorders. TAT-FNK attenuated KM-induced HC death by
suppressing the activation of pro-caspase-9 in vitro, suggesting
that the antiapoptotic protein FNK has the potential to regulate
the mitochondria-related apoptotic pathway in the inner ear.
The RWM is a main gate and barrier for various kinds of
substances to enter from the middle ear into the inner ear.'® The
membrane consists of three layers: an outer epithelium facing the
middle ear, a core of connective tissue and an inner epithelium
facing the inner ear?"?*'"® The structure of the outer
epithelium is such that substances can pass from the middle to
the inner ear by selective absorption and secretion.®® The factors
influencing permeability through the RWM include the molecular
weight and configuration of the protein, its contact time and the
* concentration of the substances in the middle ear.*"?> Among
these, molecular weight is the most important in determining
permeability. Generally, low-molecular-weight compounds, such
as antibiotics, corticosteroids and labeled jons, can easily pass
through the RWM to enter the inner ear,>%’ whereas penetration
of high-molecular-weight substances, such as proteins and lipids,
is limited."®?”~3% In the current study, myc-FNK, whose molecular
weight is about 30 kDa, did not pass through the RWM, suggesting
that it is too large to pass through. Many proteins related to
apoptosis, such as p53, AKT and super oxide dismutase, have a
molecular weight of 30-60kDa. Thus, when considering the
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applicability of protein therapy from the middle ear space, new
technology is required to overcome the difficulty of delivering
large molecules to the inner ear. The Tat protein of HIV-1 is a
protein of 101 residues. The Tat protein has the characteristic that
it can cross the plasma membrane of neighboring cells3' TAT
comprises the short stretches of the Tat protein domain. that are
primarily responsible for their translocation ability, also referred to
as protein transduction domains.>2 Afthough the exact mechanism
has not been elucidated, two models have been proposed:
energy-dependent macropinocytosis, and direct uptake by
electrostatic interactions and hydrogen bonding By fusing
FNK to the TAT domain, FNK was effectively absorbed into the
outer epithelium cells and then secreted to the inner ear space,
although further studies are needed to confirm this. When fused
with TAT, various proteins were reported to be transported across
cell membranes.”® Even B-galactosidase, whose molecular weight
is 120kDa, has been reported to enter cells>® Moreover,
oligonucleotide, nucleic ‘acids and liposome can also be con-
jugated with TAT to improve its penetration* Thus, protein
transduction technology allows the use of macromolecules for
therapeutic application in a variety of inner ear disorders.

ln our previous study, we successfully dellvered TAT-FNK
protein to the inner ear by intraperitoneal injection.’”® However,
systemic administration may not be suitable for treatment of inner
ear disorders because only relatively small amounts of drug can
enter the inner ear, which therefore requires the application of
high doses of drug to maintain a therapeutic concentration in the
inner ear at an optimal time. Moreover, a single admlmstrat:on has
a short half-life, as shown in our previous study, and thus
repeated administration is required. High doses of drug may easily
induce systemic toxicities and acute allergic side effects. In
particular, high doses of this antiapoptotic protein may promote
tumor, although this has not been reported. Therefore, injection of

drugs topically into the middle ear space may be more.

appropriate to better control local drug delivery. Injection of
drugs into the middle ear space, however, may result in a large
portion of the drug being absorbed by the middle ear mucosa or
drained into the epipharynx by the Eustachian tube3®

To deliver a drug more effectively into the inner ear, using an
absorbable material as a drug carrier may be promising. These
materials could secure the stability of drugs on the RWM, and
thereby lengthen the contact time with the RWM, and reduce
diffusion into the mucosa and drainage from the middle ear
space.®® In the current study; we used a gelatin sponge as a carrier
of TAT-FNK, as Husmann et al>” used a gelatin sponge on the
RWM to topically apply gentamicin, which then induced severe
damage to the cochlea compared with a single application.
Similarly, Okamoto et al*® used a gelatin sponge containing bone

morphogenetic protein-2, and demonstrated that bone morpho-

genetic protein-2 was slowly released and induced successful
regeneration of cartilage in a canine tracheomalacia model.
Compared with our previous systemic study,’® we could observe
immunoreactivity of TAT-myc-FNK in the cochlea using approxi-
mately 1/600th the amount of TAT-myc-FNK. Immunoreactivity of
TAT-myc-FNK could still be observed in the cochlea after 24 h,
which is significantly longer than the expression periods observed
in previous }/Stemlc injection studies targeting organs, including
the cochlea. Further, the amount of TAT-FNK we topically
applied to protect HCs from ototoxicity was approximately 1/15th
the dose we used systemically to protect from the same
ototoxicity in our previous study.'® Thus, a gelatin sponge is
considered to be an effective drug carrier for inner ear disorders.

When drugs are topically applied onto the RWM, they diffuse
from the basal end of the cochlea and thus initially show a
concentration gradient, decreasing toward the apex. The con-
centration gradient in the perilymph was investigated, and the
greater concentration was demonstrated at the basal turn3%4°
However, when the patterns of distribution of the drugs applied
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on the RWM were investigated by immunocytochemistry, the
drugs appeared to be widely and rapidly dlstrlbuted into the
various organs of the inner ear. Imamura and Adams*® examined
the distribution of gentamicin in the inner ear of guinea pig using
a monoclonal antibody. When gentamicin was placed on the
RWM, the entire cochlear cell was diffusely stained until 6 h after
administration. Beginning at 6h after application, staining was
found to be localized mainly in the basal turn. Greater staining in
the basal turn was also found when gentamicin was administered
systemically. These results suggest that gentamicin can be
diffused rapidly into the entire cochlea, and that the localization
of staining. in the basal turn is due to the nature of the cells in the
basal turn to accumulate the drug, and not because of the
predommant distribution of gentamicin at the basal turn. Zou
et al** examined the distribution of lipid nanocapsules in cochlear
cells after application on the RWM by using fluorescein
isothiocyanate and rhodamine-B labeling. The lipid nanocapsules
were present in the SGCs, OC and SV 30min after application.
Moreover, the nanocapsules were more strongly distributed in the -
SV in the second turn than in the basal turn, They assumed that
after penetrating the RWM, the nanocapsules are rapidly diffused
through the porous modiolar wall of the scala -tympani, after
which they enter the SGCs, and then are widely diffused through
its nerve fibers. In the present study, although there was a trend of
higher intensity of immunoreactivity of TAT-myc-FNK at the basal
turn, we did not observe statistically significant differences among
the turns. We assume that this rapid and relatively even
distribution of TAT-FNK throughout the cochlea was achieved by
this radial diffusion through the modiolus, and not by longitudinal
perilymph diffusion. Pathways to uptake lipid nanocapsules and
TAT-mediated particles into the tissue might be similar, as their
high permeability is considered to accelerate their rapid
diffusion.*”* High immunoreactivity in the SGCs compared with
those in the SV and SL at 6 h can support this argument, although
the cause of the higher immunoreactivity in the OC compared
with that in the SGCs needs to be clarified in future research.

It is known that high-frequency hearing loss occurs initially after
AG ototoxicity. However, when the damage by AG is severe, apical
cells will be affected and hearing loss expands to lower
frequencies.®® The doses of the KM and EA combination we
chose were assumed to be sufficient to cause threshold shifts
even at a low frequency. We observed some tendency that the -
OHCs in the basal parts are more susceptible to the combination
of EA and KM than those the upper parts (Figures 4a and b). This
finding is consistent with that in other studies** When we
compared the extent of missing HCs in the region corresponding
to the frequency at which ABR was measured, the percentages of
missing OHCs was approximately 67% in the region correspond-
ing approximately to 4kHz and 80% in that corresponding to
20kHz. In untreated ears, the percentages of missing OHCs in the
regions comparable to 4 and 20kHz were 95% and 100%,
respectively. The differences in the extent of OHC loss between

~ the 4- and 20-kHz regions were small, supporting the ABR findings

that there was no significant difference in the threshold shifts
among the tested frequencies, although the ABR threshold shifts
were slightly greater at -higher frequencies than at lower
frequencies.

In the current study, we showed that caspase-9 was activated
by KM in vitro. This finding suggests that KM-induced cochlear HC
death rs caspase-Q-dependent which is consistent with other
studies.”™ We demonstrated that TAT-FNK suppressed the
activation of caspase-9 in this study and reduced the extent of
cleaved PARP in OHCs in our previous study,'® which suggests
that TAT-FNK prevents the intrinsic apoptotic pathway, as does
the parent protein Bcl-x,. It has also been shown that TAT-FNK
affects the cytosolic movement of Ca®* and protects neuronal
cells from glutamate excitotoxicity.'! It has been shown in vitro
that AG antibiotics cause an increase in intracellular calcium levels
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in avian HCs* and in isolated OHCs of guinea pigs.”” Therefore,
inhibition of Ca®* homeostasis distribution may have a crucial
role in the ability of TAT-FNK to prevent apoptotic cochlear
HC death. The mechanism of how TAT-FNK prevents cochlear HC
death remains to be fully elucidated.

In conclusion, we demonstrated that TAT-FNK infiltrated in
gelatin sponge and placed on the guinea pig RWM could
“successfully deliver the protein to the cochlea by penetrating
through the RWM, and that a single topical administration of
TAT-FNK protected the cochlea against the combination of the
ototoxic drugs KM and EA in vivo. An in vitro study demonstrated
that TAT-FNK suppressed the activation of caspase-9 and
protected cochlear HCs from KM-induced apoptosis. These
findings suggest that topical administration of an antiapoptotic
protein fused with TAT and soaked with a gelatin sponge is
effective -at preventing the apoptosis of cochlear HCs, and that
such topical treatment is superior to.systemic administration in
terms of organ- specificity and safety. Future studies using
this technology may extend the feasibility of protein therapy for
treatment of inner ear disorders.

MATERIALS AND METHODS

The experimental protocol was approved by the University Committee for
the Use and Care of Animals at the University of Tokyo, and it conforms
to the NIH Guidelines for the Care and Use of Laboratory Animals.

Construction and preparation of TAT-FNK and TAT-myc-FNK

We constructed FNK (originally designated as Bcl-xFNK) by introducing
amino-acid substitutions into Bclx using a two-step PCR mutagenesis
method, as reported previously.’ The substituted codons were as follows:
Tyr-22 (TAQ) with Phe (TTC), GIn-26 (CAG) with Asn (AAQ) and Arg-165
(CGG) with Lys (AAG). Among the mammalian antiapoptotic factors, FNK is
the only mutant with a gain-of-function phenotype because, compared
with Bclx,, FNK showed stronger antiapoptotic activity to protect cultured
cells from death induced by various death stimuli, including oxidative
stress, a calcium ionophore and withdrawal of growth factors.” TAT-FNK
and TAT-myc-FNK were then prepared as described previously."" The gene
constructed for FNK was fused with an oligonudleotide encoding TAT, and
the resulting TAT-FNK gene encoded met-gly-TAT {consisting of 11 amino
acids: YGRKKRRQRRR)-gly-FNK. An oligonucleotide encoding GEQKLI-
SEEDLG (the myc TAG sequence ‘is underlined) was inserted between
the TAT and FNK sequences of TAT-FNK by PCR to obtain TAT-myc-FNK. To
construct myc-FNK without the TAT domain, an oligonucleotide encoding
met-gly-myc TAG-gly was also ligated to the FNK sequence by PCR. The
TAT-FNK plasmid was introduced into Escherichia coli DH5a cells
(Invitrogen, Life Technology, Carlshad, CA, USA) and the TAT-FNK protein
was overexpressed by treatment with 1 mm isopropy} 1-thio-f-p-galacto-
side for 5h with vigorous shaking at 37 °C. Proteins were solubilized in
buffer (7 M urea, 2% sodium dodecyl sulfate, 1 mm dithiothreitol, 62.5 mm
Tris-HC {pH 6.8) and 150mm NaCl) and then subjected to sodium dodecyl
sulfate-PAGE to remove contaminating proteins and endatoxins, The gel
was treated with 1m KOl and the transparent band corresponding to TAT-
FNK was cut out. Proteins were electrophoretically extracted from the gel
slice using extraction buffer (25 mm Tris, 0.2M glycine and 0.1% sodium
dodecyl sulfate) for in vitro and in vivo experiments. The extraction buffer
was used as the vehicle. The concentration of the extracted TAT-FNK
ranged from 1 to 6mgmi™".

Immunohistochemical detection of TAT-myc-FNK in the cochlea
after tympanic administration

Eighteen male albino guinea pigs (Saitama Experimental Animals Supply
Co. Ltd, Saitama, Japan) weighing 250-300 g were used. Under anesthesia
with xylazine hydrochloride (10mgkg™"; Bayer, Leverkusen, Germany) and
ketamine hydrochloride (40mg kg“; Sankyo, Tokyo, Japan), a post-
auricular incision was made and the bone posterior to the tympanic ting
was exposed. A hole was drilled into the bulla exposing the middle ear

© 2011 Macmillan Publishers Limited
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space medial to the tympanic ring. The round window niche and the RWM
were identified. The gelatin sponge (Spongel; Astellas Pharma Inc,, Tokyo,
Japan) was soaked in 3 ul of TAT-myc-FNK (0.5 mgml™) and placed on the
RWM of the left ear. The animals were killed at 1,-3, 6, 12, 24 and 48h (n=3
for each time point) after injection, while under deep anesthesia, using an
overdose of xylazine hydrochloride (Bayer) and ketamine hydrochloride
(Sankyo). Three animals that were killed 6h after a similar tympanic
administration of myc-FNK (3ul; 0.5mgml™") served as controls. The
cochleae from both ears were perfused with 4% paraformaldehyde in 0.1m
phosphate-buffered saline (PBS) at pH 7.4 through the oval and round
windows, and immersed in the same fixative overnight at 4°C, The
specimens were decalcified in 10% EDTA acid for 14 days, dehydrated
through a graded alcohol series and embedded in paraffin. The embedded
tissties were cut into 5-pm-thick sections parallel to the modiolus and
mounted on glass slides. The sections were deparaffinized, hydrated and
rinsed with PBS. To detect TAT-myc-FNK and myc-FNK in situ, rabbit an
anti-myc-tag polyclonal antibody was used (1:5000, 4 °C overnight; Upstate
Biotechnology, Lake Placid, NY, USA) coupled with a DAKO Envision +
system (Dako Japan, Kyoto, Japan). Negative controls were established By
replacing the primary antibody with blocking buffer.

The LI of the anti-myc antibody in the cochlear tissues was obtained by
a modified Photoshop-based image analysis. The original method was
developed by Lehr et al*® In brief, an image was digitized on magnetic
optical disks. Using the 'Magic Wand' tool in the ‘Select’ menu of
Photoshop, the cursor was placed on a portion of the immunostained area.
The tolerance level of the Magic Wand tool was adjusted so that the entire
immunostained area was selected. Using the ‘Similar' command in the
‘Select’ meny, all the immunostained areas were selected automatically.
Subsequently, the image was transformed to an 8-bit grayscale format. An
optical density plot of the selected areas was generated using the’
‘Histogram’ tool in the ‘Image’ menu. The mean staining intensity and
the number of pixels in the selected areas were quantified. Next, the
background was selected using the ‘Inverse’ tool in the ‘Select’ menu. The
mean background intensity was quantified using the ‘Histogram’ tool as
mentioned above. The immunostaining intensity was calculated as the
difference between the mean staining intensity and the mean background
intensity. The immunostained ratio was calculated as the ratio of the
number of pixels in all the immunostained areas to that in the' entire
image. LI was defined as the product of the immunostained ratio and the
immunostaining intensity. The modiolar sections were obtained in every
third section and five sections were randomly selected from each ear (10
sections from each animal). As a result, the LI was measured using 30
sections in each group by a technician naive to the treatment, prepatation
techniques or the aims of the current study. To investigate differences
among the cochlear turns, the Lis in the basal, second and third turns were
also measured 1 and 6h after application. The Lls of the SGCs, SV and
SL 6 h after the application of TAT-myc-FNK onto the RWM, as well as those
in the controls, were also measured. To compare the immunostaining
intensity among the cells in these organs, the ratios of normalized
immunoreactivity were calculated by dividing the Lls at 6 h by those of the
control.

-

Tympanic injection of TAT-FNK in vivo
Eight male albino guinea pigs, weighing 250-300g and showing ABR
thresholds within normal limits based on our laboratory database, were
used in this investigation. Only male animals were used because there are
gender differences in the ability to detoxify reactive oxygen species and in
the levels of endogenous antioxidants in the cochlea.*>°

Animals were anesthetized with xylazine hydrachloride (10mgkg™)
and ketamine hydrochloride (40mgkg™"). Chloramphenicol sodium
succinate {30mgkg™', intramuscular injection) was administered as a
prophylactic. Under aseptic conditions, the bulla was exposed bilaterally
from an occipitolateral approach and opened to aliow visualization of the
RWM. A gelatin sponge soaked with 3pl of TAT-FNK (6 mgmi™") was
placed on the RWM in the left ear, whereas a gelatin sponge soaked with
only a vehicle was placed on the RWM in the right ear. One hour after the
wound was sutured, a single dose of KM (200 mg kg™"; Meiji, Tekyo, Japan)

Gene Therapy (2011), 1~9



Topical protein therapy for acute cochlear disorders
A Kashio et al

was injected subcutaneously. Then, 2h after the KM injection, the
jugular vein was exposed under general anesthesia and EA (40mg kg™
Sigma-Aldrich, Tokyo, Japan) was infused into the vein as described
previously.®" An additional four animals served as drug controls: a gelatin
sponge soaked with 3l of TAT-FNK (6 mgml~") was placed on the left
RWM, but KM and EA were not administered.

ABR measurement

ABRs were recorded using waveform stoting and stimulus control
using MEB-5504 (NIHON KOHODEN CO. Tokyo Japan) and DPS-725
(DIA MEDICAL CO., Tokyo, Japan). Sound stimuli were produced by the
PT-R7 Il ribbon-type speaker (PIONEER CO. Tokyo, Japan). Recordings
were performed in a closedfield TRAACOUSTICS acoustic enclosure
(TRACOUSTICS INC,, Austin, TX, USA) and sound level calibration was
performed using a sound-level meter (NA-28 RION, Tokyo, Japan). Pure
tones (4, 8 and 20kHz) were measured 3 days after the arrival of the
animals to determine the baseline thresholds, and 14 days after the
ototoxic insult (for experimental animals) or TAT-FNK application (for drug
control animals) to determine the threshold shifts. The frequencies (4, 8
and 20 kHz) measured in this study were frequently used for other studies
using guinea pigs, including our previous study.'>**3 We have limited our
investigation to these frequencies to evaluate hearing to minimize the
stress on these animals. The method of ABR measurement has been
described previously.5 In brief, animals were anesthetized with a mixture of
xylazine hydrochloride (10mgkg™, intramuscular) and ketarnine hydro-
chloride (40mg kg“‘, intramuscular), and needle electrodes were placed
subcutaneously at the vertex (active electrode), beneath the pinna of the
“measured ear (reference electrode) and beneath the opposite ear {ground).
The stimulus duration was 15ms, with a presentation rate of 1157, and the
rise/fall ime was 1ms. Responses of 1024 sweeps were averaged at each
intensity level (5-dB steps) to assess the threshold. The threshold was defined
as the lowest intensity level at which a clear reproducible waveform was
visible in the trace. When an ABR waveform could not be evoked, the
threshold was assumed to be 5.dB greater than the maximum intensity
produced by the system (105dB SPL). Threshold shifts were calculated by
subtracting the baseline thresholds from those observed before killing.

Assessment of extent of HC loss

After ABR measurements 14 days after ototoxic insults (experimental
animals) or TAT-FNK application (drug control animals), animals were killed
under deep anesthesia using xylazine hydrochloride and ketamine
hydrachloride. The bilateral cochleae were perfused with 4% paraformal-
dehyde in 0.1m PBS at pH 7.4 through the oval and round windows, and
then immersed in the same fixative overnight at 4°C. The cochleae were
then washed with PBS, permeabilized with 0.3% Triton X-100 for 10min
and labeled with 1% rhodamine phalloidin (Molecular Probes, Eugene,
OR, USA) for 30 min to stain’ F-actin. The tissues were processed as whole
mounts using the surface preparation technique. The specimens were then
mounted on glass slides using the Prolong Antifade kit (Molecular Probes)
and observed. Reticules whose length (bin width) at x 40 was 0.45mm
were used to count the numbers of total and missing HCs. HCs that
showed an identifiable cell body and cuticular plate were considered to
be present. The presence of distinctive scar formations produced
by convergence of adjacent phalangeal processes was regarded as an
indicator of a missing HC. The percentage of HC loss for the IHCs and OHCs
was calculated for each segment obtained from each animal. The average
for each segment was then determined for each group and plotted from
the apex to the base to produce an average cytocochleogram. Two animals
were excluded because of tissue damage during surface preparation,
leaving a total of six cochleae for the HC count study.

Assessment of the protective effects of TAT-FNK and caspase-9
detection for cultured HCs

Sprague~-Dawley rats (Saitama Experimental Animals Supply Co. Ltd) were
decapitated on postnatal day 5 (P5) and the cochlea was carefully
dissected out. On the basis of the methods of Sobkowicz et al,>® the SV,
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the SL and the spiral ganglion neurons were dissected away, leaving the
OC. The cochlea used for analysis was prepared by cutting 2mm from the
basal end and 3 mm from the apical end of the cochlea (approximately half
of the cochlea). Explants were maintained in Dulbecco’s madified Eagle’s
medium with 10% fetal bovine serum, 25mm Hepes and 30Umi™"
penicillin, and were cultured in an incubator at 37 °C under 5% CO, and
95% humidity for 24 h. Explants were exposed to medium containing 20 nm
TAT-FNK, 20 nm FNK without TAT or vehicle. Two hours after exposure, the
medium was changed to one containing 6 mm KM and either 20 nm FNK,
20nm TAT-FNK or the vehicle. Typically, 10 cultures were evaluated for
each experimental condition: four were cultured for 10h for detection of
caspase-9 and six were cultured for 12h for cell counting. Additional 10
cultures were evaluated for control, of which four were cultured for 10h
and six were cultured for 12 h, with the medium containing no KM.

Caspase-9 activity was examined by using the fluorescent caspase
substrate fam-LEHD-fmk (caspase-9 substrate), which was obtained from
Intergen (Purchase, NY, USA) and used according to the manufacturer's
protocol. After culturing, the fluorescent substrate was added directly to
the culture medium (final concentration, 5 pm) for the final hour in culture.
After 1h in this substrate, the OC was washed three times for 15 min each
at 37 °C in the washing buffer supplied by the manufacturer. The cultures
were then fixed overnight at 4°C in the fixative supplied by the
manufacturer. After fixation, the cochleae were washed with PBS,
permeabilized with 0.3% Triton X-100 for 10min and labeled with 1%
thadamine phalloidin {Molecular Probes) for 30 min to stain F-actin. Whole
mounted cochleae were viewed with a confocal laser-scanning microscope
(ZEISS LSM5 PASCAL). Caspase-9-positive cells were counted overa 0.2mm’
longitudinal distance from four separate regions in each culture. A mean
value was determined for each culture.

For HC counting, cultures were fixed overnight at 4°C in the fixative
supplied by the manufacturer. After fixation, the cochleae were washed with
PBS, permeabilized with 0.3% Triton X-100 for 10min and labeled with 1%
rhodamine phalloidin (Molecular Probes) for 30min to stain F-actin. To
quantify HC loss in the cochlea after various treatments, IHCs and OHCs were
counted over a 0.2mm longitudinal distance from four separate regions of
each culture. A mean value was determined for each cufture.

Statistical analysis

The SPSS software was used for statistical analysis. The time course of the
LI for TAT-myc-FNK in the OC was compared between groups by one-way
and then pairwise comparisons, with statistical significance adjusted for
multiple comparisons (Scheffe's test). The differences in ‘the turns of the LI
for TAT-myc-FNK in the OC at 1 and 6h were compared by two-way
ANOVA (the independent variables were cochlear turns and time course).
The differences in the normalized Lls between the sub-sites in the cochlea
were compared by one-way ANOVA, and then pairwise comparisons were
performed by using Scheffe’s test. The ABR thresholds at each frequency
before and 14 days after the ototoxic insults were compared by two-way
ANOVA (the independent variables were TAT-FNK administration and
heating frequency). The extent of missing HCs in vitro was also compared
by two-way ANOVA (the independent variables were TAT-FNK treatment
and type of HC). Caspase-9 activities hetween the groups were compared
by one-way ANOVA followed by Scheffe’s test. The extent of missing HCs in
vitro after exposure to KM was compared by two-way ANOVA (the
independent variables were type of HC and drug administration), and if a
statistically significant interaction was observed, Bonferroni test was used
for simple effects analysis. A level of P<0.05 was accepted as statistically
significant. :
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Nanocarriers potentially reduce or prevent chemotherapy-induced side effects, facilitating the translation of
nanocarrier formulation into the clinic. To date, organ-specific toxicity by nanocarriers remains to be clarified.
Here, we studied the potential of polymeric micelle nanocarriers to prevent the ototoxicity, which is a
common side effect of high-dose cisplatin (CDDP) therapy. In this study, we evaluated the ototoxicity of
CDDP-incorporating polymeric micelles (NC-6004) in guinea pigs in comparison with that of cisplatin. Their
auditory brainstem responses {ABRs) to 2, 6, 12, 20, and 30 kHz sound stimulation were measured before and
5 days after the drug adminisivation. Groups ireated with NC-6004 showed no apparent ABR threshold shifts,
whereas groups treated with CDDP showed dose—dependcnt threshold shifts particularly at the higher
ﬂvequenaes. Censistent with the ABR results, groups treated with NC-6004 showed excellent hair-cell
preservation, whereas groups treated with CDDP éxhibited significant hair-cell loss (P<0.05). Synchrotron
radiation-induced X-ray fluorescence spectrometry imaging demonstrated that the platinum distribution and
concentration in the organ of Corti were significantly reduced (P<0.01) in guinea pigs treated with NC-6004
compared with guinea pigs treated with CDDP. These findings indicate that micellization of CDDP veduces its

ototoxicity by circumventing the vulnerable cells in the inner ear.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

" Recently, nanocarrier-mediated drug delivery has received great
attention in cancer therapy since nanocarriers carrying chemother-
apeutic agents have shown to enhance antitumor activity with
reduced side effects [1-4]. The antitumor activity is enhanced because
the tumor accumulation is augmented in the nanocarriers via the
enhanced permeability and retention (EPR) effect.[5], which is based
on the following pathophysiological characteristics of solid tumors:
hypervascularity, incomplete vascular architecture, secretion of
vascular permeability factors stimulating extravasation within the
cancer tissue, and the absence of effective lymphatic drainage.
However, the reduction or prevention of chemotherapy-induced
side effects, especially organ-specific toxicity, by nanocarriers remains
to be completely clarified. The mechanisms of nanocarrier-mediated
reduction of chemotherapy-induced organ-specific toxicity must be
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Tokyo 113-8655, Japan. Tel: +81 3 5800 8924; fax: +81 3 3814 9486.

E-mail address: tyamasoba-tky@uimin.ac,jp (T. Yamasoba).

0168-3659/% ~ see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/jjconrel 2011.07.026

shown to facilitaté the translation of nanocarrier formulation into the
clinic.

Polymeric micelles, which are self-assemblies of block copolymers,
have gained increasing popularity as nanocarriers for chemothera-
peutic agents since their critical features, including size and
drug loading and release, can be modulated by engineering block
copolymers. Polymeric micelles carrying chemotherapeutic agents
can selectively and effectively accurnulate in the solid tumors, thereby
leading to enhanced antitumor activity. Currently, our micelle
formulations of paclitaxel (PTX), SN-38 (a biologically active
metabolite of CPT-11), cisplatin (cis-dichlorodiammineplatinum(Il),
CDDP), and 1,2-diaminocyclohexane (DACHPt) are being tested in
clinical trials. Regarding chemotherapy-induced side effects, polymeric
micelles have been revealed to restrain the neurotoxicity of PTX and
CDDP [6,7], intestinal toxicity of CPT-11 [8], and the nephrotoxicity of
CDDP[7]. -

CDDP is a common chemotherapeutic agent used to treat many
different types of cancer, including lung, gastrointestinal, bladder, and
head and neck cancer. The major dose-limiting factors in CDDP therapy
is the nephrotoxicity, which can be reversed to some extent by
increasing the saline hydration and by using diuvetic agents. As
aforementioned, micellization of CODP can prevent the nephrotoxicity,



