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To induce the readthrough of premature termination
codons, aminoglycoside antibiotics such as gentamicin
have attracted interest as potential therapeutic agents
for diseases caused by nonsense mutations. The trans-
dermal delivery of gentamicin is considered unfeasible
because of its low permeability through the dermis.
However, if the skin permeability of gentamicin could
be improved, it would allow topical application without
the need for systemic delivery. In this report, we
demonstrated that the skin permeability of gentamicin
increased with the use of a thioglycolate-based depila-
tory agent. After transdermal administration, the read-
through activity in skeletal muscle, as determined using
a lacZ|luc reporter system, was found to be equivalent
to systemic administration when measured in transgenic
mice. Transdermally applied gentamicin was detected
by liquid chromatography-tandem mass spectrometry
in the muscles and sera of mice only after depilatory
agent-treatment. In addition, expansion of the intercel-
lular gaps in the basal and prickle-cell layers was
observed by electron microscopy only in the depilatory
agent-treated mice. Depilatory agent-treatment may be
useful for the topical delivery of readthough-inducing
drugs for the rescue of nonsense mutation-mediated
genetic disorders. This finding may also be applicable
for the transdermal delivery of other pharmacologically
active molecules.

Keywords: Gentamicin/nonsense mutation/read-
through/thioglycolates/transdermal drug delivery.

Abbreviations: TEM, transmission electron micro-
scopy; TCA, trichloroacetic acid.

More than 1800 distinctly inherited human diseases
are caused by a single gene that carries nonsense

mutations (/). In Duchenne muscular dystrophy
(DMD), up to 20% of patients carry nonsense muta-
tions (2). Similarly, up to 10% of patients (>50% in
Israel) with cystic fibrosis (CF) have nonsense muta-
tions in the CF transmembrane regulator gene (3).
Nonsense mutations in tumour-suppressor genes are
also common during the development and progression
of cancer (4). Despite advances in gene therapy, clinical
success is pending. One limitation involves the indu-
cing genes used in the therapy, which are often targeted
by the patient’s autoimmune system in response to the
viral proteins encoded in the vector. An alternative,
pharmacologic approach to induce translational read-
through involves blocking the nonsense mutations
using antibiotics. It has been reported that aminogly-
coside antibiotics can interfere with the fidelity of the
translation machinery. Aminoglycosides cause exten-
sive miscoding of the mRNA in vitro (5) and allow
readthrough of premature termination codons, as
demonstrated in Escherichia coli (6), tetrahymena (7),
wheat embryos (8), yeast (9), cultured mouse cells (/0)
and human cells (//—14).

The mdx mouse, which is a naturally occurring
animal model for DMD, carries a point mutation
(from CAA to TAA) at position 3185 in exon 23 of
the dystrophin gene. Barton-Davis et al. (1999)
reported that gentamicin restored functional dystro-
phin in the mdx mouse (/5). Moreover, clinical trials
involving patients with DMD or CF caused by non-
sense mutations have shown that aminoglycosides
suppress premature termination mutations in some
cases (16, 17).

Gentamicin is one of the most commonly used ami-
noglycoside antibiotics, and it is usually administered
by intramuscular injection. However, it cannot be
administered either orally or transdermally as it is a
polarized water-soluble compound with very poor
intestinal and dermal permeability. Less painful and
simpler methods of gentamicin administration are
needed to improve the care of patients with genetic
disorders caused by nonsense mutations. To this end,
transdermal drug delivery has several advantages: it:
(i) bypasses gastrointestinal incompatibility and the
hepatic ‘first-pass’ effect; (i) reduces side-effects
due to the optimization of the blood concentration-
time  profile; (ili) involves patient-activated/
patient-modulated delivery which enhances patient
compliance; and (iv) enhances target specificity (/8).
However, a major limitation of transdermal adminis-
tration is the difficulty associated with delivering
gentamicin through the skin barrier.
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The objective of the present study was to evaluate
the in vivo, chemically enhanced transdermal delivery
of gentamicin as a readthrough-inducing drug. To this
end, we established a novel transgenic mouse strain,
named READ (Readthrough Evaluation and
Assessment by Dual-reporter), that carries a dual-
reporter gene composed of the /acZ and luc genes con-
nected with a premature termination codon. In this
system, only -galactosidase can be translated without
transcriptional readthrough, however, both enzymes
would be translated when readthrough occurs. In addi-
tion, liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) was used to validate the effect of a
depilatory agent on the in vivo permeation of gentami-
cin. Finally, ultrastructural studies using electron
microscopy were performed to provide insight into
the potential mechanism of barrier alterations in depil-
atory agent-treated skin.

Materials and Methods

Chemicals

Gentamicin solution (Gentacin injection) and cream (0.1% Gentacin
cream) were purchased from Schering-Plough K. K. (Osaka, Japan).
Hair removal gel mousse was obtained from Reckitt Benckiser Co.,
Ltd. (Tokyo, Japan). All other chemicals were purchased from
Sigma Chemical Co. (St Louis, MO, USA), Wako Pure Chemical
Industries (Osaka, Japan) and Promega (Madison, W1, USA).

Animals

A dual-reporter transgenic mouse strain on a C57/BL6 background
was generated by the Bioindustry Division of Oriental Yeast Co.,
Ltd (Tokyo, Japan). The dual-reporter gene consisted of the genes
encoding B-galactosidase and luciferase connected with the prema-
ture termination codon ‘Opal (TGA)’ region (a 27-mer that contains
the sequence surrounding the premature termination codon of exon
23 of the mdx gene for mouse dystrophin;, TTGAAAGAG
CAATAAAATGGCTTCAAC), and was driven by a cytomegalo-
virus/B-actin hybrid promoter (Fig. 1). Transgene DNA was injected
into the male pronuclei of fertilized eggs which were then incubated
at 37°C and transferred into the uteri of pseudopregnant ICR recip-
ient female mice. Founder mice bearing the transgene were identified
by PCR analysis of the DNA isolated from partially excised tails.
Homozygous transgenic mice were obtained after crossing heterozy-
gous littermates.

Male hairless (HR1) and normal (C57/BL6) mice (5 weeks old;
~25 g body weight) were obtained from Japan SLC, Inc. The mice
were housed individually under controlled conditions of temperature
and humidity and had free access to water and food. The mice were
procured after approval for the present study from the University of
Tokyo Animal Ethics Committee.

Skin treatment and readthrough analysis

A thioglycolate-based depilatory cream was applied for 1 min to the
mouse skin, which was then rinsed with warm water to remove the
cream. Gentamicin cream (1 mg gentamicin/day) was then applied
and rubbed gently onto the skin daily for 7 days. At the completion
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Fig. 1 Schematic structure of the dual-reporter gene construct. The
dual reporter was composed of the lacZ and /uc genes connected
with a premature termination codon region derived from exon 23 of
the mdx mouse dystrophin gene and driven by a cytomegalovirus/
B-actin hybrid promoter. Although the premature termination
codon was originally TAA, we used TGA in the present study.
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of the treatment, the mice were euthanized with an overdose of ether.
Tissue samples were collected from the latissimus dorsi, gluteus
major, femoris lateralis, biceps femoris and quadriceps femoris.
Dissected tissues were minced with scissors and homogenized in
three volumes of the reporter lysis buffer (Promega) with thin
glass fragments using a tissue grinder (Physcotron, Niti-on,
Japan). Tissue homogenates were subjected to one round of
freeze-thawing. For the readthrough assay, the lysate supernatants
were collected after centrifugation at 17710g for 10 min, and then
analyzed using the Beta-Glo and Bright-Glo luciferase assay systems
(Promega).

The B-galactosidase and luciferase activities were measured
according to the manufacturers’ instructions using a luminometer
(Luminescencer-JINRII, AB-2300; Atto, Japan). The readthrough
efficiency was determined as the ratio of luciferase activity to
B-galactosidase activity.

Liquid chromatography-tandem mass spectrometry

To trace the gentamicin introduced into the mice, LC-MS/MS ana-
lysis was performed using the 1100 Quaternary HPLC System
(Agilent Technologies, USA) coupled to the API 5000 (Applied
Biosystems, CA, USA). Gentamicin solution (10ng/ml in 5%
TCA), 5% TCA and blank mouse serum or muscle tissue extract
in reporter lysis buffer were added in equal quantities to serve as the
gentamicin standard samples. To prepare the samples for LC-MS/
MS, the supernatant of the serum or muscle tissue extract was mixed
with 5% TCA (twice the volume of the sample). Chromatographic
separation was performed on an XTerra column (3.5um,
2.1mm x 50mm, Waters, MA, USA) maintained at 30°C in a
column oven. Fivemillimolar hepatafluorobutyric acid (solvent A)
and acetonitrile (solvent B) were used as the mobile phase under the
condition of 10% B (0—2 min), 10—30% B (2—4 min, linear gradient),
30% B (4—10min), 10—-30% B (10—12 min, linear gradient), and 10%
B (12—15min) at a flow rate of 0.2 ml/min with an injection volume
of 10 pl. The parent to product ion transitions for gentamicin (m/z
478.39—322.30 as gentamicin C1) was monitored on a triple quad-
rupe mass spectrometer, operating in the multiple reaction monitor-
ing (MRM) with a positive ion mode of electrospray ionization (ESI)
and a data collection time of 15min. The relative quantitative value
was calculated using the single-level, calibration-curve method.

Histochemical and electron microscopic analyses

Serial fresh-frozen sections (10 pm thickness) from the whole body
of a mouse were prepared according to Kawamoto’s film method
(19). The whole-body sections were freeze-dried and then incubated
in X-Gal solution (Nakarai, Japan) overnight at 37°C, and then
placed in PBS. The adjacent sections were stained with
Hematoxylin and Eosin.

For TEM analysis, small pieces (10mm x 10 mm) of the dorsal
side of the skin were excised from the hairless mice with a single-edge
razor blade. To prepare ultra-thin sections for electron microscopy,
tissues were doubly fixed with 2% glutaraldehyde in 0.1 M phos-
phate buffer and 1% osmium tetroxide (in 0.1 M phosphate
buffer), and then dehydrated with a graded series of ethanol. The
tissues were then embedded in epoxy resin. Ultra-thin sections were
stained with uranyl acetate and lead citrate and observed under
an electron microscope (H-7500; Hitachi, Tokyo, Japan) at an
acceleration voltage of 100kV. The images were optimized for con-
trast and brightness using Photoshop CS3 software (Adobe Inc.,
San Jose, USA).

Results

Establishment of a transgenic mouse for
transcriptional readthrough evaluation

In order to measure transcriptional readthrough activ-
ity, we established a novel transgenic mouse strain,
named READ, which expressed a dual-reporter gene.
The dual reporter construct was composed of the lacZ
and /uc genes connected with a premature termination
codon region (Fig. 1). Although the premature termi-
nation codon of the mdx mouse was originally TAA,
we adopted TGA-centered sequences because
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Fig. 2 Whole-body X-gal staining of a transgenic mouse. Whole-body fresh sections of 5-week-old transgenic (A and C) and control (B and D)
mice were stained with Hematoxylin-Eosin (A and B) and X-gal (C and D). The transgenic mouse expressed p-galactosidase in the skeletal and
cardiac muscles. The contents of the digestive tracts stained positive with X-gal due to the native bacterial B-galactosidase of flora (D).

Bar=1cm.

aminoglycoside antibiotics tend to exhibit the highest
readthrough activity for TGA (20). When a test sub-
stance without readthrough activity was administered
to READ mice, only B-galactosidase was translated.
We confirmed B-galactosidase expression in striated
muscles, including the diaphragm and heart, by X-gal
staining of whole-body sections (Fig. 2C). The read-
through efficiency was determined as the ratio of
luciferase activity to B-galactosidase activity.

Readthrough activity of gentamicin in READ mice

The readthrough activities of gentamicin following
single, daily subcutaneous injections (I mg in 0.1 ml,
n==06) and transdermal administration (Img in 1g,
n=2>5) after depilatory treatment were compared after
7 days. The mice used for transdermal administration
were treated with depilatory cream on day zero. A
commercially available topical cream containing
0.1% gentamicin was then applied daily to the skin
of the back, hip and thigh of each transgenic mouse.
Gentamicin applied to the depilatory agent-treated
skin induced readthrough in the muscle tissues at the
same level as that observed after subcutaneous injec-
tion (Fig. 3). Transdermally administered gentamicin
resulted in readthrough activity only in depilatory
agent-treated READ mice, but not in untreated ones.

Detection of gentamicin in muscle and serum of

subcutaneously and transdermally treated mice

To study the permeability of gentamicin into the
muscle tissues, LC-MS/MS analysis was performed.
The presence of gentamicin Cl was confirmed in
both the subcutaneously and transdermally treated
groups (Fig. 4). The gentamicin components Cla and
C2 were also detected in the same manner (data not
shown). To evaluate whether pretreatment with the
thioglycolate-based depilatory agent enhances genta-
micin permeation through the skin, the detection of

Readthrough Efficiency

0.54

o -

Gentamicin Cream White Vaseline Gentamicin Solution Saline

Fig. 3 Effects of topical and subcutaneous administration of
gentamicin on readthrough activity in READ mice. The readthrough
activity of gentamicin was compared between mice that were treated
by daily topical administration (1 mgin 1 g, n=35) onto
depilatory-treated skin and those treated by subcutaneous injection
(1 mg in 100 pl, n=6) for 7 days. The data for gentamicin cream
administration showed the same increase in readthrough efficiency
as that observed for subcutaneous injection (gentamicin solution).
Error bars indicate SDs.

gentamicin in the sera and muscle tissue extracts
of hairless mice was carried out using LC-MS/MS.
We confirmed that the LC-MS/MS peak observed
for the depilatory-treated group was in the identical
position as that of the reference material, whereas the
peak associated with gentamicin C1 was undetectable
in the untreated group (Fig. 5). The results indi-
cate that the depilatory agent significantly increased
the absorption of gentamicin by the skin.

Ultrastructure of depilatory agent-treated skin
To examine whether ultrastructural changes in the skin
were caused by treatment with the depilatory agent,
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Fig. 4 LC-MS/MS detection of gentamicin in the muscle tissue extracts from gentamicin-treated mice. The mass chromatograms of gentamicin
C1 in muscle tissue extracts from C57/BL6 mice: gentamicin standard sample (A); no administration (B); subcutaneous injection of gentamicin
daily for 7 days (C); transdermal administration of gentamicin cream daily for 7 days after one-time depilatory treatment (D). The major
(black-painted) peak obtained for both administration groups was identical to the gentamicin standard sample.

TEM analysis was performed with control, 1 min- and
24 h-treated samples. In the non-treated control
sample, the cells were closely packed together and
intercellular spaces were not observed (Fig. 6A).
However, even after just 1 min of treatment with the
depilatory agent, the formation of gaps could be
observed when the control (Fig. 6A) and experimental
sample (Fig. 6B) were compared. In the sample treated
24 h with the depilatory agent, a large expansion of the
intercellular gaps and extraordinary spaces in the basal
and prickle-cell layers were clearly evident (Fig. 6C).

Discussion

Establishment of a transgenic mouse for the

in vivo assay of readthrough activity

We established and demonstrated the efficacy of a
dual-reporter transgenic mouse strain, named READ,
which can be used for the detection of readthrough
activity in vivo for the first time. It is difficult to mea-
sure the amount of dystrophin quantitatively because
it is relatively large (molecular weight of 427 kDa) and
is only present in small amounts in striated muscles.
Therefore, the reporter assay with READ mouse is
quantitative and efficient in comparison to the detec-
tion of dystrophin using a mdx mouse. In rare cases,
some luciferase inhibitors, a compound such as
PTC124, acting through post-translational /uc reporter
stabilization, appear to activate gene expression (21).
We consider the importance of implementing the
appropriate control assays. The READ mouse assay
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system used in this study makes it possible not only
to screen new molecules which induce readthrough,
but also to examine the pharmacokinetics and side
effects associated with such molecules. This system
can also be used for the optimization of various
routes of drug administration. Our READ mouse pro-
vides a powerful and valuable tool for the development
of novel readthrough therapeutics.

Depilatory agent-treatment enhances dermal
permeability and is useful for transdermal

drug delivery

Transdermal drug delivery systems offer many advan-
tages over conventional dosage forms, such as
improved patient compliance, reduced side effects, no
hepatic first pass effects, and the possibility to easily
interrupt or terminate treatment (22—24). Moreover,
compared with oral administration, such a non-
invasive drug delivery route significantly reduces drug
degradation due to the lower metabolic activity at the
site of administration. It also bypasses hepatic circula-
tion which is a major site of potential drug metabolism
(25). However, given the low permeability of external
molecules, such as gentamicin, the skin remains a
minor portal of entry for drugs (26). Therefore, various
approaches aimed at decreasing the resistance of
skin to drug penetration have been investigated (27).
The effects of a depilatory agent on the percutancous
absorption of testosterone and theophylline in Guinea
pigs (28) and rats (29), respectively, and on the
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Fig. 5 LC-MS/MS detection of gentamicin in the sera and muscle tissue extracts of hairless mice with or without depilatory treatment. Mass
chromatograms of gentamicin C1 in the sera (A, C and E) and muscle tissue extracts (B, D and F) from hairless mice: non-depilatory-treated and
gentamicin-administrated daily for 7 days (A and B); one-time depilatory-treated 24 h prior to administration and gentamicin-administrated
daily for 7 days (C and D); part of (C) at a higher magnification (E); gentamicin standard sample (F). The black-painted peak showed the
existence of gentamicin. Gentamicin was not detected in the non-depilatory-treated group, whereas gentamicin was present in the
depilatory-treated-group, as assessed by comparison with the reference material in LC-MS/MS.

ionotophoretic delivery of insulin in diabetic rats (30,
31), porcine epidermis (32, 33), and on the human stra-
tum corneum (34) have been reported. As shown in
Fig. 3, topically applied gentamicin cream induced the
readthrough of a premature termination codon and
was as effective as subcutaneous injection.

Presence of transdermally delivered gentamicin

in muscle and serum

To determine whether a depilatory agent could influ-
ence the permeability of skin, we next investigated the
permeation of gentamicin following transdermal
administration using a validated LC-MS/MS system
(Fig. 4). The quantity of gentamicin was calculated
from the peak area and when appropriate, we

normalized the measured levels to a peak area of
known concentration in a gentamicin standard
sample. In the muscle tissue extracts, the concentration
of gentamicin was ~2-fold higher on average (n=23)
for transdermal administration when compared to sub-
cutaneous injections. It is likely that transdermal
administration can extend the duration of treatment
with gentamicin, which has a short half-life.

The administered gentamicin was present in both the
sera and muscle tissue extracts of depilatory
agent-treated mice (Fig. 5). Furthermore, LC-MS/MS
results indicated that the amount of gentamicin was
significantly higher (~7000-fold) in the muscle tissue
than in the serum. In vivo transdermal absorption
experiments demonstrated that the depilatory agent
drastically reduced the barrier function of the skin
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Fig. 6 Electron micrographs of skin samples from hairless mice treated with a depilatory cream. Dorsal skin samples from 5-week-old hairless
mice; control (non-depilatory-treated) (A); treated with the depilatory cream for Imin (B); and treated with depilatory cream for 24 h during the
study (C). Expansion of the intercellular gaps in the basal and prickle-cell layers caused by depilatory processing was evident (B and C, arrows).

Bar=>5pum.

and exerted a direct penetration-enhancing effect on
the transdermal route. However, these may be based
on the difference in hairless mouse and normal hairy
mouse. The hairless mice have been widely and fre-
quently used to predict the effects of penetration
enhancers in human skin. Nevertheless, the informa-
tion on the suitability of hairless mice in percutancous
penetration is not uniform and sometimes contradic-
tory (35). The skin of hairless mice is obviously thin in
comparison with normal mice and has many folds.
Moreover, because the skin penetration is a com-
plex process, a judgement about this penetration-
enhancing effect on hairless mouse skin must be
cautious. In addition, we can conclude that differences
in the delivery vehicles affect the penetration and bioa-
vailability of the drug. Specifically, the effectiveness of
gentamicin in an emulsion base (i.e. a cream) was
higher than in oils and fats as determined by the read-
through activity and the LC-MS/MS analysis (data not
shown).

Depilatory agent-treatment causes

ultrastructural changes in the skin

To gain further insight into the mechanisms by which
depilatory agents affect skin permeability, we evalu-
ated ultrastructural changes in the skin caused by a
thioglycolate-based depilatory agent (Fig. 6). As com-
pared to the non-treated control, both the 1 min- and
24 h-treatments disrupted the structural integrity of the
basal and prickle-cell layers. Jin-Ning Lee and col-
leagues (34) have shown that depilatory agents
enhance transepidermal drug delivery by reducing the
resistance of both the transcellular and intercellular
routes of the stratum corneum. Our present results
indicate that the alteration and expansion of the intra-
cellular spaces in the basal and prickle-cell layers could
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be due to the shrinkage of cells in those layers, which in
turn leads to reduced resistance.

Readthrough for rescuing muscular dystrophy

In this study, we selected gentamicin to evaluate the
efficacy of topical drug delivery. Aminoglycosides have
emerged as vanguard pharmacogenetic agents for the
treatment of human genetic disorders due to their abil-
ity to suppress translation termination caused by non-
sense mutations. Gentamicin injections into mdx mice,
a model for DMD, restored dystrophin in up to 20%
of the muscle fibres and ameliorated the clinical symp-
toms of diseases (/5). As gentamicin can cause serious
side effects, such as inner ear and kidney toxicities, and
may generate resistant bacteria, non-aminoglycoside,
readthrough-inducing molecules are being actively
sought. Previously, we reported that the dipeptide anti-
biotic negamycin has the ability to suppress nonsense
mutations with lower toxicity than gentamicin (36—38).
Thus, negamycin and its derivatives represent thera-
peutic candidates for genetic disorders, and are a
topic for future studies. The small-molecular agent
PTC124 (also known as Ataluren) has also been
reported as a promising readthrough drug for DMD
patients with nonsense mutations (39). Our transgenic
mouse would be applicable to investigate the potential
in vivo readthrough activity of these and other new
molecules.

In the present study, we demonstrated that a trans-
dermally delivered readthrough drug promotes the
bypassing of a premature termination codon, which
represents a novel approach for the treatment of
genetic diseases caused by nonsense mutations. The
transdermal delivery of drugs involves the continuous
administration of therapeutic molecules through the
skin, and has many advantages including the mainte-
nance of low plasma drug levels and improving patient
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compliance. We also showed the effectiveness of a
thioglycolate-based depilatory agent to enhance the
topical delivery of gentamicin. This finding may also

be

applicable for the transdermal delivery of other

pharmacologically active molecules.
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