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A Control (No treatment) B

1 min treatment C

24 h treatment

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 1min (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=35pm.

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 percutaneous
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



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.

Acknowledgements

The authors would like to thank Dr Ryuichi Sawa for his helpful
advice regarding the LC-MS/MS method.

Funding

Health and Labour Sciences Research Grant [19A-020] for Research
on Psychiatric and Neurological Diseases and Mental Health, and a
Research Grant for Nervous and Mental Disorders [20B-13] from
the Ministry of Health, Labour and Welfare, Japan.

Conflict of interest
None declared.

References

1.

[\

6.

1.

12.

Kellermayer, R. (2006) Translational readthrough
induction of pathogenic nonsense mutations. Eur. J.
Med. Genet. 49, 445450

. Diop, D., Chauvin, C., and Jean-Jean, O. (2007)

Aminoglycosides and other factors promoting stop
codon readthrough in human cells. C. R. Biol. 330,
71-79

. Kerem, E., Hirawat, S., Armomni, S., Yaakov, Y.,

Shoseyov, D., Cohen, M., Nissim-Rafinia, M.,
Blau, H., Rivlin, J, Aviram, M., Elfring, G,
Northcutt, V., Miller, L., Kerem, B., and

Wilschanski, M. (2008) Effectiveness of PTC124 treat-
ment of cystic fibrosis caused by nonsense mutations:
a prospect phase IT trial. Lancet 372, 719727

. Kaufman, R. (1999) Correction of genetic disease by

making sense from nonsense. J. Clin. [nvest. 104,
367368

. Davies, J., Gorini, L., and Davis, B.D. (1965) Misreading

of RNA codewords induced by aminoglycoside antibi-
otics. Mol. Pharmacol. 1, 93—106

Gorini, L. (1974) Ribosomes (Nomura, M., Tissieres, T.,
and Lengyel, P., eds), pp. 791803, Cold Spring Harbor
Laboratory Press, NY

. Palmer, E. and Wilhelm, J.M. (1978) Mistranslation in a

eukaryotic organism. Cell 13, 329-334

. Wilhelm, J.M., Jessop, J.J., and Pettitt, S.E. (1978)

Aminoglycoside antibiotics and eukaryotic protein syn-
thesis: stimulation of errors in the translation of natural
messengers in  extracts of cultured human cells.
Biochemistry 17, 1149—-1153

. Palmer, E., Wilhelm, J.M., and Sherman, F. (1979)

Phenotypic suppression of nonsense mutants in
yeast by aminoglycoside antibiotics. Nature 277,
148—150

. Sangkuhl, K., Schulz, A., Rompler, H., Yun, J., Wess, I.,

and Schoneberg, T. (2004) Aminoglycoside-mediated
rescue of a disease-causing nonsense mutation in the
V2 vasopressin receptor gene i vitro and in vivo. Hum.
Mol. Genet. 13, 893-903

Wilhelm, J.M., Jessop, J.J., and Pettitt, S.E. (1978)
Aminoglycoside antibiotics and eukaryotic protein syn-
thesis: stimulation of errors in the translation of natural
messengers in extracts of cultured human cells.
Biochemistry 17, 1149—1153

Lai, C.H., Chun, H.H., Nahas, S.A., Mitui,
Gamo, K.M, Du, L., and Gatti, R.A.

M.,
(2004)

13.

14.

16.

17.

19.

20.

22.

25.

26.

Transdermal delivery of readthrough drug

Correction of ATM gene function by aminoglycoside-
induced read-through of premature termination codons.
Proc. Natl Acad. Sci. USA 101, 1567615681

Schulz, A., Sangkuhl, K., Lennert, T., Wigger, M.,
Price, D.A., Nuuja, A., Gruters, A., Schultz, G., and
Schoneberg, T. (2002) Aminoglycoside pretreatment par-
tially restores the function of truncated V(2) vasopressin
receptors found in patients with nephrogenic diabetes
nsipidus. J. Clin. Endocrinol. Metab. 87, 52475257
Xi, B., Guan, F., and Lawrence, D.S. (2004) Enhanced
production of functional proteins from defective genes.
J. Am. Chem. Soc. 126, 5660—5661

. Barton-Davis, E.R., Cordier, L., Shoutourma, D.I.,

Leland, S.E., and Sweeney, H.L. (1999) Aminoglycoside
antibiotics restore dystrophin function to skeletal
muscles of mdx mice. J. Clin. Invest. 104, 375-381
Politano, L., Nigro, G., Nigro, V., Piluso, G.,
Papparella, S., Paciello, O., and Comi, L.I. (2003)
Gentamicin administration in Duchenne patients with
premature stop codon. Preliminary results. 4cia Myol.
22, 15-21

Wilschanski, M., Yahav, Y., Yaacov, Y., Blau, H.,
Bentur, L., Rivlin, J., Avram, M., Bdolah-Abram, T.,
Bebok, Z., Shushi, L., Kerem, B., and Kerem, E.
(2003) Gentamicin-induced correction of CFTR function
in patients with Cystic Fibrosis and CTFR stop muta-
tions. N. Engl. J. Med. 349, 14331441

. Thong, H.Y., Zhai, H., and Maibach, H.I. (2007)

Percutaneous penetration enhancers: an overview. Skin
Pharmacol. Physiol. 20, 272282

Kawamoto, T. (2003) Use of a new adhesive film for the
preparation of multi-purpose fresh-frozen sections from
hard tissues, whole-animals, insects and plants. Arch.
Histol. Cytol. 66, 123143

Howard, M.T., Shirts, B.H., Petros, LM,
Flamigan, K.M., Gesteland, R.F., and Atkins, J.F.
(2000) Sequence specificity of aminoglycoside-induced
stop codon readthrough: potential implications for treat-
ment of Duchenne muscular dystrophy. 4nn. Neurol. 48,
164—169

. Auld, D.S., Thorne, N., Maguire, W.F., and Inglese, J.

(2009) Mechanism of PTC124 activity in cell-based luci-
ferase assays of nonsense codon suppression. Proc. Natl
Acad. Sci. USA 166, 3585—3590

Balfour, J.A. and Heel, R.C. (1990) Transdermal estra-
diol. A review of its pharmacodynamic and pharmacoki-
netic properties, and therapeutic efficacy in the treatiment
of menopausal complaints. Drugs 40, 561—582

. Marjukka Suhonen, T., Bouwstra, J.A., and Urtti, A.

(1999) Chemical enhancement of percutaneous absorp-
tion in relation to stratum corneum structural alter-
ations. J. Control Release 59, 149161

. Ceve, G. (2003) Transdermal drug delivery of insulin

with ultradeformable carriers. Clin. Pharmacokinet. 42,
461474

Roy, S. (1999) Preformulation aspects of transdermal
drug delivery systems in  Transdermal and Topical Drug
Delivery Systems (Ghosh, T., Pfister, W., and Yum, S.,
eds), pp. 139—166, Interpharm, Buffalo Drove, 1L
Wester, R. and Maibach, H. (1992) Percutaneous
absorption of drugs. Clin. Pharmacokinet. 23, 235-266

. Williams, A.C. and Barry, B.W. (2004) Penetration

enhancers. Adv. Drug Deliv. Rev. 56, 603—618

. Andersen, K.E., Maibach, H.I., and Anjo, M.D. (1980)

The guinea-pig: an animal model for human skin absorp-
tion of hydrocortisone, testosterone and benzoic acid.
Br. J. Dermatol. 102, 447453

. Kushida, K., Masaki, K., Matsumura, M., Ohshima, T.,

Yoshikawa, H., Takada, K., and Muranishi, S. (1984)

469



M. Shiozuka et al.

30.

Application of calcium thioglycolate to improve trans-
dermal delivery of theophylline in rats. Chem. Pharm.
Bull. 32, 268-274

Zakzewski, C., Wasilewski, J., Cawley, P., and Ford, W.
(1998) Transdermal delivery of regular insulin to chronic
diabetic rats: effect of skin preparation and electrical
enhancement. J. Control Release 50, 267272

. Kanikkannan, N., Singh, J., and Ramarao, P. (1999)

Transdermal iontophoretic delivery of bovine insulin
and monomeric human insulin analogue. J. Control
Release 59, 99—105

. Rastogi, S. and Singh, J. (2003) Passive and iontophore-

. tic transport enhancement of insulin through porcine epi-

34.

470

permeability and fourier
studies. AAPS

dermis by depilatories:
transform  infrared  spectroscopy
PharmSciTech 4, E29

. Rastogi, S. and Singh, J. (2004) Iontophoretic enhance-

ment of leuprolide acetate by fatty acids, limonene, and
depilatory lotions through porcine epidermis. Pharm.
Dev. Tech. 9, 341348

Lee, J.-N., Jee, S.-H., Chan, C.-C., Lo, W, Dong, C.-Y.,
and Lin, S.-J. (2008) The effects of depilatory agents as
penetration enhancers on human stratum corneum struc-
tures. J. Invest. Dermatol. 128, 22402247

. Simon, G.A. and Maibach, H.I. (1998) Relevance of

hairless mouse as an experimental model of percutaneous
penetration in man. Skin Pharmacol. Appl. Skin Physiol.
11, 8086

. Arakawa, M., Shiozuka, M., Nakayama, Y., Hara, T.,

Hamada, M., Kondo, S., Tkeda, D., Takahashi, Y.,
Sawa, R., Nonomura, Y., Sheykholeslami, K.,

37.

Kondo, K., Kaga, K. Kitamura, T., Suzuki-
Miyagoe, Y., Takeda, S., and Matsuda, R. (2003)
Negamycin restores dystrophin expression in skeletal
and cardiac muscles of mdx mice. J. Biochem. 134,
751758

Allamand, V., Bidou, L., Arakawa, M., Floquet, C.,
Shiozuka, M., Paturneau-Jouas, M., Gartioux, C.,
Butler-Browne, G., Mouly, V., Rousset, J.P.,
Matsuda, R., Tkeda, D., and Guicheney, P. (2008)
Drug induced readthrough of premature stop codons
leads to the stabilization of laminin alpha2 chain
mRNA in CMD myotubes. J. Gene Med. 10, 217-224

. Hayashi, Y., Regnier, T., Nishiguchi, S., Sydnes, M.O.,

Hashimoto, D., Hasegawa, J., Kato, T., Kajimoto, T.,
Shiozuka, M., Matsuda, R., Noda, M., and Kiso, Y.
(2008). Efficient total synthesis of (+)— Negamycin, a
potential chemotherapeutic agent for genetic diseases.
Chem. Comm. 20, 2379-2381

. Welch, EM., Barton, E.R., Zhuo, J., Tomizawa, Y.,

Friesen, W.J., Trifillis, P., Paushkin, S., Patel, M.,
Trotta, C.R., Hwang, S., Wilde, R.G., Karp, G,

Takasugi, J., Chen, G., Jomes, S., Ren, H.,
Moon, Y.C., Corson, D., Turpoff, AA.
Campbell, J.A, Conn, MM, Khan, A,

Almstead, N.G., Hedrick, J., Mollin, A., Risher, N,
Weetall, M., Yeh, S., Branstrom, A.A., Colacino, .M.,
Babiak, J., Ju, W.D., Hirawat, S., Northcutt, V.J.,
Miller, L.L., Spatrick, P., He, F., Kawana, M.,
Feng, H., Jacobson, A., Peltz, SSW., and Sweeney, H.L.
(2007) PTC124 targets genetic disorders caused by non-
sense mutations. Nature 447, 87-91



93

Novel chemotherapeutic agents for
readthrough of nonsense mutations
in muscular dystrophy

Masataka Shiozuka”, Alexander D. MacKerell Jr.”, Shijun Zhong”,

* % : . ‘ % Y 3 . & . . 1
Akira Wagatsuma', Yoshiaki Nonomura", and Ryoichi Matsuda”
}}Departmam of Life Scienees, Graduate school of Arts and Sciences, the University of Tokyo, 3-8-1
Komaba, Meguro-ku, Tokyo 153-8902, Japan
2) Department of Pharmaceutical Sciences, School of Pharmacy, University of Maryland, MD 21201,
UsSA S :
Abstract

Readthrough of disease-causing premature termination codons might alleviate the

pathologies of genetic disease caused by nonsense mutations. We previously reported that
negamycin restored dystrophin expression with less toxicity than gentamicin in mdx mice. In
order to explore more potent readtbrou gh inducer, we have egé:abhshad transgenic mouse for
readthrough-specific detectmn and {esied several s{em{:aﬂy ralated negamycin-like molecules
searched by in SIZZCO SCr ‘mngs Therefore, we found vo' compounds, which have a
beneficial effect on readf ouwh a{:tmn and conf;.rmeéi thatthese readthrough-inducing
compounds promote the dystrophm acsumaiatmﬁ by zmmunoimtcch&nnstfy and reduction
of serum creatine k,mf e acti

v;ty in mdx mice. We canciu{ie that these compounds are

promising new them;amac anéldates fez ‘nonsense mutaﬁma~mediated disorders including

Duchenne muscular dys; op! - ' .
This paper is to dedlcata 319 Dr. de@@ Sucua fer his :39&1 anmversaw of the d1sc0very of

serum creatine kmase actmty as a dzacnssﬁc marker of muscu}ar dystrophy.

Key words ' muscular dystrophy. Evans blue dye, creatine kinase, readthrough drug,

nonsense mutation snppressmn '
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1. Introduction

Creatine kinase (CK) an abundant soluble enzyme in striated musc}e became a strong
diagnostic marker in serum of muscular dystrophy patients 50 years ago by the report of
Sugita and cmﬂeagueg ‘. The ieakaga of this enzyme into bleed stream reflects the elevated
permeability or damage of muscle membrane, leading “membrane damage hypothesis’ of
dystrophic muscle more than 30 years before the discovery of dystrophin which resides
underneath the membrane. We have demonstrated that vital staining dye, Evans biue'dye
(EBD), can be used as a marker of degenerating fibers with elevated membrane
permeability in mdx mouse when the dye injected via intravenously”. This method facilitates
guantitative analyses of degenerating muscle fibers in mdx mouse, which does not develop
severe symptom as compared with the case of human Duchenne muscular dystrophy
(DMD). Since then many therapeutic analyses of gene transfer, myoblast transfer and drug
administration were reported by using this method, It is easy to imagine that using the same
leakiness of degenerating muscle membrane, CK comes out from and EBD comes into the
degenerating muscle fiber (Fig. 1).

Fig. 1 Vital staining {rf Evans blue d}e in &vsimphlc mﬁscie
Permeable muscle fibers that have became damaged as a result
of muscular dystrophy, in the skeletal muscle of mdx mouse were
visualized by vital staining with Evans blue dye (A). In
comparison with B10 normal mouse has no staining (B).

To rescue DMD, we are currently working on the development of readthrough drugs with
less toxicity than known readthrough drug, gentamicin.
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- Specific single genes that carry nonsense mutations cause more than 2,400 distinctly
inherited human diseases. Nonsense mutations are alterations in the genetic code that
prematurely stop the translation process and lead to the production of incomplete non-
functional proteins, These premature termination codons are depending on the disorder,
account for 5-70% of the individual cases of genetic diseases including cystic fibrosis,
hemophilia, methylmalonic acidemia, Rett syndrome and numerous types of cancer. DMD is
also due to alteration of the dystrophin gene. These are premature termination codons
account for up to 20% of patients. Despite advances in gene therapy, it is still far from
achieving clinical success. An alternative, pharmacologic approach is to induce translational
readthrough by suppressing the nonsense mutations using antibiotics. It has been reported
that amin{agiycaside antibiotics can decrease translational fidelity and cause readthrough of
the in-frame premature termination signals. The fact that aminoglycosides could suppress
nonsense mutations in cultured mammalian cells was first demonstrated by Burke and Mogg
in 1985 Gentamicin has been shown to suppress nonsense mutations and partially restore
protein expression in mdx mouse, which carries a premature termination codon in the
dysz‘é’op}zin gene“} . However, aminoglycoside antibiotics are associated with numerous side
effects such as auditory and renal malfunctions, and excessive use can lead to the emergence
of drug-resistant bacteria. |

Previously we reported that a dipeptide antibiotic negamyein that binds to the ribosomal
decoding site and alters translational accuracy, successfully restored dystrophin expression
with less toxicity than gentamicin in mdx mice™". Unfortunately, negamycin is unapproved
drug for human use and it is difficult to synthesize in large quantities. In order to i,rwestigate
more potent readthrough inducer with less toxicity and move readthrough efficiency with
quantitative accuracy, we have established three transgenic mouse strain, named READ
(Readthrough Evaluation and Assessment by Dual reporter), which expressed a dual-
reporter gaae?}* In the present study, we tested several sterically related negamycin-like
molecules searched by in silico screenings from over one million compounds and found two
compounds, which have a beneficial effect on readthrough action. In addition, we
demonstrated that these readthrough-inducing compounds promote the dystrophin re-
expression by immunohistochemistry and reduction of serum CK activity in mdx mice.
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2. Materials & methods

1) Chemicals . L o

#3 (CHN,O5 5 (E)-4-(2,2-bis (2-methoxy-2-oxoethyl) hydrazinyl) -4-oxobut-2-enoic
acid) and #4 (CsHysN;Os © 6-(2-hydrazinyl-2-oxoethanamido) hexanoic acid) were pur-
chased from Hodogaya Contract Laboratory Co. Ltd. {Tsukuba, Japan). Gentamicin solution
for injection was obtained from Schering-Plough K. K. (Tokyo, Japan) under the trade name
Gentacin,Negamyciﬂ was a gift from Microbial Chemis;:ry Re‘seareh Feundaﬁ:}n} Tokyo,
Japan. All other chemicals were purchased from Sigma Aldrich Co. Ltd. (St. Louis, MO,
USA) and Wako Pure Chemical Industries (Osaka, Japan).

2 ) In silico screening | i ,
Compounds structurally similar to negamycin were identified via chemical similarity
searching. In similarity searching, each compound is assigned a “fingerprint” based on the
types of atoms in the compound and the connectivity between those atoms (e. g Atoms
‘bonded to each other, atoms ;i:}éaded to one of the atoms in the firs;hgndedpaig, and so

§-10)

on)""". The fingerprints of different compounds are then used to score the structural

1)

similarity between compounds based on the Tanimoto Similarity Index ,,Tiﬁs,;}:acééum
was performed on a database of over one million commemia]ﬁiy available zmgz»m;)lécaiar
weight Cf)mpaundsa‘lyg};_ For the search, the Tanimoto Smlﬂamy Iizéax was adjusted to
approximately 50 compounds. Compounds were then purchased from the appropriate
vendor. All cal‘e:tﬁaﬁens were performed using the Molecular Operating Environment (MOE,
Chemical Computing Group). | | |

3) Animals | U e e
RE;%;D mouse 'éirain: on a C57/BL6 background expressed a dual-reporter gene, W%}icﬁ
was composed of the lacZ and luc genes connected with a premature terminati‘qn ﬁé{i@ﬂ
region derived from exon 23 of the mdx mouse c{ysfrspizin gene. Although the premature
termination codon was originally TAA, we used TGA in the present study. For fm%tj%‘lmf details
of this mouse, see Shiozuka et al.”. Male mdx and normal (C57/BL10) mice (5 weeks old ;
approximately 20 g body weight) were obtained from Japan SLC, Inc. The mice were
housed individually under controlled cmnditiensief temperature and humidity and had free
access to water and food. All experiments using mice were conducted under the appmiral of
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the University of Tokyo Animal Ethics Committee.

4) Readthrough analysis on READ mice

READ mice (8 Wéjeks old ; approximately 20 g body weight) were injected subcutane-
ously with 0.2 ml of ~compound in saline daily for 7 days. At the completion of the
administration, the mice were euthai}imd with an overdose of ether. Tissue samples were
collected from the rectus femoris, gastrocnemius and soleus. Dissected tissues were minced
with scissors and hem@gcnized inmree 'vc;}umcs of the reporter lysis buffer (Pmmega,
Madison, WI, USA) using a tissue grinder (Physcotron ; Niti-on, Japan). Tissue
homogenates were subjected to one round of freeze-thawing. The lysate supernatants were
collected after caﬁtrifugati@ﬁ at 17,710 X g for 10 min, and then analyzed using the Beta-
Glo and Bright-Glo mciferaseasSay systems (Promega). The $-galactosidase and luciferase
activities were measured according to the manufacturers instructions using a luminometer
(Luminescencer-JNRIT AB-2300 ; Atto, Japan). The readthrough efficiency was deter-
mined as the ratio of luciferase activity to B-galactosidase activity.

5) Immunohistochemical and Biochemical analysis on mdx mice

Mdx mice were injected subcutaneously with compound (1 mg/day) in saline (0.2 ml)
daily for 21 days. Staining of dystrophin in muscle tissues was carried out on § um
transverse cryosections as described Welch e al.'¥. The sections were stained with a rabbit
polyclonal antibody against C-terminus of dystrophin (ab-15277 | Abcam Inc,, Cambridge,
MA, USA) diluted 1 : 1000 in 10% bovine serum albumin and detected with Alexa Fluor
488 secondary antibody (Molecular Probes Inc., Eugene, OR, USA) diluted 1 : 750 in 10%
bovine serum albumin. Specimens were examined under a fluorescence microscope
(Axioplan, Carl Zeiss GmbH, Oberkochen, Germany). ’fha images were optimized for
contrast and brightness using Photoshop CS3 software (Adobe Inc, San Jose, CA, USA).

Blood samples were collected by direct heart puncture under anesthesia and allowed to
flow into tubes without anticoagulant for 30 min. Samples were then centrifuged at 2,500 X
g 4C, for 10 min ; and the supernatants were assayed using an automated blood sample
analyzer (Fujifilm DRI-CHEM 3500s : Fujifilm Medical Co. Ltd, Japan).

3. Results & discussion

We screened computationally to searching novel readthrough-inducing molecules from a
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Relative Readthrough Efficiency
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GM NM #3 | #4 (mgfday}
Fig. 2 Effects of readtﬁrm}gh»mﬁﬁcmg mcﬂecu}e& 011
READ mice ’

The readthrough activities following single, daily subcuta--
neous injections were compared with GM (gentamicin) and
NM necramycm} Cntrl (control) means the mice admmzs—
trated with saline. Error bars indicate SDs.

data bank with 1,053,207 compounds, and picked up 29 compounds. Among them, we
examined 19 compounds by injecting into READ mice to assess readthrough activity and
found some newly identified compounds, which could induce readthmx’:;g’h. The dual reporter
construct of READ mouse was composed of the lacZ and [uc genes connected with a
premature termination codon region. Although the premature t‘emzinatiqn‘ codon af the mdx
mouse was originally TAA, we adopted TGA-centered sequences because previous study
indicated that aminoglycoside antibiotics tend to exhibit the highast readthrough activity for
TGA™. When a test substance with no readthrough activity was administered to READ
mice, only B-galactosidase was translated. The readthrough efficiency was determined as the
ratio of luciferase activity to B-galactosidase activity. k

1) Effects of readthrough-inducing molecules on READ mice

The reaétizrgugh activities of compound #3 and #4 were compared with gentamicin and
negamycin that were treated by daily subcutaneous administration for 7 days (Fig. 2). Both
compound #3 and #4 exhibited readthrough activity which is equal to gentamicin or
negamycin known as readthrough-inducing molecules. As for »cemgioaﬁd #4, there was no

decrease in body weight. no pathological changes by autopsy, and no abnormal value on
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present in B lﬂmuscie iA) and in mdx. muscle treated mth #3 €C} or. # (D) in3
Weeks treated with 1 mv/ body/ day. No dysimphm was detected in untreated mc?x
muscie (B) Bar 10@ um

serum bmchermstry test (22 items ; Albumin, Alanine aminotransferase, Alkaline
ph@sphatase Amﬂase Aspartate ammatransfez:ase Blood urea mtrogen Creatine kinase,
Craatmm Gamma—glutamyl traﬁspepmdase Giuwse High density hp@protam cholesteml
Lactose éehydmvanase Na’, X, cr, ¢, P Phesphohpxd Total Bilirubin, Tc;ml
chaiesteml Total pmtem Tnviycen&ie) in ICR mice raaz,edf in a specific pathovewﬁee
'anunal facﬂ.ﬂty treated with mtzapez*ztoneal injection daily for 14 days up to 250 mc*f/ ke/ day
(datanot shown). Moreover, we confirmed that compound #4 promoted readfhr:mv’ﬁ acthty
by x:)mi admims{raﬁﬁn as well in RE/ %D mice (data not shown).

2) Effects of #3 ’and'#zi treatment on dystrophin expression

To determine whether beth compounds could lead to *;uppressmn of the premature
termination codon in dystraphm of mdx mice, compound #3 or #4 were treated by daily
sahauianee&s mje{:mn (50 m&/ kg/day) for 21 days. Emmﬁnomsmchamzst{y of muscle
creswsecmon& to view dysm}phm shmved in Fig, 3. Administered c:@mpaurzda rasuiteé in
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synthesis of fﬂiiwlengzh dystmphm and its proper lccahzauan enly in tr

dy stmphm positive : ﬁbers n mcfx Imse ﬁ'&atec} Wﬁh comp@und
16.2% (84/523) or 18 8% (65/ :45) respeetwely Ht:}ffman«,e
cases of mﬁd Becker m&swiaz dystmphy, the phenetype was

1mpmva muscie perf{}z‘manc& in wva, it 13 hkely te: be f ,‘ b £
dys&raghm . |
}?ievmﬁs smdzss have shawn ihat annmglycesxdes s&ppz

the mdx mousa axzd zs If:zwest readthrewh effmxeﬁcy

3) Effects of #3 and #4 treatment on CK activity |

In blood samples, a high level of activity of the enzyme CK is anaft;hér index of
sarcolemmal fragility widely used as a diagnostic biochemical marker for muscular
dystrophy”. To obtain a further indication of the degree of préi:e:cti{)n resulting from
treatment of both compounds, we examined serum CK accumulation on mdx mice treated for
21 days. As shown in Fig. 4,‘ Compounds #3 and #4 exhibit s;gmﬁcanﬁy reduced CK
activities and its value was almost half. Thus, the level of protection afforded by the
chemotherapy was fsncmﬂaﬁy significant. '

In conclusion, our results demonstrate that both z:(}mpmmds mduce zeadthmuﬁh of the
premature termination codon, resulting in the partial restoration of dystz:ophm protein and in
the reduction of creatine kinase activity in mdx mice. These results demonstrate the
feasibility of these mves{zga{zoﬁai drugs to DMD ané sug est that b{}tb cempaﬁnéa
represents an important chﬁmzca} entity for the potential treatment of geneﬂ{: disorders
caused by nonsense mutations. These novel chemotherapeutic agents that overrides
premature termination codons may pifqgfid@ sigmﬁcaﬁi therapeutic value in freating or
preveﬁﬁnrr genetic diseases associated with nonsense ‘muiﬁtians Readiﬁmugh-iﬂdﬁced
molecules have therapeutic potential for nearly Qﬁﬁ»ﬁ‘urd of a};{ geﬁetic dxﬁ@rdﬁrs These
molecules may achieve even better rescue from DMD with lower tO*iiCﬁ}f and f{:srm thﬁ basis
of the effective thempy fnr cher inherited d1seeases; mnvolving nansms&: mutations.
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Fig.4 Effects of #3 and #4 treatment on CK activity
‘iemm CK acﬂvmes were dropped sxgmﬁczmﬁy in mdx mice

treated for 3 weeks. *p=0.056 (vs. Cﬁtri} *p=0. 039 (vs
Coul).
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Chapter 12
Fabrication of Growth Factor Array Using
an Inkjet Printer

Kohei Watanabe, Tomoyo Fujiyama, Rina Mitsutake, Masaya Watanabe,
Yukiko Tazaki, Takeshi Miyazaki, and Ryoichi Matsuda

Abstract Although multiple growth factors influence the fate of cells in vivo, it is
technically difficult to reproduce similar condition in vitro. To overcome this prob-
lem, we have developed growth factor array, a system to study compound effects
of multiple growth factors fabricated with a commercial color inkjet printer. By
replacing color inks to 2-4 growth factors and printing them on the tissue culture
substratum, we prepared growth factor arrays. Culturing cells on the array, we stud-
ied the compound effects of growth factors during myogenic and/or osteogenic
differentiation of C2C12 myoblast and mesenchymal stem cells in a single cul-
ture dish. The cells grown on the array exhibited various levels of differentiation
depending on the dose and the combination of growth factors. Since inkjet printer is
capable to manipulate several colors simultaneously, this method is suitable for mul-
tivariate analyses of growth factors. This method may provide a powerful tool for
regenerative medicine, especially for stem cell research on the control of cell-fate
determination and differentiation.

12.1 Introduction

In living organisms, cells are constantly under the influence of extrinsic envi-
ronmental factors such as growth factors, hormones, and extracellular matrices.
Proliferation, differentiation, migration, and cell death are controlled by a compli-
cated combination of stimuli from these factors. The mechanisms of these factors
in the developmental processes of multi-cellular organisms have not yet been clari-
fied completely, potentially due to the enormous number of factors that have to be
examined in order to construct the in vivo conditions in vitro. Conventional studies
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with simple experimental systems considering one or two factors give insufficient
analytical results.

Researches are actively pursuing methods to convert these stem cells into spe-
cific cell types to supplement damaged tissues. For example, it has been reported
that marrow stromal cells can differentiate to adipocytes, chondroblasts, osteoblasts,
cardiac muscle cells, hepatocytes, and neurons under certain culture conditions
[1, 2, 3, 4]. Furthermore, muscle satellite cells, which are usually in quiescent
state and activated for muscle regeneration process, can also differentiate to
adipocytes, osteocytes, and chondrocytes by treating them with certain growth fac-
tors. Undifferentiated mouse embryonic stem (ES) cells have been found to express
FGF receptor FGFR1, -R2, and -R3 [5]. The expression of IGF-1 receptors in
C3H10T1/2 fibroblast is stimulated by BMP-2 [47]. As exemplified above, multiple
receptors are expressed in one cell, suggesting that the stimulations from multi-
ple factors may lead to novel effects which were not yet identified. Avila et al.
[6] reported that neural differentiation of PC12 pheochromocytoma cell line was
promoted by the presence of nicotine and nerve growth factor (NGF). Zebboudi
et al. [7] reported that coexistence of matrix GLA protein and bone morphogenetic
protein-2 (BMP-2) promotes calcification of blood vessels. Myogenic differentia-
tion of C2C12 myoblast cell line was enhanced by IGF-I but inhibited by FGF-2
[8]. Furthermore, C2C12 muscle cells exhibit osteogenic differentiation by BMP-2
and IGF-1 [9, 10]. All these reports suggest that experiments using a combination of
multiple factors, not a single factor, at a wide range of concentrations is necessary.

It has been shown that no single growth factor is sufficient for deciding the dif-
ferentiation fate of ES cells. Schuldiner et al. [11] examined eight different growth
factors for human ES cells and reported that none of these directed differentiation to
only one cell type, but, rather, altered the relative populations of a specific cell type.
Loeser et al. [12] reported that coexistence of insulin-like growth factor-I (IGF-I)
and bone morphogenetic protein 7 (BMP-7) stimulates the growth of chondrocytes.
Although activin A induces various cell types in amphibian embryonic cells, it is
not sufficient to induce phenotypes in murine ES cells [13, 14]. Therefore, the tools
for analyzing the compound effect of multiple factors will make it possible to find
the optimum conditions for cell differentiation efficiently. -

In recent years, computer-aided tissue engineering technology called
‘bioprinting’ has emerged [15]. Inkjet technology has drawn attention as a
powerful tool for biological research [16]. Inkjet technology is capable of ejecting
solutions evenly in any place or area, enabling easy preparation of computer-
generated patterns on the substratum. Since inkjet printers can eject tiny droplets at
the picoliter scale, it is possible to easily control the amount of deposited substance
by changing the number of ejections at any one place. Exploiting this characteristic,
studies in DNA microarray preparation [17, 18, 19], protein handling [20, 21], and
patterning of cells [22-24] have been reported. Furthermore, inkjet technology
can be also used for analyzing the compound effects of multiple factors. We have
previously proposed the concept of ‘Growth Factor Array’, a novel cell-based
analysis tool. Growth factor arrays are fabricated with a conventional color inkjet
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printer by replacing color inks to solutions containing growth factors and printing
them on the tissue culture substratum [25). Since growth factor arrays make it
possible to analyze compound effects of multiple growth factors on single culture
dish, it can be used to analyze the optimal conditions for ditferentiation of stem
cells. This idea has been adopted by other research groups [26, 27].

In this chapter, we present our work on growth factor array fabrication, giv-
ing several experimental examples to prove the concept of the growth factor array.
Growth factor arrays composed of 2-4 growth factors were fabricated with several
approaches for growth factor immobilization onto the substratum.

12.2 Materials and Methods

12.2.1 Materials

Fibroblast Growth Factor-2 (FGF-2), Insulin-like Growth Factor-I (IGF-I), Bone
Morphogenetic Protein-2 (BMP-2), Epidermal Growth Factor (EGF), Platelet-
derived growth factor-BB (PDGF-BB) were purchased from R&D Systems Inc.
(Minnesota, USA). [1251] IGF-1 and horseradish peroxidase conjugated anti-mouse
IgG antibody were purchased from Amersham Biosciences Corp (New Jersey,
USA). Alexa Fluoro 488 conjugated anti-rabbit IgG antibody, Alexa Fluoro
680 conjugated anti-mouse IgG antibody, and TOTO-3 were purchased from
Molecular Probes, Inc. (Oregon, USA). Anti-myogenin polyclonal antibody was
purchased from Santa Cruz Biotechnology. MF20 hybridoma was purchased from
Developmental Studies Hybridoma Bank (Univ. Glowa), and its culture supernatant
was used as the anti-mouse striated muscle type myocin heavy chain (MyHC)
antibody. Anti-alkaline phosphatase monoclonal antibody was purchased from
Biogenesis Ltd. (Poole, UK). IRDye 800 conjugated anti-mouse IgG antibody was
purchased from Rockland Immunochemicals, Inc. (Pennsylvania, USA).

Dulbecco’s Modified Eagle’s Medium (DMEM) -high glucose type, fetal bovine
serum (FBS), Antibiotic-Antimicotic, trypsin-EDTA, bovine insulin, and holo-
transferrin were purchased from Invitrogen Corp. (California, USA). Bovine
fibronectin was purchased from Itoham Foods Inc. (Hyogo, Japan). Other reagents
were purchased from SIGMA-Aldrich, unless otherwise noted.

Inkjet printers used in this research were BJ F850, PIXUS 9501, Pixus iP8600 (all
from Canon, Tokyo Japan). They were used with some modification, as described
in the following sections.

Mouse myoblast cell line C2C12 was kindly provided from Dr. Yoichi
Nabeshima of National Center of Neurology and Psychiatry, Japan. For C2C12 cell
culture, DMEM containing 20% FBS was used as growth medium. As the differen-
tiation medium, DMEM containing 10 wg/mL insulin, 5 pwg/mL transferrin, 5 nM
sodium selenite, I mg/mL bovine serum albumin (ITS medium) or DMEM contain-
ing 2% FBS was used.
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12.2.2 Growth Factor Array Using Photoreactive Growth Factors

Growth factor arrays using photoreactive growth factors were prepared as described
below. Photoreactive IGF-I, FGF-2, [1%°1] IGF-I were prepared by introducing a
phenyl azide group to growth factors, according to the methods described in pre-
vious works [28, 29]. The cover of the inkjet printer BJ F850 was removed, and
the print head was washed with distilled water. Polystyrene substratum was placed
1 mm beneath the print head. Photoreactive growth factors were injected into the
print head, and the growth factors were printed onto the substratum. To increase the
density of the growth factor in a certain area, the number of printed droplets in that
area was multiplied. After the printing, substratum was UV-irradiated at a distance
of 10 cm for 20 s using a mercury lamp (Zeiss HBO 50, 50 W) to immobilize the
growth factor on the substratum. Residual growth factors were removed by washing
with PBS. With this method, a bifactor growth factor array with 16 areas represent-
ing combinations of IGF-I and FGF-2 at various concentrations was prepared. To
examine the fidelity of printing and the efficiency of growth factor immobilization
at each stage of this process, photoreactive [1231) IGF-I was prepared and evaluated
by measuring the y-ray intensity.

For growth factor array analysis, C2C12 myoblasts were inoculated at 50
cells/mm? in growth medium, and after 24 h the medium was replaced with ITS-
medium as differentiation medium. After a further 24 h of culture, cells were fixed
with methanol, and immunostained with anti-myogenin antibody as a marker of
myogenic differentiation. Anti-rabbit IgG-Alexa Fluor 488-labeled antibody was
used as the secondary antibody. Nuclear DNA was also stained with Hoechst 33258.
For comparison with the effect of growth factors in soluble state, combinations of
IGF-1 and FGF-2 in soluble state were examined at concentrations of 0, 2, 8 and
20 ng/mL, resulting in 16 combinations.

12.2.3 Growth Factor Array with Surface Activated Substratum

Substrata with activated surface to immobilize growth factors were prepared by
treating the surface of the substrata with tresyl activated dextran according to the
previous method [30]. Growth factors dissolved in carbonate buffer (pH 7.2) con-
taining 0.3% glycerin were printed with inkjet printer Pixus 950i on the surface
activated substratum. The substratum was incubated at 4°C for 16 h in moist condi-
tions. Residual growth factors were removed by washing with PBS, and the remain-
ing active groups were blocked with 0.1% gelatin or fibronectin solution. By this
method, growth factor arrays composed of 3 growth factors (IGF-1, FGF-2, BMP-2)
(Fig. 12.1) and 4 growth factors (IGF-1, FGF-2, BMP-2, PDGF) were prepared. The
efficiency of growth factor immobilization on the surface activated substratum was
extrapolated from the measured efficiency of immobilization of BSA.

For growth factor array analysis, C2C12 cells were cultured in growth medium
for 24 h followed by the medium replacement with the differentiation medium
containing 2% FBS. After 4 days cells were fixed with 10% formalin, blocked for
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Fig. 12.1 Preparation of growth factor array using surface activated substratum. (a) Immobiliza-
tion of growth factors by TAD-treated substratum. (b) Printed patterns of 3 growth factors on the
surface activated substratum (pg/mm?). (¢) Growth factor array with surface activated substratum

placed in a culture dish (scale bar: 1 cm)

I h, and immunostained with either monoclonal anti-ALP antibody as osteogenic
marker or anti-MyHC monoclonal antibody as myogenic marker, and further stained
with Anti-mouse IgG IRDye 800-labeled antibody. Cells were also stained with
TOTO-3 as the indicator of the cell number. The fluorescent intensity from TOTO-3
and differentiation markers were measured with the fluorescent image analyzer

Odyssey (LI-COR).

12.2.4 Growth Factor Array in Liquid System

In order to compare the effects of growth factors on the surface activated substratum
with those in the soluble state, growth factor arrays in liquid system were prepared
as described below. Solutions of growth factors were dissolved in distilled water
containing 5% glycerin. The solutions were printed with Pixus 9501 in the pattern
that matches the wells of 96-well plate. After printing, 200 pwL of differentiation
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Fig. 12.2 Preparation of growth factor array in liquid system. (a) Schematic diagram of prepa-
ration of growth factor array in liquid system using paraffin sheets and 96-well plate. (b) Printed
pattern of 3 growth factors on the paraffin sheets (ng/mL.)

medium was injected in the wells of 96-well plates and the sheets were touched
tightly to the 96-well plate, so that the printed areas corresponded to the wells. The
plate was inverted to dissolve the growth factors in the medium, according to the
previous method [31] (Fig. 12.2).

12.2.5 Growth Factor Array with Slow-Release System

Growth factor arrays with slow-release system were prepared as follows.
Photoreactive gelatin was prepared by introducing a phenyl azide group to gelatin
molecule in the same manner with the photoreactive growth factors. Photoreactive
gelatin solution with and without growth factors dissolved in PBS were infused
in the print head of inkjet printer iP8600. First, photoreactive gelatin without
growth factors was printed on the substratum and air-dried. Then, solution con-
taining growth factors were printed and air-dried. After printing, substratum was
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UV-irradiated at an intensity of 20 mJ/cm? using a UV-crosslinker, and washed with
distilled water 3 times. The total amount of photoreactive gelatin printed in each
area was controlled such that the same amount was deposited in all areas. In order to
avoid the attachment of cells outside of the printed areas, substrata were coated with
graft copolymer of poly-L lysine and polyethylene glycol (PLL-g-PEG) synthesized
according to the previous work [32].

To examine the slow-releasing effect of growth factors from the substratum,
96-well plate was incubated with the mixture of photoreactive gelatin and EGF then
UV-irradiated at 0.2, 2, 20 and 200 mJ/cm?. After the UV-irradiation, the wells were
incubated with 200 L of PBS containing 0.1% BSA at 37°C. The supernatant was
sampled and the amount of EGF in the supernatant was determined by ELISA.

To examine the feasibility of growth factor array with slow-release system,
C2C12 cells in growth medium were suspended in differentiation medium and cul-
tured at 2x 10* cells/cm?®. After 4 days of culture, the differentiation analysis was
performed in the same manner with that of growth factor array with surface activated
substratum.

MSCs were also cultured with growth factor arrays in a slow-releasing sys-
tem as follows. MSCs isolated from the femur of a Wister rat (3 weeks, male)
were cultured on the growth factor array with slow-release system at 1x10*
cells/cm? in alphaMEM containing 15% FBS, 108 M dexamethasone, 10 mM
B-glycerophosphate, 50 pg/mL ascorbic acid for 14 days [33]. Medium was changed
every 4 days. After 14 days, cells were fixed with 10% formaldehyde and evaluated
the bone differentiation by immunostaining with anti-ALP antibody. ‘

12.3 Results

12.3.1 Growth Factor Array with Photoreactive Growth Factors

In order to examine the accuracy of growth factor printing with the inkjet printer and
the immobilization rate of photoreactive growth factors, photoreactive ['2°I] IGF-I
was prepared. From the measured intensity of y-ray from the printed [12°1] IGF-1 as
well as that remaining on the substratum after washing, it turned out that the printing
of solutions is accurate and stable, but the immobilization efficiency decreased as
the amount of protein increased.

Growth factor arrays consisted of 16 combinations of IGF-1 and FGF-2 were
prepared. The quantity of immobilized IGF-1 and FGF-2 was calculated from the
immobilization rate obtained from the previous result are 0, 21, 64, and 149 pg/mm2
and 0, 41, 79, 175 pg/mmz, respectively. C2C12 cells were cultured on the growth
factor array for 48 hr in growth medium, followed by another 24 hr in differen-
tiation medium. In order to compare the effect of growth factors immobilized on
the array with those in a soluble state, C2C12 cells were cultured under 16 differ-
ent conditions corresponding to combinations of four different concentrations (0,
2, 8, 20 ng/mL) of IGF-I and FGF-2. For both experiments, the onset of myogenin



