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each of the growth factors. To make the fabrication process simpler, immobilization
process without modifying growth factors will be necessary. We have prepared the
surface activated substratum by treating polystyrene substratum with tresyl activated
dextran and we have made the growth factor array with 3 and 4 growth factors.

From the results of growth factor arrays using 3 factors, it was confirmed that
myogenic differentiation of C2C12 myoblast was promoted by IGF-I, and sup-
pressed by FGF-2, which is similar to the result from growth factor array with
photoreactive growth factors. In both cases, promotion of myogenic differentiation
by higher concentration of IGF-1 was independent of the concentrations of FGF-2
and BMP-2. Tto [38] reported that immobilized insulin bound to a receptor stimu-
lates the cells continuously, resulting in a stronger effect than in dissolved insulin.
In this experiment, the effect of IGF-I might be enhanced in the same manner.

BMP-2, on the other hand, neither suppressed myogenic differentiation nor
promoted osteogenic differentiation, when the immobilized amount was relatively
small, close to the concentrations of other factors. However, when higher concen-
tration of immobilized BMP-2 (4,132 pg/mm?) was used, osteogenic differentiation
was promoted. The density of 4,132 pg/mm? in the immobilized state corresponds
to 536 ng/mL in a soluble state, which is an extremely high concentration. At a
concentration of 1,542 pg/mm? in immobilized system, suppression of myogenic
differentiation was not significant, but promotion of osteogenic differentiation was
observed at about the same extent as in the liquid system at a concentration of
33 ng/mL. This suggests that the activity of BMP-2 was not simply decreased by
immobilization but rather changed.

Growth factor arrays composed of four factors (EGF, FGF-2, IGF-1, and
PDGF-BB) were also examined. These factors were expected to exert synergic
or combinatorial effects, because the downstream signal transduction pathways of
these factors are slightly different. However, such effect was not detected. PDGF-
BB showed lower activity compare to the native effect in liquid system. EGF and
FGF-2, on the contrary, showed higher activity in the immobilized state. PDGF-BB
at high concentration, however, showed suppression effects on growth and myogenic
differentiation and also in the immobilized system, indicating that it is active in the
immobilized system, though the activity is low. The low activity of PDGF-BB may
be due to its binding mechanism to the receptors. PDGF-BB binds to the receptor as
a dimer. It is known that one subunit of PDGF-BB binds to two receptors, whereas
one receptor binds to two subunits. Because of this complicated binding, the affinity
with the receptor may be lowered in immobilized system. As for EGF, it has been
confirmed by previous work that the activity of EGF is higher in immobilized sys-
tems than in a liquid system, in agreement with this work [38). The possible reason
for elevated activity in the previously reported immobilized system is that the down
regulation of the ligands does not occur in immobilized system, and thus activation
of the receptors continues for a long period of time.

In some cases, the effect of growth factors in immobilized and liquid systems are
different. For example, heparin-binding EGF-like growth factor (HB-EGF), which
belongs to the EGF family, acts in two forms in vivo as secretory form (paracrine)
and transmembrane form (juxtacrine) which exert different effects. Growth of hep-
atocyte strain EPI70.7, for instance, is promoted by juxtacrine of HB-EGF [39].
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With paracrine, on the other hand, promotion of growth was not detected at all,
although the ligand was considered to be bounded to the receptor. Therefore, it is
likely that both the actions of soluble and immobilized systems have different func-
tions in vivo. In fact, in this work, the activity of BMP-2 seemed to have changed
in the immobilized system. At some concentrations, suppression of myogenic dif-
ferentiation was weaker, and osteogenic differentiation was stronger, in comparison
with those in soluble state. Many growth factors are down regulated by endocytosis
after binding to the receptor. EGF and TGF-f underwent endocytosis, activating sig-
nal transduction pathways downstream in endosome [40]. Furthermore, EGF, like
other growth factors, activates multiple signal transduction pathways downstream
by binding to the receptors, and the degree of activation is different depending on
the signal transduction either across the cell membrane or from inside the endosome
[41, 42]. For immobilized growth factors, the signal is continuously transmitted on
the cell membrane, whereas both paracrine and juxtacrine signals are transmitted in
soluble growth factors. Considering this fact, the effect of growth factors in immo-
bilized and liquid systems were different at least in terms of the signal transduction
pathway.

12.4.3 Growth Factor Array in Slow Release System

As discussed above, immobilizing growth factors on the substratum may change the
activity of growth factors. To examine the effect of growth factors more natively, we
further constructed the slow-release system for growth factor arrays with photore-
active gelatin as the retaining material. In this slow release system, growth factors
are retained to the substratum but not tightly immobilized.

According to the result from retaining growth factors on the substratum using
photoreactive gelatin, the slow release depends on the intensity of UV-irradiation.
When the intensity of UV-irradiation was low (0.2 mJ/cmz), most of the EGF
was lost after the first wash. On the other hand, when the UV intensity was high
(200 mJ/cm?), EGF was released in the supernatant for the first 24 h, but much less
was released thereafter. Ito et al. reported that release of erythropoietin immobilized
by photoreactive gelatin was not observed by treating with UV-irradiation at
160 mJ/cm?. This implies that growth factors are firmly immobilized to the sub-
stratum by photoreactive gelatin with high UV intensity. On the contrary, when the
UV intensity was 2 or 20 mJ/cmz, slow release continued for 1 week. At these inten-
sities, it is possible to minimize the loss of EGF in the first washing, yet keep the
ability to release EGF later on.

Culture of C2C12 myoblasts in the slow release system resulted in effects similar
to that in liquid system. The possible concern about the immobilization of growth
factors using photoreactive growth factors or surface activated substratum is the
decrease in activity and changes in action of the growth factors. Slow-release sys-
tems by photoreactive gelatin may solve these problems. However, the increased
effect of growth factors in a slow release system, as reported by Bhang, was not
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observed in our experiments [43]. It may be because the culture duration was too
short (4 days) in our experiment.

For the growth factor arrays in the slow-release system consisting of BMP-2 and
IGF-1, suppression of myogenic differentiation for C2C12 myoblast was confirmed
with BMP-2 at the concentration of 450 pg/mm?, independent of the concentration
of IGF-1. We have also prepared the slow-release system in a 96-well plate (data
not shown). Compared with the results of slow release culture on a 96-well plate,
the amount of BMP-2 per unit area was larger in arrays but suppression effect of
myogenic differentiation was lower in the growth factor array. This is most likely
due to the released BMP-2 remaining in the 96-well plate, whereas in the growth
factor array, it flows out to culture medium, resulting in the decreased effect of
BMP-2 on the BMP-2 retained area. Promotion of osteogenic differentiation was
not observed as we had expected, neither by BMP-2 alone nor by BMP-2 and IGF-I
together. Katagiri et al. stated that, in culture of C2C12 myoblast, BMP-2 suppresses
the myogenic differentiation at 100 ng/mL and the promotion of ALP expression
can be observed at 300 ng/mL or higher [44]. One possible reason for observing the
osteogenic differentiation but not the myogenic differentiation is that the BMP-2
concentration was high enough to suppress myogenic differentiation but not high
enough as to promote osteogenic differentiation.

The previous work showed that osteogenic differentiation of MSC is not pro-
moted by BMP-2 alone but promoted by BMP-2 and FGF-2 together [45]. In other
works, it has been reported that IGF-I induces expression of BMP-2, and BMP-
2 and IGF-I together promote osteogenic differentiation of C3H10T1/2 cells more
effectively than BMP-2 alone [46, 47]. In this work, it was confirmed that BMP-2
and IGF-I together exert compound effect on osteogenic differentiation of MSC.

12.5 Conclusion

We have developed techniques to analyze compound effects of growth factors in
various states, including immobilized, soluble, and slow release. Inkjet printer tech-
nology was highly effective for changing the density and the combinations of
immobilized growth factors. Chen and Ito reported the patterning of EGF with con-
centration gradient using photo lithography by changing the intervals of thin lines
so that the number of growth factor molecules touching the cells change [48]. An
inkjet printer, however, allows much easier preparation of concentration gradient by
simply multiply the printing times. Also, in vitro control of cell patterning such as
muscle cell alignment can be achieved easily. By combining various immobilization
techniques, inkjet technology makes it possible to construct the conditions similar to
in vivo in various states such as soluble and immobilized. By further combining the
patterning and various cytokines, growth factor arrays will be a powerful and essen-
tial tool for multivariable analysis for tissue engineering and regenerative medicine,
especially for the optimization of differentiation conditions for pluripotent cells to
differentiate to various types of cells.
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Therapeutic readthrough strategy for suppression of nonsense mutations in Duchenne muscular

dystrophy

(B F—D— K]
readthrough, nonsense mutations, muscular dystrophy, negamycin, aminoglycoside
(59°&:3=))

Effective treatment for Duchenne muscular dystrophy (DMD) is not available yet.
Readthrough of disease-causing premature termination codons might alleviate the symptom of
genetic diseases caused by nonsense mutations. Several ribosome-binding compounds, including
selective antibiotics and synthetic novel small molecules, induce translational readthrough,
restoring full-length functional protein. In this article, this innovative therapeutic strategy with a
focus on DMD have been summarized.

We previously reported that negamycin restored dystrophin expression with less toxicity
than gentamicin in mdx mice. In order to explore more potent readthrough inducer, we have
established the transgenic mouse for readthrough-specific detection, named READ (Readthrough
Evaluation and Assessment by Dual reporter). Using READ mice, we found some drug candidates
such as sterically negamycin-like small molecules and aminoglycoside-derivatives. The newly
developed sterically negamycin-like small molecules induced dose-dependent readthrough with
greater potency than Ataluren in vitro and promoted the expression of dystrophin and reduction of
serum creatine kinase activity in mdx mice. Moreover, aminoglycoside-derivative exhibits both
restoration of dystrophin protein and contractile function of mdx skeletal muscles by appreciably
higher readthrough activity, and lower toxicity than gentamicin. Furthermore, we confirmed the
efficacy of a thioglycolate-based depilatory agent to enhance the topical delivery of skin-
impermeable drug including aminoglycosides. These promising new chemotherapeutic agents that
have a beneficial effect on readthrough action with less toxicity and transdermal delivery may

provide significant value in treating or preventing genetic diseases caused by nonsense mutations.
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