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ABSTRACT Molecular biologists have long
dreamed of switching genes on and off at will in
any part of the body during embryonic develop-
ment. Their dream is now coming true thanks to
the transparency of the embryonic body of the
zebrafish (Danio rerio), which has made gene
manipulation by photoillumination possible.

A t least partial recovery of messen-
ger RNA (mRNA) translational activ-
ity has already been achieved by the

temporally and spatially restricted illumina-
tion by long-wavelength UV light of ze-
brafish embryos that were injected with
mRNA modified (caged) in vitro with photo-
cleavable groups at the one-cell stage
(Figure 1, panel a) (1–4). Now, the technol-
ogy has emerged to make the dream come
true: repression of gene activity by photo-
activation of caged antisense oligonucleo-
tides in zebrafish embryos (5, 6).

The pioneering work of Monroe et al. (7)
reported that a DNA plasmid modified with
multiple 1-(4,5-dimethoxy-2-nitrophenyl)
ethyl (DMNPE) groups could be reactivated
by removing these groups with photoillumi-
nation in HeLa cells. Later, Ando et al. (1–4)
labeled mRNA approximately once every 35
bases with a 6-bromo-7-hydroxycoumarin-
4-ylmethyl (Bhc) protecting group. They
showed that caged mRNA enabled the photo-
modulation of gene expression (Figure 1,
panel b) and used this technique to study
Eng2a and Lhx2 in zebrafish brain growth.
In both cases, the inactivation of mRNA or
DNA depended on reversible and stochas-
tic conjugation of the photocleavable block-
ing groups to the phosphate moieties of
mRNA or DNA.

As a natural extension of this work, inter-
est has increased in applying similar tech-
nology to the temporally and spatially con-
trolled repression of specific genes by the
photoreactivation of antisense oligonucleo-
tides. However, the use of Bhc to modify an-

tisense oligonucleotides has been ham-
pered by several of its inherent chemical
characteristics. First, although antisense
morpholino oligonucleotides (MOs) are the
most widely used for repression of gene ac-
tivity in zebrafish embryos, Bhc cannot bind
to MOs because they have no phosphodi-
ester linkages (Figure 2, panel a) (8). They
are replaced with phosphorodiamidate in-
tersubunit linkages. Recently, a new type of
DNA mimic, negatively charged peptide
nucleic acids (ncPNAs), composed of alter-
nating phosphonate PNA analogues and
trans-4-hydroxy-L-proline PNA analogues
(HypNA-pPNA), has become available as an
alternative choice to MOs (Figure 2, panel b)
(9). These ncPNAs do have the phosphate
moieties that could be theoretically bound
by Bhc. However, the conjugation of more
than one Bhc molecule per ncPNA molecule
would make the modified ncPNA almost
water-insoluble because of the highly hydro-
phobic nature of Bhc.

The recent collaboration of Tang and
Dmochowski, chemists, and Maegawa and
Weinberg, zebrafish developmental biolo-
gists, has overcome these difficulties (5).
They blocked the ability of ncPNA to hybrid-
ize with mRNA with a complementary 2=-
OMe-RNA strand (Figure 2, panel c), which
is attached to ncPNA via a single 1-(5-(N-
maleimidomethyl)-2-nitrophenyl) ethanol
N-hydroxysuccimide ester photocleavable
linker (PL) (Figure 2, panel d). The drastic re-
duction in the stability of the heteroduplex
of ncPNA and small RNA (sRNA) by �Tm �

20 °C after photocleavage of PL enables
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ncPNA to bind to complementary mRNA
and block translation. Unlike when various
protecting groups are bound to antisense
oligonucleotides by stochastic conjugation
of the protecting groups to the phosphate
moieties of the oligonucleotides, the high
degree of structural homogeneity of this
caged ncPNA is expected to facilitate more
coherent reaction of molecules to the photo-
cleavage treatment by UV illumination.

The proper design of relatively short
sense 2=-OMe-RNA, which significantly re-
duces the Tm of the ncPNA/sRNA heterodu-
plex after uncaging, appears to be essential
to successfully activate ncPNA in vivo. Tang
et al. obtained the best result when they at-
tached the 18-mer ncPNA against bozozok
(boz) mRNA to an 8-mer sense 2=-OMe-RNA
via PL. This caged PNA-boz, Tm � 80 °C, is
much more stable than the uncaged PNA-

boz, Tm � 39 °C (Figure 2, panel c). Em-
bryos injected with this caged ncPNA-boz
showed no abnormality when reared in the
dark, but almost all of the injected embryos
showed the typical bozozok-null phenotype
when they were irradiated for 8 min at 2 h
postfertilization with 365-nm UV light at the
peak intensity of 9 mW/cm2. A severe reduc-
tion occurred in the size of the region ex-
pressing goosecoid mRNA, the specific
marker for the dorsal organizer, which is
regulated downstream of bozozok.

Compared with the uncaging of Bhc-
modified nucleotides, which requires rela-
tively low levels of energy (�100 mJ/cm2 in
total), the activation of caged ncPNA needs
�40 times more energy, exposing these em-
bryos to longer durations of UV light (1, 5).
Therefore, potential damage to the develop-
mental process of embryos by this long UV

exposure must be considered when
the results of the experiments are
interpreted.

The uncaging of Bhc-modified
mRNA could enhance translational ac-
tivity by �5-fold more than the caged
mRNA. However, it could recover its
translational activity at best up to
15% of the level achieved by intact
mRNA (1). Tang et al. (5) estimated by
using ncPNA against another gene,

chordin, that equivalent phenotypes were
reached by injection of 5-fold less native
ncPNA than injection of caged ncPNA fol-
lowed by UV irradiation, suggesting 20% re-
covery of caged ncPNA. Although the effi-
ciency in the recovery by photoactivation
does not appear very different between
these two methods, caged ncPNA has a
great advantage over stochastic modifica-
tion of mRNA with Bhc. Its activity before UV
irradiation can be drastically reduced to al-
most nothing when the homogeneity of the
structure is exploited, as long as the se-
quences of the complementary ncPNA and
sRNA are properly designed (5). This could
never be achieved when Bhc is used to
modify the activity of mRNA; with 15% re-
covery potential of the Bhc-caged mRNA
maintained, �3% of the intact activity

would remain (1).
Therefore, in ad-

dition to the differ-
ent ways they act
on gene activation,
modification of
mRNA with Bhc
and synthesis of
caged ncPNA have
both pros and
cons. The reac-
tions to conjugate
mRNA with Bhc are
relatively simple.
However, meticu-
lous titrations of re-
actions are essen-
tial to minimize
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Figure 1. Activation of caged mRNA by photoillumination. a) Injection and activation of caged mRNA in
zebrafish embryos. b) Inactivation of mRNA by caging with Bhc and its reactivation by UV illumination.
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Figure 2. Structure of MO- and PNA-based gene expression regulators. a) Morpholino oligonucleotides. b) Negatively
charged PNA. c) Caged PNA-boz. d) Photocleavable linker.
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basal leaky expression and maximize the
photoactivated expression from the Bhc-
caged mRNA. On the other hand, although
the reactions to synthesize caged ncPNA are
relatively more complicated, the careful de-
sign of the nucleotide sequences to maxi-
mize the reduction in the melting tempera-
ture of the ncPNA/sRNA after uncaging can
ensure the maximum effects of
photoactivation.

The negative effects of uncaged ncPNA
on gene expression could be made positive
by targeting it against mRNA encoding the
repressor of gene expression (10), or remov-
ing floxed genes by activating Bhc-caged
mRNA for Cre recombinase might also re-
verse the effect of uncaging Bhc-modified
mRNA (11). Now that we have yin–yang
(positive and negative) ways of controlling
gene expression in zebrafish embryos, we
have more freedom to study the regulatory
networks of gene expression during embry-
onic development.
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