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Long-Term Inhibition of Rho-Kinase Suppresses Neointimal
Formation After Stent Implantation in Porcine Coronary
| Arteries: Involvement of Multiple Mechanisms

Yasuharu Matsumoto, Toyokazu Uwatoku, Keiji Oi, Kohtaro Abe, Tsuyoshi Hattori, Kunio Morishige,
Yasuhiro Eto, Yoshihiro Fukumoto, Kei-ichiro Nakamura, Yosaburo Shibata, Takehisa Matsuda,
Akira Takeshita, Hiroaki Shimokawa

Objective—We recently demonstrated that Rho-kinase, an effector of the small GTPase Rho, is substantially involved in
the pathogenesis of arteriesclerosis. In this study, we examined whether Rho-kinase is also involved in in-stent
restenosis and if so, what mechanism is involved.

Methods and Results—Pigs underwent stent implantation in the left coronary artery with or without administration of
fasudil (30 mg/kg per day orally), a specific Rho-kinase inhibitor, starting 2 days before the procedure for a duration
of 4 weeks. On day 28, reductions in coronary diameter and neointimal formation associated with macrophage
accumulation, collagen deposition, and transforming growth factor (TGF)-f1 expression were noted at the stent site, and
all were significantly suppressed by fasudil. On day 7, fasudil significantly increased the frequency of TUNEL-positive
apoptotic cells, while it tended to reduce that of bromodeoxyuridine-positive proliferating cells in the neocintima.
Western blot analysis on day 7 demonstrated that phosphorylations of the ezrin/radixin/moesin family (a marker of
Rho-kinase activity in vivo) and protein expression of monocyte chemoattractant protein-land bel-2 were upreguated
at the stent site and were significantly suppressed by fasudil.

Conclusions—These results indicate that long-term inhibition of Rho-kinase suppresses in-stent neointimal formation by
multiple mechanisms, including reduced vascular inflammation, enhanced apoptosis, and decreased cellagen deposition.
{Arterioscler Thromb Vasc Biol. 2004;24:181-186.)

Key Words: Rho-kinase m stents m inflammation m apopiosis & collagen

lthough the use of stents has dramatically increased in in adhesion, migration, proliferation, and cytokinesis of
interventional cardiology, in-stent restenosis continues vascular smooth muscle cells (VSMCs) and other vascular
to be a serious problem and is more troublesome when it wall cells.®-!* Rho-kinase is substantially involved in the
occurs.!2 Furthermore, pharmacological approaches have signal transduction initiated by angiotensin II'2 platelet-
generally been unsuccessful in suppressing in-stent restenosis derived growth factor (PDGF),!? thrombin,'* and endothelin-
except for a recent promising outcome with a drug-eluting 1,%5 all of which may play an important role in the pathogen-
stent.3* However, late neointimal catch-up remains a poten- esis of restenosis,!s especially in that of in-stent
tial adverse outcome with the stent-based drug delivery.’ restenosis.!7-20
More recently, extracellular matrix accumulation has been We recenily demonstrated that neointimal formation after
recognized as a very important component of in-stent reste- balloon injury was significantly inhibited by in vivo gene
nosis in the chronic phase after stent implantation.s Since transfer of dominant-negative Rho-kinase in porcine femoral
drug-eluting stents have several limitations for a defined arteries.?! A similar finding was also noted in the rat carotid
period of time with kinetics and are expensive, there may artery with Rho-kinase inhibitor Y-27632, although the rela-
become a need for systemic therapies to maintain neointimal tive contribution of inhibition of VSMC proliferation and
inhibition, including matrix metabolism.”# enhancement of VSMC apoptosis to the inhibitory effect of a
Accumulating evidence has demonstrated that Rho-kinase, Rho-kinase inhibitor remains to be elucidated.22? Further-
an effector of the small GTPase Rho, plays an important role more, involvement of Rho-kinase in the extracellular matrix
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deposition, especially that of collagen, a major component of
the neointima,’ remains unknown. There are also some
differences in the restenosis mechanisms between batloon
angioplasty and stent implantation.24-2°

In the present study, we examined whether long-term
inhibition of Rho-kinase suppresses in-stent restenosis in
porcine coronary arteries, and if so, what mechanism is
involved. For this purpose, we used long-term oral treatment
with fasudil, which we found is metabolized to hydroxyfa-
sudil, a specific Rho-kinase inhibitor, after oral
administration.*°

Materials and Methods

This study was reviewed and approved by the Ethical Committee on
the Animal Experiments of the Kyushu University Graduate School
of Medical Sciences.

Animal Preparation

Thirty-four domestic male pigs {Kyudo, Tosu, Japan; aged 2 to 3
months and weighing 25 to 30 kg) were used. They were divided into
2 groups: the control group was treated with aspirin (325 mg/d) and
ticlopidine (500 mg/d) alone (n=17) and the fasudil group with oral
administration of fasudil (30 mg/kg per day, Asahi Kasei Company)
in addition to the antiplatelet therapy (n=17). The oral administra-
tion of fasudil was started 2 days before the procedure and continued
until the follow-up period. We performed coronary angiography,
intravascular ultrasound (IVUS) imaging, and histological study at 4
weeks {n=6 each). We performed immunostaining for bromode-
oxyuridine (BrdU) and terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) {n=5 each), and West-
ern blot analysis for substrates of Rho-kinase at | week (n=6 each).

Stent Implantation

Nitroglycerin (10 pg/kg IC) was administered prior to angiography.
A stainless-steel stent (3.0 18 mm, Multi-Link TRISTAR, Guidant)
was implanted to either the left anterior descending (LAD) or the lefi
circumflex coronary (LCx) arteries.! A segment with a mean
coronary diameter of 2.3 mm was selected by using quantitative
coronary angiography with a stent-to-artery ratio of approximately
1.3. A balloon catheter mounied with a stent was then advanced to
the pre-selected coronary segments for deployment over a standard
guide wire in a blind manner without knowledge about the fasudil
treatment. The balloon catheter was inflated at 8 atm for 30 seconds
once and was then slowly withdrawn, leaving the stent in place.!

Coronary Angiography

Left coronary angiography was performed before, immediately after,
and 4 weeks after the stent implantation. Among the 12 animals that
underwent angiography, 4 received a stent for LAD and 2 for LCx in
the control group, while in the fasudil group, 3 received a stent for
LAD and 3 for LCx. A preshaped Judkins catheter was inserted inio
the right or left carotid artery, and ceronary angiography in a left
anterior oblique view was performed.?132 Arterial pressure, heart
rate, and ECG were continuously monitored and recorded on a
recorder.

Left coronary angiography was performed in a left anterior
oblique projection.?*? The measured coronary luminal diameters
included mean reference diameter f(proximal + distal) reference
diameters/2], mean diameter of the stent site at full expansion,
stent-to-artery ratio [(2/1)], and minimal diameter of the stent site at
follow-up.3!

Caoronary IVUS

To assess the extent of neointimal formation in vive, we performed
IVUS 4 weeks after the stent implantation, as previously described.*!
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Histopathological Study

For histological analysis, the heant was excised 4 weeks after stent
implantation; the left coronary artery was perfused with 10%
formalin at 120 mm Hg and fixed for 24 hours. The dissected whole
artery was embedded in methylmethacrylate, leaving the stent wires
intact to minimize potential artifacts from cutting the wires.® After
polymerization, stented segments were cut into 3 blocks (proximal,
middle, and distal portion) using a rotating saw with diamond edge.
The blocks were cut into thin sections (4 to 5 um) with tungsten
carbide blades using a microtome (Leica). The sections were then
stained with van Gieson elastic stains. Morphometric analysis of the
neointima from photomicrographs was performed for vessel injury
score and neointimal area, which was determined by subtracting the
lumen area from the area encirclied by the internal elastic lamina.?t-33
Mean value of the injury score and neointimal arez from the 3 blocks
was used for analysis.

Immunohistochemistry

Immunestaining was performed with a specifically designed kit with
a tyramide signal amplification {Dako). The antibodies used in this
study incladed monocional antibodies to human macrophages (AM-
3K, Transgenic) and human a-smooth muscle actin (1A4, Dako),
polyclonal antibodies to transforming growth factor (TGF)-Sl
{Santa Cruz Biotechnology), and Dolichos biflorus agglutinin for
porcine endothelium (Sigma),3* and nonimmune mouse IgG (Dako).
We semi-quantitatively assessed the extent of macrophage accumu-
lation using a conventional scale (0, no cells; 1, scattered cells; 2,
focal deposits; and 3, diffuse intense infiltration)*® and that of
re-endothelialization as the percentage of circumference covered by
the endothelium (1, <25%; 2, 25% to 75%; and 3, >75%).4

Proliferation and Apoptosis

A segment 2 to 3 mm long was cut from the midportion of the stented
artery using fine scissors. Stent wires were carefully removed under
a dissecting microscope before paraffin embedding.?' The sections
were subjected 1o BrdU and TUNEL stainings to identify protifer-
ating and apoptotic cells, respectively. BrdU (50 mg/kg) was
intravenously injected three times at 24, 16, and 8 hours hefore
necropsy; BrdU-positive cells were detected by the LSAB method
and counterstained with hematoxylin.3 Apoptotic cells were de-
tected with an apoptosis kit (Wako) with porcine small intestinc as a
positive control. A total cell number and a number of BrdU-positive
and TUNEL-positive cells in high-power field were countcd in 3
randomly selected fields of each section3! A number of Brdi-
positive and TUNEL-positive cells were expressed as BrdU index
and TUNEL index {(BrdU- or TUNEL-positive cells/total cclis
* 100), respectively.?

Collagen Deposition

Coltagen deposition was measured on the entire neointima 4 weeks
after stent implantation when it became evident. To aveid color
balance variation, sirius red staining of all sections was performed at
the same time. Then, once a standard for the particular slide/section
was sel by polarization microscopy, all the sections from the
different groups of animals were photographed with the same
strength of light by digital image capture.?%

Western Blot Analysis

Stented coronary segments were subjected to SDS-PAGE immuno-
blot analysis at | week, as described previously.?? Phosphorylation
of the ezrinfradixin/moesin (ERM) substrates of Rho-kinase was
measured, using a rabbit polyclonal antibody to phosphorylated
human moesin (Thr558), which also binds to phosphorylated ezrin
(Thr567) and radixin (Thr564). Monocyte chemoattractant protein
(MCP)-1 (R&D Systems) and bcl-2 (Roche Diagnostics) were also
evaluated.

Statistical Analysis
Results are expressed as means=SEM. Throughout the text and
figures, n represents the number of amimals tested. Comparison
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Before 4 weoks

Immediately after

Fasudit

Figure 1. Coronary angiograms before, immediately after, and 4
weeks after stent implantation in the control and fasudil groups.
The arrows indicate the proximal and distal portion of the
stented coronary artery. High-resclution images are inserted.

between the control and the fasudil groups was performed by an
unpaired, two-tailed ¢ test. Multiple comparisons were made by
analysis of variance followed by Schéffe post hoc test. A probability
value of <0.05 was considered to be statistically significant.

Results

Coronary Angiography

Before stent implantation, there was no significant differ-
ence in coronary diameter (mm) between the control
{2.3320.31) and the fasudil (2.31£0.03) groups (Figure 1
and Figure I, available online at http://atvb.ahajournal-
s.org). Similarly, there was no significant difference in the
diameter (mm) at full stent expansion (2.95*0.02 versus
2.97x0.02) or stent-to-artery ratio (1.27+0.02 versus
1.29£0.02) between the 2 groups. Four weeks after the
stent implantation, coronary diameter {mm) at the stent site
was significantly decreased in the control group
(1.65+0.11) but remained unchanged in the fasudil group
(2.232£0.12) (Figure { and Figure I). There was no
significant change in mean arterial pressure throughout the
experiment in both groups (data not shown).

IVUS Analysis

IVUS analysis demonstrated that the extent of neointimal
formation (as expressed by percentage of neointimal area to
the area covered by stent) was significantly less in the fasudil
group (36.6x3.7) than in the control group (50.2*4.7)
(P<0.05).

Histology

Neointimal area (mm®) was significantly less in the fasudil
group (2.2+0.2) than in the control group (3.1%0.3)
{P<0.05), while injury score was comparable between the
control (1.13x0.11) and the fasudil (1.20+0.09) groups
(Figure 2). Endothelialization score was also comparable
between the control (2.8%0.2) and the fasudil (2.8%+0.2)
groups.

Rho-Kinase Activity

The extent of ERM family phosphorylation was significantly
increased at the stent site in the control group and signifi-
cantly suppressed in the fasudil group (Figure 3).
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Fasudil

Figure 2. Photomicrographs {van Gieson elastic staining) of
stented coronary segments 4 weeks after stent implantation in
the control and the fasudil groups. Calibration, 1 mm,

Vascular Inflammation

At 4 weeks, macrophage accumulation was noted in the
neointima and to a greater extent, in the adventitia in the
control group and was significantly suppressed in the fasudil
group (Figure 4 and Figure II, available online at http://
atvb.ahajournals.org). At 1 week, MCP-1 protein expression
increased and was again significantly reduced by fasudil
(Figure III, available online at http://atvb.ahajournals.org).

Proliferation and Apoptosis

In the intact artery, neither BrdU-positive nor TUNEL-positive
cells were detected in the intima or the media {(data not shown).
Although statistically insignificant, BrdU index (%) tended to be
reduced in the fasudil group (23.2+2.0) compared with the
control group (33.2+5.0) at 1 week (P=0.10). In contrast,
TUNEL index at 1 week was significantly increased in the
fasudil group (55.5%54) compared with the control group
(33.8%4.6) (P<<0.05) (Figure 5). Bcl-2 protein expression in-
creased in the control group, which was significantly downregu-

ERM - P ~iikimmac oo Mottt Wi
(%) P <0.01 P <0.05
M I 1
200 n.s.
1 f !
100 —
0
Stent : - + — +
Control Fasudil
{n=6) (n=6)

Figure 3. Western blot analysis for phosphorylated ERM (a
marker of Rho-kinase activity) in porcine coronary ségments
with and without stent implantation in the control and the fasudil
groups. Results are expressed as means*>SEM.
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Control

Figure 4. Inhibitory effects of fasudil on macrophage accumula-
tion at the stented porcine coronary arteries. Photomicrographs
show immunostaining for macrophages 4 weeks after stent
implantation in the control and the fasudil groups. Calibration,
100 um. N indicates necintima; M, media; A, adventitia. *Stent
strut.

lated by the fasudil treatment (Figure IV, available online at
http://atvb.ahajournals.org).

Collagen Deposition

Picrosirius red polarization showed that neointimal collagen
content (%) was significantly less in the fasudil group
(24.1%3.1) than in the control group (43.6+3.2) (P<0.01)
(Figure 6). Immunostaining for TGF-B1 revealed reduced
TGF-B1 immunoreactivity in the fasudil group rather than in
the control group {Figure 6).

Side Effects

In the present study, no appreciable side effects, such as
weight loss, diarrhea, or blood abnormalities, were noted in
the fasndil group (data not shown).

Discussion
The novel findings of the present study were: (1) Rho-
kinase activity was enhanced at the stent implantation site
associated with neointimal formation and (2) long-term
inhibition of Rho-kinase with fasudil significantly sup-
pressed the neointimal formation by multiple mechanisms,
inctuding inhibition of vascular inflammation, enhanced
apoptosis, and reduced collagen deposition (Figure V,
available online at http://atvb.ahajournals.org), To the best
of our knowledge, this is the first report that demoustrates
the involvement of Rho-kinase in in-stent restenosis and

* Cantrol Fasudil
Figure 5. Proapoptotic effects of fasudil at the stented porcine
coronary segments at 1 week after stent implantation. Photomi-
crographs show TUNEL-positive cells. More TUNEL-positive
cells were noted in the neointima in the fasudit group than in the
control group. Calibration, 100 um. N indicates neointima; M,
media; A, adventitia. “Stent strut.
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Polarization

Control f

Fasudil

Figure 6. Inhibitory effects of fasudil on collagen deposition at
the stented porcine coronary segments at 4 weeks after stent
implantation. Sirius red stainings without {left) and with {middle)
polarized light show more thickened neointima and abundant
collagen deposition, respectively, in the control group compared
with the fasudil group. Right, TGF-81 immunoreactivity was
detected in the neointima and the adventitia in the control group
and was almost undetectabile in the fasudil group. Calibration,
400 pm. N indicates neointima; M, media; A, adventitia, *Stent
strut.

thereby the potential usefulness of a Rho-kinase inhibitor
to prevent the disorder.

Increased Rho-Kinase Activity by

Stent Implantation

We previously demonstrated that both expression and activity
of Rho-kinase increase after balloon injury?* and on stimula-
tion by an inflammatory cytokine® in pigs in vivo. The present
study also demonstrated that stent implantation increased
Rho-kinase activity. Recent studies in vitro have shown that
Rho-kinase and its substrates mediate actin cytoskeleton
organization, cell adhesion and migration, and cytokine-
sis,?-11 all of which may be involved in in-stent neointimal
formation. Although a molecular mechanism for the upregu-
lation of Rho-kinase by stent implantation remains to be
elucidated, it has recently been demonstrated that various
vascactive factors enhance Rhe-kinase activity in vitro.?
Indeed, we have recently demonstrated that Rho-kinase plays
an important role in angiotensin II-induced MCP-1 expres-
sion in cultured rat VSMCs.}? Various growth factors (eg,
PDGF) and cytokines, angiotensin-II, endothelin-1, and
thrombin may all be involved in restenosis after angio-
plasty.16-20 Importantly, all of them could upregulate Rho-
kinase.'2-t5 Thus, it is highly possible that Rho-kinase plays
an important role in the pathogenesis of in-stent restenosis
(Figure V).

Mechanism for the Inhibitory Effect of Fasudil on
Neointimal Formation After Stent Implantation
The present study demonstrated that multiple mechanisms are
involved in the inhibitory effect of fasudil on necintimal
formation after stent implantation, including inhibition of
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vascular inflammation, enhanced apoptosis, and reduced
collagen deposition.

In-stent restenosis is characterized by prolonged and pro-
nounced inflammation.?637-% In this study, the long-term
treatment with fasudil suppressed macrophage accumulation,
not only around stent struts but also in the adventitia. We
previously demonstrated that long-term treatment with fa-
sudil significantly suppresses macrophage accumuiation at
the adventitia and subsequent coronary vascular lesion for-
mation in porcine coronary arteries in vivo.* Two mecha-
nisms may be involved for the anti-inflammatory effect of
fasudil. First, fasudil may directly inhibit macrophage che-
motaxis.*! Second, fasudil may inhibit the expression of
proinflammatory molecules such as MCP-1.12 Importantly,
the inhibitory effect of fasudil on the MCP-1 expression at the
stent site {70% reduction) is equivalent to that of sirolimus-
coated stent.* It is thus highly possible that reduced MCP-1
expression resulted in decreased macrophage accumulation at
4 weeks after stent implantation.

In the present study, fasudil significantly enhanced apopto-
sis, a consistent finding with a previous study.23 However, the
maolecular mechanism for the proapoptotic effect of fasudil
remains to be elucidated. In the present study, we demon-
strated that downregulation of anti-apoptotic protein bel-2 is
involved in the proapoptotic effect of fasudil. Although
statistically insignificant, fasudil also tended to reduce cellu-
lar proliferation. While it has been controversial whether an
antiproliferative effect is involved in the antiatherogenic
effect of a Rho-kinase inhibitor,2223 the present results
suggest that such effect may not play a central role in the
present porcine model, although this point remains to be
examined in a future study. Fasudil did not affect the extent
of re-endothelialization in vivo, a consistent finding with a
previous report on Y-27632.2 Thus, it is suggested that
Rhe-kinase is not involved in endothelial regeneration after
vascular injury,

Finally, the importance of extracellular matrix formation is
recognized as a key component of in-stent restenosis.s Stent
implantation causes a significant increase in collagen synthe-
sis and TGF-f expression compared with balloon angioplasty
alone.?"2% In the present study, we demonstrated the abundant
collagen deposition associated with TGF-81 expression in all
layers of stented coronary arteries. TGF-8 is one of the most
potent stimuli for collagen synthesis and may contribute to
the formation of restenotic lesions.'® A substantial portion of
the neointima consists of matrix rather than cells.¢ Thus, a
strategy to inhibit TGF-8 may be useful in preventing in-stent
neointimal formation.® In this study, we were able to
demonstrate for the first time that long-term treatment with
fasudil significantly suppresses collagen deposition in the
neointimal lesion after stent implantation due, at least in part,
to the inhibition of TGF-B1 expression.

Possible Side Effects of Fasudil

In the present study, no appreciable side effects were ob-
served in the fasudil group, and fasudil had no effects on
arterial pressure or nonstented coronary artery. We have
recently demonstrated that fasudil is well tolerated without
any serous side effects in patients with angina.#? Thus,
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fasudil may be a safe drug, although caution should be made
when used clinically.

Limitations of the Study

Several limitations of the present study should be mentioned.
First, the present study was performed in the normal porcine
coronary artery without preexisting intimal thickening. Thus,
the inhibitory effects of fasudil need to be confirmed in
animal models with atherosclerotic coronary lesions. Second,
cell-specific Rho-kinase expression was not examined. How-
ever, based on our recent findings®+? and the present results
with stainings for BrdU, TUNEL and macrophages, we
consider that Rho-kinase was expressed mainly in macro-
phages and VSMCs. Third, although we confirmed the
inhibitory effect of fasudil (hydroxyfasudil) on Rho-kinase in
the present study,* other unknown effects of this agent might
be involved. Fourth, it remains to be examined how long
fasudil should be continued to prevent neointimal formation
after coronary stenting or whether lesion development is
permanently suppressed by some period of treatment with
fasudil. Finally, there are some differences in the mechanism
between atherosclerosis and restenosis, including severity of
injury, time course of the response, cellular/extracellular
elements, and relation to lipids.#* Thus, an agent that may
have beneficial effects in atherosclerosis may not be equally
effective in the prevention of in-stent restenosis.

In summary, the present results indicate that long-term
inhibition of Rho-kinase suppresses in-stent restenosis by
multiple mechanisms, suggesting the potential usefulness of a
Rho-kinase inhibitor to prevent the disorder (Figure V).
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We designed a peptide—polymer conjugate (CPCCtat) as a novel gene carrier that could control gene
expression respending to the intracellnlar caspase-3 signal. This carrier consists of an uncharged main polymer
chain and a cationic peplide side chain, which includes the substrate sequence of caspase-3 and the protein
transduction domain sequence of HIV-1 Tat. In the present study, CPCCtat formed a tight complex with
DNA through an electrostatic interaction, and in this state the gene expression was tofally suppressed. In
contrast, the complex disintegrated in the presence of caspase-3 due to cleavage of the cationic portion
from CPCCtat. This event led to an activation of gene expression. Qur results also indicate that the complex
can be delivered into living cells due to the cell-permeable peptide side chain of CPCCtat. This intracellufar
signal-responsive system with CPCCtat will be useful for the cell-specific gene expression system.

Introduction

Recent progress in genomic research has revealed novel
genes related to various diseases and has made it possible
to apply them to gene therapies. In fact, 918 protocols have
already been camried cut in clinical trials.! To further
generalize gene therapy, however, it is necessary for expres-
sion of the delivered gene to be activated only in the target
cell to avoid side effects. In fact, some serious side effects
in gene therapy have been reported due to nonspecific gene
expression in untargeted cells. Thus, many targeting strategies
have been investigated in various drug and gene delivery
systems.®”7 These stratepies often utilize the interaction
between a molecular marker on the cellular surface that 1s
specific to the target disease cells and the ligand molecules
aftached to the gene carrier. However, this so-called active
targeting strategy is sometimes not very successful because
the effective molecular markers are not always available.
Therefore, the present applications of gene therapy have been
restricted to cases that do not require control of the delivered
gene expression. o

‘We propose herein a novel strategy that can discriminate
normal cells and target cells in gene therapy by focusing on
differences in intracellular signals. Living cells possess
elaborate molecular reaction cascades, referred to as an
intracellular signal transduction system, in individual cells
to regulate cellular functions and responses. Hyperactivation
of certain intracellular signals is often seen in many
diseases.5'* Thus, if such unusual intracellular signals could
be used to activate the delivered gene, cell-selective control
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of the delivered gene expression could be achieved. We have
previously reported a drug capsule and gene carrier system
that releases drug activity or gene expression, respectively,
responding to 2 certain intracellular kinase or protease
signal.1¥~1® However, the gene earrier reported previously
could not deliver DNA into living cells, although these
materials worked well in cell-free systems.

In the present study, we designed a novel cell-permeable
gene carrier that can activate the delivered gene in response
to the intracellular caspase-3 signal, which is a cysteinyl
protease and plays an important role in apoptosis. Control
of gene expression depending on the activation of intracel-
Inlar caspase-3 was demonstrated using a cellular sample.
We term this approach for gene delivery with cell-signal-
specific gene expression D-RECS (drug delivery system
responding to cellular signaling). '

Materials and Methods

Preparation of the Caspase-3-Responsible Polymer
CPCCtat. CPCCtat was synthesized in a manner similar to
that described previousty.!5!? Thus, a methacryloyl peptide
(6.6 mg, 2.67 pmol} in which the methacryloyl group was
attached at the amino terminus of the peptide and the
acrylamide (10 mg, 140 tmol) were dissolved in degassed
water and allowed to stand at room temperature for 1 h after
the addition of ammonium persulfate (1.1 mg, 4.82 ymol)
and NN N N-tetramethylethylenediamine (1.42 1, 9.48
pmol) as the redox initiator couple. The product ‘was then
purified by overnight dialysis against water using a semi-
permeable membrane bag (with a molecular weight cutoff
of 25000), followed by lyophilization to obtain a white
powder at 30% vield.

€ 0 American Chemical Society
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Gel Electrophoresis. Linear DNA (1234 bp, 0.1 ug}
which was a restriction fragment from pRL-null was dis-
salved in 2 ul. of sterile water. The CPCCtat was then added
to the solution at various concentrations. All solutions were
diluted to 4.2 u1. with sterile water, allowed to stand for 15
min at room temperature, and then analyzed by 1% agarose
gel electrophoresis in Tris—boerate buffer (pH 8.0). For the
caspase-3 reaction, activated caspase-3 (2 U, CHEMICON)
was added to each solution, and the resulting solutions were
incubated for 90 min at 37 °C before being subjected to gel
electrophoresis. )

Luciferase Expression in a Cell-Free System. All
experiments were performed using a cell-free expression
system (T7 S30 extract system for circnlar DNA, Promega)
containing the T7 $30 exfract and an amino acid mixture.
Luciferase was expressed for 40 min at 37 °C using
luciferase-encoding DNA {pRL-CMV). To prepare the
CPCCtat—DNA 1:1 complex, the CPCCtat was mixed with
the DNA (1 ug) at a concentration in which the ratio of the
cationic charge of the CPCCtat (the net charge of each
peptide side chain was assumed to be +5) to the phosphate
residue in the DNA was 1.0, 15 min before the expression
experiment. In the treatment of the 1:1 complex with caspase-
3, the solution containing the DNA—CPCCtat complex was
preincubated with activated caspase-3 (2 U) for 1.0 h at 37
°C, and 5 gg (10 nmol) of a caspase-3 inhibitor (Ac-DEVD-
CHO}) was then added before the expression experiment. In
the experiment using factor Xa, factor Xa (1 ug) was used
instead of caspase-3. In the control experiment, luciferase
was expressed using the solution containing { ug of the DNA
(4.8 nmol/uL as the phosphate residue) without CPCCtat or
caspase-3. To monitor the chemiluminescence, 10 uL of the
reaction mixture was added to the luciferase assay solution
{Promega), and the chemilumipescence was measured using
a multilabel counter, ARVO (WALLAC Inc.).

The determination of messenger RNA was performed
using an RNA6000 Nano assay kit (Agilent Technologies)
and Agilent 2100 bioanalyzer. Typically, an aliquot of the
reaction mixture was loaded onto the gel microchip, in which
a fluorescent probe for messenger RNA detection had been
premixed, and the target messenger RNA was separated with
electrophoresis. Then, the target messenger RNA was quanti-
fied by comparing its band area with that of marker RNA.

Delivery of the DNA—CPCCtat Complex into NIH 3T3
Cells and Regulation of Gene Expression by Intracellular
Apoptotic Signals. NIH 3T3 cells {1 x 10? cells) were
seeded into each well of a 96-well microtiter plate and
incubated with Dulbecco’s modified Eagle’s medinm (DMEM)
supplemented with 10% fetal bovine serum (FBS) at 37 °C
under a 5% CO; atmosphere. After an overnight incubation,
the culture medium was exchanged to OPTI-MEM without
serum. The EGFP-encoding DNA—CPCCtat complex at a
charge ratio of 1.0 was delivered into the NIH 3T3 cells in
the presence or absence of apoptotic shmulation. For the
apoptotic stinmulation, the cells were pretreated with stauro-
sporin (30 uM). Delivery of the DNA—CPCCtat complex
into the NIH 3T3 cells was as follows. pEGFP (0.1 ug) was
incubated with the CPCCtat (0.92 mg) in 2 uL of sterile
water for 15 min to form the complex. The complex solution
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was then diluted to 100 L with OPTI-MEM and added to
each well, followed by incubation for 2 h under a 5% CO,
atrosphere at 37 °C.

Delivery of the CPCCtat—DNA Complex with HVJ-E
{Envelope of Hemagglutinating Virus of Japan) and
Regulation of Gene Expression Responding to Intracel-
lular Apoptotic Signals. The DNA—CPCCtat complex was
transtected into NIH 3T3 cells using GenomONE (HVI-E)
purchased from Ishihara Industries. NTH 3T3 cells (1 x 10*
cells) were seeded into each well of a 96-well microtiter plate
and incubated in DMEM with 10% FBS at 37 °C under a
5% CQ: atmosphere. After an overnight incubation, the
EGFP-encoding DNA—CPCCtat complex at a charge ratio
of 1.0 or 2.0 encapsulated in HVJ-E was delivered into the
NIH 3T3 cells. The DNA—CPCCtat complex was encapsu-
lated into HVI-E according to the protocol recommended
by the supplier with slight modification.

In brief, oné assay unit {20 ul.) of HVI-E was centrifuged
at 10000 rpm for 5 min at 4 °C. Afier removal of the
supematant, the pellet was suspended in 5 xL of buffer
solution. The suspension was mixed with 16 gL of EGFP-
encoding DNA—CPCCtat complex solution {0.8 g of DNA '
and CPCCtat at a charge ratio of 1.0} and 2.1 xL of reagent
B (detergent). The mixture was centrifuged at 10000 rpm
for S min at 4 °C. After removal of the supernatant, the pellet
was suspended with 12.5 uI of buffer solution and then
mixed with 5 uL of reagent C (protamine sulfate). Next, 2
uL. of this mixture was diluted with OPTI-MEM (with 5%
FBS) to 100 xL, and this suspension was added to a well in
a 96-well plate. After a2 1 h incubation, stanrosporine was
added to the cultured medium (final concentration 1 M),
The plate was incubated at 37 °C under a 5% CO»
atmosphere for 15 h, and observed with a confocal laser scan
microscope. Preparation of the DNA—CPCCtat complex was
described above. :

Results and Discussion

Design and Preparation of the Caspase-3-Responsible
Polymer CPCCtat. To achieve cell-selective gene expres-
sion, we designed a novel polymer that conld activate the
delivered gene expression responding to the intracellular
caspase-3 signal. The polymer CPCCtat (cationic polymer
possessing the cleavage site for caspase-3) is a grafi-type
copolymer that is composed of polyacrylamide for the main
chain and cationic peptide for the side chain (Figure la).
This peptide side chain contains a consepsus amino acid
sequence, DEVD (anionic), for the selective cleavage site
of caspase-3'% and the protein transduction domain sequence
of HIV-1 Tat protein (Tat peptide, GRKKRRQRRRFPPQ)
for the cationic portion and cell-permeable unit2*2! This
polymer was obtained in good yield using methacryloyl
peptide monomer and acrylamide with radical polymeriza-
tion. The resulting CPCCtat contained the peptide side chain
at a concentration of 0.81 mol % as the monofer unit
content, estimated by the results of elemental analysis.
CPCCtat . forms a stable complex with DNA through an
electrostatic interaction, and this complex is taken up by
living cells due to the cell-permneable peptide in CPCCtat. |
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Figure 1. Concept of the gene delivery and gene regulation system
with the intracellular caspase-3 signal-responsive polymer CPCCtat.
{a) Structure of CPCCtat. CPCCtat consists of acrylamide as the main
chain and peptides as the skje chain. The pendant peptides include
the anionic caspase-3 deavage site (blue} and a cel-pemmeable
cationic portion {red). {b) Cellular uptake of the CPCClat—DNA
complex. The CPCCtat forms stable complexes with DNA through
electrostatic interactions. The protein transduction domain sequence
{Tat peptide) of the side chain peptide in CPCCtat then leads the
CPCCtat—~DNA complex into the cell. {¢) Mechanistic scheme of
artificial gene regulation responding to caspase-3. When the CPCCtat
forms a complex with the DNA, gene expression is suppressed, When
the intracellular caspase-3 is activated, the cationic portion of the
peptide in the CPCCtat is cleaved with caspase-3. These events
cause a disintegration of the complex and release the DNA to activate
gene transcription.

Figure 1c shows the concept of gene regulation with the
CPCCtat—DNA complex. In the polymer—DNA complex,
CPCCtat suppresses the accessibility of RNA polymerase
to the DNA strand. In contrast, when the intracellular
caspase-3 is continuously activated, this complex is disin-
tegrated dite to cleavage of the cationic portion of the peptide
side chain from the main polymer chain. In this case, the
net charge of the polymer changes from cationic to anionic,
and free DNA is released from the polymer—DNA complex
by an electrostatic repulsion between DNA and the residual
polymer that is produced from CPCCtat with the caspase-3
cleavage reaction. As a result, caspase-3 signaling should
accelerate gene expression.

Gene Carrier for Cell-Specific Gene Expression €

1 2 3 4 5 6 7

Figure 2. Formation of the CPCCtat—DNA complex and its disinte-
gration with caspase-3 signaling. Lanes 2—4 and 5-7 show the
electropherograms of the DNA—CPCCtat complex in the absence and
presence of caspase-3, respectively. The ratio of the cationic charge
of the CPCCtat {the net charge of each pendant peptide was assumed
to be +5) to the phosphate residue in the DNA was 1.0 in lanes 3
and 6, and 2.0 in lanes 4 and 7. Lanes 2 and 5 did not contain the
CPCCtat. Lane 1 shows the 1 kb DNA ladder.
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Figure 3. Suppression of luciferase expression with the CPCCtat
amd its cancellation with caspase-3 signaling in a cell-free system.
{a) Luciferase expression in the presence of CPCCtat with or without
active caspase-3. (b) Determination of the messenger RNA under
the same conditions as in (2). ‘

Effect of Caspase-3 on the Stability of the CPCCtat—
DNA Complex and Regulation of Gene Expression in a

* Cell-Free System. We first investigated whether CPCCtat

actually worked as a substrate for caspase-3 using MALDI-
TOF mass spectromeiry. When the peptide side chain on
the CPCCtat is cleaved with caspase-3, the cationic segment
of the peptide side chain should be cut off as a fragment
peptide (GGRKKRRQRRRPPQ-NH:, m/e = 1775.42). The
fragment peptide was detected on the basis of the MS
measurement, even in the CPCCtat—-DNA complex (data not
shown). These results snggest that caspase-3 recognizes the
substrate sequence on the side chain in the presence of
electrostatic interactions with DNA. .
Therefore, the effects of the caspase-3 reaction on the
stability of the DNA—CPCCtat complex were invéstigated
using an agarose gel electrophoresis experiment. Addition
of the CPCCtat polymer to the DNA solution suppressed
the mobility of DNA, indicating the formation of the
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a)

Figure 4. Delivery of the fluorescein-labeled DNA into the NIH 3T3
cell using CPCCtat. {(a)} Addition of fluorescein-labeled DNA to living
cells. {b) Addition of the CPCCtat-flucrescein-labeled DNA complex
to living cells,

CPCCtat—DNA complex (Figure 2, lanes 3 and 4). On the
other hand, this effect completely disappeared in the presence
of active caspase-3 (Figure 2, lanes 6 and 7). This result
suggested that the caspase-3 signal could disintegrate the
CPCCtati—DNA complex to release the free DNA! Similar
polymer—DNA complex formation and disintegration with
caspase-3 were observed by atomic force microscopy (data
not shown). Figure 3a shows the regulation of gene expres-
sion by CPCCtat in a celi-free system. Luciferase expression
was significantly suppressed in the formation of the CPCC-
tat—DNA complex. However, the addition of active caspase-3
to this complex retwrned the expression ratio to 100%
compared with that of free DNA (control). In contrast, when
we used another protease, factor Xa, gene expression did
not recover. The messenger RNA levels were also determined
in each experiment. The mRNA levels in the presence of
CPCCtat or after treatment with caspase-3 corresponded to
the gene expression levels under the same conditions (Figure
3b). These results indicate that CPCCtat can regulate gene
expression in its franscription step on the basis of the change
of the carrier—DNA complex stability, and that its activation
is selective in response to the caspase-3 signal.

a)

S

CPCCat-DNA
complex

>_,f+-.,

Biomacromolecules

Gene Delivery Using CPCCtat and the Apoptotic Cell-
Specific Gepne Expression of the Delivered Gene in
Cultured Cells. All the results mentioned above were very
similar 1o those obtained in our previous research using a
similar polymer—peptide conjugate (CPCC), which had
oligolysine instead of a Tat peptide as the cationic portion.
However, our previous polymer (CPCC) counld not deliver
any genes into living cells. Therefore, in the present study
we applied the CPCCtat system to gene delivery into cells
because CPCCtat possesses as its cationic-region the Tat
peptide, which is a cellular membrane-permeable peptide, a
so-called PTD (protein transduction domain}. In fact, the
complex derived from CPCCtat and {luorescein-labeled DNA
{1234 bp) at a charge ratio of I was successfully delivered
into NTH 3773 celis on the basis of fluorescence microscope
observations (Figure 4). This improvement in transfection
efficiency depends on the existence of the Tat peptide, which

. facilitates the internalization of the CPCCiat—DNA complex

in a nonendecytotic manner. After the gene was delivered
using CPCClat, regulation of gene expression in response
to intracellular caspase-3 was possible. When a GFP-
encoding plasmid was delivered with the CPCCtat for 15
min at 37 °C, no fluorescence was observed in any cells
after 24 h, meaming that gene expression was totally
suppressed. In contrast, when a GFP-encoding plasmid was
delivered into the caspase-3-activated cells, which was
stimulated by staurosporine, weak fluorescence detived from
GFP was observed in the cytosol after 4 h of delivery (data
not shown). However, this fluorescence intensity was so
weak that more sensitivity was necessary to evaluate the
extent of gene expression quantitatively responding to the
intracellular caspase-3 signaling, probably due to the poor
efficiency of gene delivery into the cells. We therefore tried
to increase the amount of CPCCtat—DNA complex incor-
porated into living cells using HVJ-E. HVI-E is an inacti-
vated virus envelope, and it can deliver a gene inside its

R

Figure 5. Delivery of the CPCCtat—DNA complex to NIH 3T3 cells with HVJ-E and apoptlotic cell-selective expression of GFP. {a} Scheme of
the CPCCtat—~DNA complex delivery into cells with HVJ-E. (b—f) GFP-encoding BNA—CPCClat complexes at a charge ratio of 1.0 and 2.0
werse encapsulated by HVJ-E and delivered into NIH 3T3 cells without apoplofic stimulation (b and d}, or 15 h after apoptotic stimulation {c and
). () Same experiment as {e) using CPCCevze instead of CPCCtat. One hour after the addition of the HV-E-encapsulating CPCCtat—DNA
complex, the cells were treated with staurosporin as the apoptofic stimulant (¢, e, f}.
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envelope through membrane fusion between HVJ-E and the
target cell.” We applied HVI-E to encapsulate the CPCCtat~
DNA complex. The HYJ-E-encapsulating CPCCiat—~DNA
complex was taken up by the cultured cells through
membrane fusion, and the polymer—DNA complex inside
the HVJ-E was effectively delivered into the cells (Figure
5a). The CPCCiat—DNA (GFP-encoding) complex at a
charge ratio of 1 or 2 (+/—) was succésstully incorporated
into HVJ-E. Then, the HVJ-E encapsulating the CPCCtat—
DNA complex was added to the NIH 3T3 cells. When the
complex at a charge ratio of 1 was delivered into the cells,
weak fluorescence derived from GFP was observed-after 16
h of delivery (Figure 5b), even in normal celis without

apoptotic stimulation. On the other hand, the expression of

GFP was completely suppressed in normal celis in the case
of a charge ratio of 2 (Figure 5d). These results probably
indicate that the increase in cationic polymer levels more
effectively augments the steric hindrance of the acrylamide
main chain in CPCCtat to prevent the access of RNA
polymerase to DNA in the case of a charge ratio of 2. We
monitored the fluorescence in the cellular sample for 2 days
after addition of the complex, but any gene expression did
not appear. This suppression of gene expression cannot be
applied with similar efficiency to ordinary cationic polymers
such as poly-L-lysine or its derivatives. In fact, poly-L-lysine
cannot suppress luciferase expression under the same condi-
tions as those shown in Figure 3a.

CPCCtat activated GFP expression only in the case of
caspase-3 activation (Figure 5c.e). After 15 h of stimulation
with staurosperine {1 #M)}, fluorescence derived from GFP
was observed in complex-delivered cells with charge ratios

of both 1 and 2. We estimated the intracellular activity of

caspase-3 using a fluorescent substrate of caspase-3. (Ac-
DEVD-NH-coumarin) by monitoring the fluorescence in-
{ensity at 490 nm (data not shown). In this case, the activity
of the intracellular caspase-3 was around 2 U after 2—3 h
of the staurosporine treatment. This activity was similar to
that which we used in the cell-free experiment. Thus, it was
reasonable that this activation of the gene expression was
caused by the intracellular caspase-3. Additionally, we
examined the same experiment with the confrol polymer
CPCCgves, in which the substrate sequence of DEVD was
changed to EVEE. This sequence does not work as the
substrate of caspase-3, but it has the same anionic charge as
DEVD. Figure 5f shows the results of the GFP expression
assay with CPCCgvee using NIH 3T3 cells. Under thess
conditions, no fluorescence was observed, even if the
caspase-3 was activated with staurosporine. These results
indicate that CPCCtat can actually regulate the delivered gene
expression in the living cells specifically responding to the
intracellular caspase-3 signaling. We are now trying to rescue
target cells from apoptosis, using the apoptosis inhibitor-
encodmo ‘gene with the CPCCtat system.

Conclusion

We report here a new class of gene cartier based on the
D-RECS system. The CPCCtat polymer can activate the
delivered gene expression responding to tarpet intracellular

Gene Carrier for Cell-Spacific Gene Expression E

signaling (caspase-3 activity). This system shouid advance
the development of cell-specific gene therapy, since the
occurrence of unusual intracelhdar signaling is essential in
almost all diseases. Our strategy therefore has the potential
to be applied to various diseases. In fact, we have previously
reported another type of polymer—peptide comjugate re-
sponding to protein kinase A signaling. This polymer
regulates gene expression in 4 cell-free system very similarly
to the CPCCtat polymer. Such systems will offer a new
approach to the design of a cell-specific gene expression
systemn.
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Abstract—Monitoring of intracellular protein kinase activity is very important for fields involving diagnosis and drug screening.
However, current methods, such as radiometry using 32P, or EL1SA, are laborious and time-consuming. We have developed high-
throughput assay system of protein kinase activity using mass-tagged substrate peptide probes and mass spectrometry. This assay
system can ‘easily evaluate target kinase activity and will potentially be able to simultaneously profile many protein kinase activities,

© 2003 Elsevier Ltd. All rights reserved.

Cells possess an intracellular signal transduction system
with which they can precisely respond to their outer
environment. The system consists of many chemical
reaction cascades, and many proteins are associated
with these reactions. Intracellular signals are primarily
transduced by protein activation (or inactivation)
caused by the conformation changes in proteins. Protein
phosphorylation is one of the most versatile reactions in
celis that can cause protein-conformational change.
This reaction is catalyzed by protein kinases and con-
trols various cellular functions, including gene expres-
sion,! cellular proliferation,? and cell death.® Therefore,
if the enzymatic activity of a protein kinase rises
abnormally, this rise can be directly related to various
diseases.*® It will therefore be useful to develop an
assay system for protein kinases activities in cellular
samples for fields involving diagnosis, evaluation of
gene-functions, and drug development. Radiometry’
using 32P, or ELISA®* !0 well known as such an assay
system. Although these assays are quite sensitive, they
are laborious and time-consuming. Therefore, the
development of . high-throughput assay systems is
required to profile all the protein kinase activity of
many samples.

Keywords: Protein kinases; Protein phosphorylation; High-throughput

screening; Mass spectrometry.
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We report herein the use of a mass-tag strategy in an
assay system for protein kinase activity using mass
spectrometry. Figure 1(a) shows the basic concept of
this detection system. Two cellular samples representing
two different states are homogenated, respectively, and
twa types of peptide probes are separately added to
each cell lysate. These probes possess the same substrate
peptide sequences for the target protein kinase, while
one of these peptide probes is isotopically heavier than
the other due to the incorporation of deuterium into
acetyl groups in the peptide probe. Therefore, two
peptides can be distinguished in the mass spectrum. The
mfz values of these probes increase by +80 with
phosphorylation by the target protein kinase, so that
protein kinase activities between different cellular
states can be compared directly by calculating the
phosphorylated ratio in each probe using the peak
intensity in the mass spectrum after the both probe
solutions were combined.

According to this concept, the peptide probes, PKA-Hg
and PKA-Dy, which possessed the substrate sequence of
protein kinase A (PKA) and the His-Tag sequence,
R;-KHHHHHGLRRASLKC-NH; (R=CH;CO- or
CD4CO-), were designed and synthesized. In these
probes, two normal acetyl groups or deuterated acetyl
groups were incorporated into the lysine residue at the
amino-terminus. Thus, the difference between the mass
numbers of these probes is 6. We chase protein kinase A
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Figure L. (a) Schematic outline of the protein kinase activity assay system using mass spectrometry. (b) Amino acid sequences of PKA substrate

peptide probes.
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Figure 2. The time-dependent decrease in the absorbance at 340 nm
based on the oxidation of NADH, which was led by the phosphoryl-
ation of the peptide probes by PKA in the coupled enzyme assay. The
experiment was performed with J0 or 30 uM of each peptide probe
in PBS{-) (pH 7.2) containing 0.2 mM ATP, 10 mM MgCl;, 1| mM
phosphoenolpyruvate, 03 mM NADH, 12 units of lactate
dehydrogenase, 4 units of pyruvate kinase, and 60 units of PKA C-
subunit at 24 °C,

{PKA) as the first target protein kinase because the
enzyme is one of the most important protein kinases
and controls many cellular functions such as gene
expression,!! hormone secretion,!? and cell differentia-
tion.'3 Meanwhile, the His-Tag sequence was intro-
duced in peptide probes to purify them from the cell
lysate in case pre-purification of the probes was
required. Acetylated peptide probes were synthesized
with automatic peptide synthesizer by Fmoc chemistry
using corresponding Fmoc-amino acids and Fmoc-
Lys(Fmoc)-OH as the N-terminal amino acid [Fig.
I{(b}]. In the case of deuterated peptide synthesis, acetic

214

énhydride-ds was used as the N-temminal acetylation
reagent.

We first investigated whether deuterium labeling of the
peptide influenced the kinetics of phosphorylation with
PKA. The phosphorylation of these probes was mon-
itored spectrophotometrically with a coupled enzyme
assay reported by Cook et al.'* In this assay, the pro-
duction of ADP, which is derived from ATP as a
byproduct of the phosphorylation, finally brings about
an oxidation of NADH using pyruvate kinase and lac-
tate dehydrogenase. The phosphorylation can therefore
be monitored as the decrease in absorbance at 340 nm.
As shown in Figure 2, the profile of the absorbance-
decrease accompanying phosphorylation of the heavy
probe (PKA-Dg) showed good agreement with that
of the light probe {PKA-Hg), meaning that neither of
the peptides differed in their ability to function as a
substrate to PKA.

For the next experiment, we examined whether the mass
spectra arising from both the peptide probes could be
differentiated from each other. Phosphorylated or non-
phosphorylated peptide probe solution was prepared
separately and mixed together, then analyzed by
MALDI-TOF MS. As a result, four peaks were dis-
tinctly observed. The following experiment was then
performed to confirm that the phosphorylation pro-
cesses of the peptide probes could be monitored by mass
spectrometry. Two sample solutions of PBS(-) con-
taining 4 U/mL PKA, 0.2 mM ATP, and 10.mM MgCl,
were prepared. PKA-H; and PKA-Dg were added
separately to each sample to a final concentration of 2
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Figure 3. Mass spectra (a) 10 min, (b} 20 min, and (c) 30 min after
adding the PKA C-subunit. {d) The time-dependent increase in the
phosphorylation ratio calculated from the intensities of the mass peaks
{open ciecle: PKA-H,, closed circle: PKA-Dy).

uM, and the sample was then incubated at 37°C. Next,
I pL of each probe solution was taken in every 5 min
after addition of the peptide probe, and the two solu-
tions were combined, followed by analysis with
MALDI-TOF MS. Figure 3 shows the typical mass
spectra and time-dependence of the phosphorylation
ratio calculated from the intensities of these mass peaks.
The intensities of the mass peaks arising from nonpho-
sphorylated probes {m/z: 1900.99 for PKA-Hg¢ and
1906.03 for PKA-D¢) pradually decreased with the
reaction time, and those from phosphorylated probes
{mfz: 1980.43 and 1986.44 for PKA-H; and PKA-D,
respectively) increased at the same time. The time course
of the phosphorylations showed good coincidence in the
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Figure 4. The mass spectrum from the mixture of two samples that
contained different PKA activities. The concentration of PKA in
PKA-H6 and PKA-D6 solutions were 30 U and 6 U, respectively.
Each solution was combined to measure MALDI-TOF MS, after 3 h
incubation at 37°C. .

two probes. These results suggested that the phosphor-
ylation processes with PKA could be evaluated by the
assay system using mass spectrometry.

For the last experiment, we investigated whether the
difference in the PKA activities of the two -samples,
which contained different amounts of activated PKA,
could be evaluated using this assay system. Thus, PKA-
H¢ or PKA-Dg (each 100 pM at a final concentration)
was added to the PBS(-) containing 0.2 mM ATP and
10 mM MgCl; and activated PKA. The PKA activity in
each probe solution was 6 UfmL and 30 U/mL for
PKA-H, and PKA-Dq, respectively. After incubating
for 3 h at 37°C, these solutions were combined and
analyzed by MALDI-TOF MS. The obtained mass
spectrum (Fig. 4) shows that PKA-D;, which was added
to the sample with higher PKA activity, was more
phosphorylated than the PKA-Hg. The peak height of
the nonphosphorylated PKA-Hg was nearly 5 times
higher than that of nonphosphorylated PKA-Dg. On
the other hand, the peak height of phosphorylated
PKA-D; was approximately 5 times higher. These
results reflect the differences in PKA activity between
the two sample solutions quite well. Thus, this assay
system was found to be potentially useful for evaluating
PKA activity.

We are now attempting to apply this system to the
measurement of PKA activity in cellar lysates. More-
over, the mass-tag strategy reported here can easily be
applied to the probe peptides for monitoring other pro-
tein kinase activities. In this assay system, dozens of
peptide probes can be detected simultaneously if each
probe is designed to have a distinct mass number. As
such, this system will potentially be able to simulta-
neously profile many protein kinase activities.
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First Functionalized MRI Contrast Agent Recognizing Vascular Lesions
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A new MRI-contrast agcni, EB-DTPA-Gd, that has an Evans Blue analogue as a sensing unit for endothelium lesions,
was designed and synthesized. The agent also has diethylenetriamine-N NN N”N"-pentaacetic acid-Gd complex
{Gadolinium-DTPA) units, which have been used as detection units for T1-weighted MRI. The EB-DTPA-Gd was able
10 recognize and adsorb to the vascular endothelium-denuded region of porcine aorta, and to decrease the relaxation time
of circumferential water's protons, making possible MR imaging of the endothelium-denuded region. The compound can
be employed as a contrast agent for the imaging of vascular lesions using MRI.
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Vascular endothelium plays a very important role in regulating
vascular homeostasis. If the endothelium is damaged, this
vascular lesion often leads to a cardiovascular disease, such as
arteriosclerosis or spasms in the coronary artery.! Therefore,
the detection and evaluation of vascular endothelium lesions in
their early stage would be very important for effective diagnosis
and therapy. However, no practical method for vascular lesion-
specific detection has been reported as a practical diagnostic
tool.

In this report, we describe a novel endothelium lesion-specific
MRI (Magnetic Resonance Imaging) contrast agent, which has a
dye component as a probing unit for the vascular lesion. In
general, biomolecules such as antibodies, polysaccharides, or
peptides have been used to recognize particular sites in
biological systems.* However, such biomolecules are very
expensive and are thus not practical for a contrast agent for
blood vessels due to the large blood flow, in which a large
amount of the agent would be needed. Therefore, we have
looked for other less-expensive molecules that can recognize
vascular endothelium lesions using the porcine aorta, and have
at last found certain types of organic dyes to be uscful for this
purpose. In histochemistry, various dyes have been used for
staining specific tissues and proteins.™” These dyes can interact
with their targets with high specificity. For example, Congo
Red specifically binds to the amyloid beta protein.’ In these
dyes, Evans Blue has been used for staining a vascular
endothelium injury.? Vascular endothelium forms a tight
junction that regulates the molecular permeability into the
vascular wall from the blood,? thereby providing a barrier in the
vascular wall against blood flow, If the vascular endotheliom is
injured, many melecules begin to interact with the extracellular
matrix and the vascular smooth muscle layer, which is located
below the endothelium layer.

t To whom correspondence should be addressed.

We have recently synthesized structural analogues of Evans
Blue, and the dye unit was observed to selectively adsorb to a
vascular endothelium-denuded region. We have therefore
designed a new MRI-contrast agent that bas Evans Blue
analogue (Fig. 1). The compound can be used as a contrast
agent for the imaging of vascular lesions using MRIL

Experimental

Synthesis of N-tert.butoxycarbonyl-2,2’-dimethylbenzidine
2,2"-Dimethylbenzidine (3.00 g, 14.1 mmol) was dissolved in
dichloromethane (25 ml), and Boc-anhydride (3.08 g, 14.1
mmol) was added dropwise at r.t while stiming. After
overnight stiming, the remaining dimethylbenzidine was
removed by washing with saturated aqueous tartaric acid. The
organic phase was then concentrated under reduced pressure.
The residue was purified by column chromatography on silica
gel using ethylacetate-hexane (3:5) as an eluting solvent. The
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Fig. 1 Chemical structure of the MRI contrast agent.
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Fig. 2 MR imaging result of an opened porcine aorta strip stained with 10 mM aqueous EB-DTPA-Gd
solution. {a) Schematic illustration of the blood vessel sample. (b) Photograph of the blood vesse] stained
with EB-DTPA-Gd. (c) and (d) MR images of the surface of the inner wall and the cross section of the blood
vessel sample, respectively, of the sample (TR/TE = 400714 ms). The signal intensity profile is also shown in (d).

desired product was obtained as a pale-yellow solid (1.91 g,
43%). The chemical structure was determined with 'H-NMR
and elemental analysis.

Synthesis of 2,2"-dimethylbenzidine-DTPA (DMB-DTPA)

N-tert.butoxycarbonyl-2,2’-dimethylbenzidine (0.281 g, 0.89%
mmol) and DTPA anhydride (0.481 g, 1.35 mmol) were
dissolved in dry DMSO (15 ml). The mixture was stirred at
40°C. After 3 h, the reaction mixture was poured into cold
water {500 ml). The precipitate was collected by filtration. The
collected solid was put into water (2.8 ml}, and the pH of the
suspension was then adjusted to 7 with sodium carbonate. After
neutralization, the solid was dissolved completely and then
puriied by ODS column - chromatography  using
water-acetonitrile (3:1). The desired fraction was collected and
then freeze-dried, The obtained solid was redissolved in TFA
(5 ml), followed by stimming at r.t. for 1 h. This solution was
poured into cold ether. The deposited solid was collected by
filtration and dried under reduced pressure 1o obtain a colorless
solid (0.133 g, 14%). The chemical structure was characterized
as TFA salts (DMB-DTPA-4TFA) by 'H-NMR and elemental
analysis.

Synthesis of EB-DTPA

All reactions were performed in an ice bath. DMB-
DTPA-4TFA (51.1 mg, 49.0 mmol) was dissolved in water (1
ml) containing HCI (147 umol). Sodium nitrite (3.38 mg, 49.0
umol) was then added in small portions, followed by stirring for
20 min. A diazoniurn salt solution was added drepwise into 1
ml of an aqueous 1-amino-8-naphtol-2,4-disutfonic acid (16.7
mg, 49.9 umol) solution containing sodium bicarbonate (16.5
mg, 196 umol), and then stirred for 3 h, The reaction mixture
was lyophilized. The concentrate was redissolved in water (1
ml), and the desired product was precipitated by conc.
hydrochloric acid (36.5 mg, 81%). The precipitate was
collected and dried under reduced pressure. The chemical
structure was determined by '"H-NMR and elemental analysis.

MR! experimental procedure

An aqueous MRI contrast agent solution was prepared as
follows. EB-DTPA was dissolved in deionized water to be
1-15mM, and a 1 M aqueous gadoliniuvm chloride solution
containing equimolar gadolinium ion to EB-DTPA was added.
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The pH of the solution was adjusted to 7 with a 1 M aqueous
sodium hydroxide solution.

An extracted porcine aorta was opened to a flat sheet. The
endothelium in the left-half area from the center axis was then
removed with 2 scalpel, while the right-half area was allowed to
remain intact (Fig. 2a). The aorta section was dipped with the
MRI contrast agent solution for 10 s, and then washed with
saline. The aorta section was evaluated by MR Imaging (1.5T
MAGNETOM VISION system (SIEMENS, Gemany), Ti-
weighted Spin Echo, TR/TE=400/14 ms, 3 mm slice thickness,
field-of-view 50 mm and dot matrix 128%¥256). The obtained
MRI image was analyzed with the NTH image.

Results and Discussion

The MRI contrast agent was successfully obtained as a pure
compound by the preparation protocol described in the
experimental section. We therefore investigated whether the
molecule selectively bound to an endothelium-broken site in a
blood-vessel sample.

A photograph of the porcine aorta stained with 10 mM
aqueous MRI contrast agent, EB-DTPA-Gd, is shown in Fig.
2b. Although a slight nonspecific binding of the agent was
observed in the intact endothelium region, a clear accumulation
of the synthesized contrast agent was observed in the
endothelinm-removed region. Figure 2¢ shows an MRI image,
giving a top view. The endothelium-intact area and the
damaged area can be distinguished by Tl-weighted MR
imaging. Figure 2d shows an MRI image of the same aorta
section, but a side view, and a histogram of the MR signal
intensity on the inner-surface region of the aorta section. The
stained section shows that the MRI signal enhancement can
cnly be seen in the inner-surface area of the aorta wall, which
means that EB-DTPA-Gd did not permeate the tissue from the
endothelium bamrier-injured site. This result is quite important
because the MR imaging agent for blood vessels should be
excreted rapidly after the MR image is taken; otherwise, an
undesired effect might resuit. In the localization of the agent at
the surface area, the polar group in the Evans Blue-related
structure may be requisite. Actually, the MR-signal using
DMB-DTPA-Gd, which lacked the 24-disulfonyl-1-amino-8-
naphto! unit from EB-DTPA-Gd, was seen even in the smooth
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Fig. 3 Structural effects of the tissue absorption in the DTPA-type
MRI contrast agents (10 mM)}. {a) Schematic illustration of the aorta
section in the side view. (b) MRI signal was measured from four
areas indicated by area 1 - 4 in the figure, separately. The emor bars
represent the standard deviation.

muscle layer of the aorta strip due to infiltration of the
compound (Fig. 3b). In contrast, an ordinary MRI-contrast
agent, DTPA-Gd, which had no hydrophobic unit, did not
adsorb on the inner surface of the aorta sample. These results
indicate that the endothelium lesion-selective contrast agent
should have a chemical structure that is hydrophobic, but that at
the same time has some hydrophilic groups.

For the nexl experiment, the concentration dependency of the
MRI signal of the CB-DTPA-Gd of endothelium lesion was
evaluated to dctcrminc the minimal dose. First, the contrast
agent was evaluated (Fig. 4). The MRI signal intensity was
gradually increased in the endothelium-damaged area along
with increases in the EB-DTPA-Gd concentrations. In contrast,
the MRI signals of the endothelium-intact area were found to be
independent of the agent concentrations. The increment of the
signal intensity was nearly saturated at agent concentrations of
10 mM on the lesional area. Thus, we determined that 10 mM
is sufficient to detect the target area. The signal increment
when using of 10 mM EB-DTPA-Gd was nearly 1.5-times that
of the intact area.

Endothelium lesions often cause vascular diseases. For the
diagnosis of such an endothelium-damaged site, we tried to
design an MRI-contrast agent that can bind to such a vascular
injury site.

After a wide range of screening, we finally found some
organic azo-dyes that could potentially be used as a probing unit
for endothelium lesions, and Evans Blue was found to be the
best candidate among these dyes. Thus, we designed a new
MRI contrast agent, EB-DTPA-Gd, having an Evans Blue-
related structure. Newly synthesized EB-DTPA-Gd showed
endothelium lesion-specific adsorption in an in vitro
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Fig. 4 Dose dependence of the MRI-signal in the endothelium
lesion and the intact region using EB-DTPA-Gd or DTPA-Gd. The
error bars represent the standard deviation.

experiment. The reagent was also able to detect the lesional site
using Tl-weighted MR-imaging. This compound would
potentially be able to be used as an MR imaging probe to detect
vascular damage. We are now investigating the use of this
compound in ex vivo and in vivo trials. These results will be
reported in due course.
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