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SPECT can provide valuable diagnostic and treatment
response information in large-scale multicenter clinical trials.
However, SPECT has been limited in providing consistent
quantitative functional parametric values across the centers,
largely because of a lack of standardized procedures to
correct for attenuation and scatter. Recently, a novel software
package has been developed to reconstruct quantitative
SPECT images and assess ‘cerebral blood flow (CBF) at rest
and after acetazolamide challenge from a single SPECT
session. This study was aimed at validating this technique at
different institutions with a variety of SPECT devices and
imaging protocols. Methods: Twelve partticipating institutions
obtained a series of SPECT scans on physical phantoms and
clinical patients. The phantom experiments included the as-
sessment of septal penetration for each collimator used and
of the accuracy of the reconstructed images. Clinical studies
were divided into 3 protocols, including intrainstitutional repro-
ducibility, a comparison with PET, and rest-rest study consis-
tency. The resuits from 46 successful studies were analyzed.
Results: Activity concentration estimation {(Bq/mL) in the re-
constructed SPECT images of a uniform cylindric phantom
showed an interinstitution variation of +5.1%, with a systematic
underestimation of concentration by 12.5%. CBF values were
reproducible both at rest and after acetazolamide on the
basis of repeated studies in the same patient {mean # SD dif-
ference, —0.4 = 5.2 mL/min/100 g, n = 44). CBF values were
also consistent with those determined using PET (—6.1 * 5.1
mL/min/100 g, n = 6). Conclusion: This study demonstrates
that SPECT can quantitatively provide physiologic functional
images of rest and acetazolamide challenge CBF, using a
quantitative reconstruction software package.
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Current clinical practice using SPECT relies largely on
interpretation of qualitative images reflecting physiologic
function. Quantitative functional parametric images may be
obtained by applying mathematic modeling to SPECT data
corrected for attenuation and scatter. Quantitative regional
cerebral blood flow (CBF) (/~3) and cerebral vascular reac-
tivity (CVR) in response to acetazolamide challenge (4-6)

“have been obtained with these techniques. One major appli-

cation of such quantitative SPECT (QSPECT) approaches is
the evaluation.of ischemic status in patients with occlusion or
stenosis in their middle cerebral arteries, to provide prognostic
information of the outcome of revascularization therapies (7).
Quantitative analysis in SPECT has also been demonstrated in
the assessment of binding potential for several neuroreceptor
ligands (8,9), for the quantitative assessment of regional my-
ocardial perfusion (10,11), and for the assessment of radio-
aerosol deposition and clearance in healthy and diseased
lungs (/2). However, providing the standardized quantitative
approach required for multicenter clinical trals has so far
received only limited attention. Challenges remain in provid-
ing consistent quantitative data across institutions using a
variety of SPECT equipment and vendor-specific reconstruc-
tion strategies (/3). This limitation is attributed to a lack of
standardized procedures in the reconstruction software of-
fered by vendors, particularly in terms of correcting at-
tenuation and scatter. Kinetic modeling for physiologic
parameter estimation is also not part of the vendors’ stand-
ard SPECT software. Although separate packages can be
purchased for this purpose, they are not integrated and are
flexible general-purpose packages, requiring considerable
skill and knowledge to effectively use. Thus, they are not
ideal for routine clinical use.

Scatter and attenuation occur in the object and are thus
object-dependent but are not dependent on the geometry of
the imaging equipment (I4). Therefore, once a software
program is developed to provide accurate image reconstruc-
tion with compensation for both attenuation and scatter, the
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program should be able to provide quantitative images that
are intrinsically independent of the geometric design of
SPECT cameras. This is an attractive feature of SPECT
for multicenter clinical studies.

From the various techniques available to correct for
attenuation (/5) and scatter (/6), one feasible approach for
clinical studies is based on a combination of attenuation
correction, incorporated into the ordered-subset expectation
maximization (OSEM) reconstruction (/7), and scatter cor-
rection by the transmission-dependent convolution subtrac-
tion (TDCS) originally proposed by Meikle et al. (/8). This
approach has been extensively investigated by our group
(11,19) for 9°"Tc for studies of the brain and heart
(18,20) and also in cardiac 2°'T1 studies (71,2]). A recent
study also demonstrated the accuracy of this approach in a
combined SPECT/CT system (22). By incorporating a correc-
tion for collimator septal penetration by high-energy emis-
sions, one can also make the technique applicable to 123 (19).

The QSPECT reconstruction approach has estimated
CBF images at rest in a clinical setting (/1) and quantified
CVR by measuring CBF at rest and after vasodilation in a
single SPECT session. This was accomplished by using the
dual-table autoradiographic (DTARG) method and a dual
administration of !?3]-iodoamphetamine (23). In those stud-
ies, corrections for attenuation and scatter appeared to be
essential for generating quantitative CBF maps that were
consistent with those generated by '’O-water PET (11,23).

These studies were, however, validated in a single in-
stitution using a limited range of SPECT systems, and the
general applicability of this technique for different SPECT
systems had vet to be fully established. Thus, the aim of this
study was to verify that analysis of data with a standardized
reconstruction package incorporating attenuation and scatter
correction can provide reproducible results across multiple
institutions for quantitative rest and acetazolamide challenge
CBF estimation from a single SPECT session.

MATERIALS AND METHODS

institutions and Sublecis

The 12 participating institutions were clinical centers and
generally did not have scientific staff dedicated to nuclear
medicine software or hardware development. Standard, vendor-
supplied software was used for the collection of the studies, with
unmodified scanners and collimators clinically used for brain
studies. The acquired data were reconstructed with the program
package developed for this project. Manufacturers and models of
camera systems and the number of detectors and collimators
(including fanbeam or parallel hole) used by the institution are
listed in Supplemental Table 1 (supplemental materials are
available online only at http://jnm.snmjournals.org). All institu-
tions performed experiments on physical phantoms according to
the protocol described in the “Phantom Experiment” section. Of
the 12 institutions, 9 obtained patient scans, whereas the remain-
ing 3 provided only phantom data. Clinical studies were approved
by institutions’ ethics committees or followed guidelines for clin-
ical research protocols authorized by the institution. All subjects at
each institution gave written informed consent.

RestStrEss CBF with QuanTtitative SPECT « Iida et al.

The clinical studies were divided into 3 protocols: intrainstitu-
tional, intrasubject reproducibility (reproducibility); comparison
with PET (vs. PET); and intrascan consistency of the dual-time-
point split-dose (rest-rest). Studies were excluded from the anal-
ysis if there was severe patient motion during one of the studies or
if there were changes in the condition of the patients between the
first and second studies likely to lead to changes in CBE.

Eight institutions (institutions 1, 3, 4, 6, 8, 9, 11, and 12)
participated in the reproducibility arm, in which quantitative CBF
values measured on separate days were compared. In this arm, all
patients experienced unilateral or bilateral stenosis or occlusion in
the extracranial internal carotid artery. The patients’ ages ranged
from 43 to 81 y (mean *= SD, 65 * 9 y). A total of 31 studies in
this protocol were analyzed. Four patients had to be excluded from
the analysis—2 because of significant changes in their pathophy-
siologic status between the studies and 2 because of severe motion
and mispositioning in the scanner.

One institution (institution 4) performed the versus-PET
studies. CBF values obtained by the DTARG method were
compared with those by '“O-water and PET. Studies were per-
formed on 6 patients (5 men, 1 woman; age range, 71-74 y; mean
age = SD, 72 % | y) with stenosis or occlusion of the extracranial
internal carotid artery unilaterally (n = 3) or bilaterally (n = 3).

Two institutions (institutions 2 and 12) provided data for the
rest-rest comparison. Five patients from institution 2 had chronic
cerebral infarction, whereas 4 subjects from institution 12 had no
sign of cerebral disease. Patients’ ages ranged from 32 t0 72 y
(mean % SD, 52 % 15 y); 5 patients were men and 4 women.

Phantom Expsriment .

Three experiments were performed by each institution using th
SPECT camera fitted with the collimators normally used in
clinical brain studies. The first scan determined the absolute
sensitivity or the becquerel calibration factor (BCF) of the
reconstructed images. For 10 min, a 360° projection set was
acquired of a syringe filled with a '**I-iodoamphetamine solution
of known radioactivity and placed at the center of the field of view.
The syringe was supplied by Nihon-Medi Physics, and its radio-
activity was calibrated to 111 MBq at noon on the day before the
experiment, with an accuracy better than 3%, decaying to approx-
imately 30 MBq at the'time of the experiment, avoiding the dead
time of the camera. The BCF was determined by dividing the
absolute radioactivity by the total counts for the syringe region
in the reconstructed image.

The second experiment determined the collimator septal pen-
etration contribution (24) from high-energy photons into the pri-
mary 159-keV energy window for '2°1. A line-spread function was
obtained from the projection data of a line source filled with
123L.jodoamphetamine. The septal penetration was determined
from the background level as described previously (J9). A projec-
tion line-spread function was also generated from this line source
placed in a water-filled cylindric phantom (diameter, 16 cm).

The third experiment used a 16-cm-diameter, 15-cm-long uni-
form cylindric phantom. The whole radioactivity used for the BCF
determination was diluted into the phantom, and projection data
were acquired for 30 min, using the clinical scan protocols
described in the “Clinical Studies” section. The radioactivity con-
centration (counting rate per unit mass) of an approximately
0.3-mL sample from the phantom was measured using the well
counters available at the various institutions. Both Nal- and plastic
scintillator-based well counters were used (Supplemental Table
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1). Average pixel counts derived from regions of interest on the
reconstructed emission images were referred to the well counter
radioactivity counting rate, to determine the cross-calibration fac-
tor between the SPECT images and well counter system. This
cross-calibration factor was subsequently used for the blood sam-
ple counts of the clinical studies. Uniformity of the reconstructed
emission images was evaluated.

Clinical Studies

All clinical SPECT studies followed the DTARG protocol, with
dual administration of iodoamphetamine (23). depicted in Figure
1. Briefly, 2 dynamic scans were acquired in quick succession,
with a 2-min interval between the scans. The first scan covered
the initial 0- to 28-min period, and the second was acquired from
30 to 58 min. At 4 min per frame, 7 frames covered each of the 2
dynamic scan periods. '**I-iodoamphetamine (111 MBq at insti-
tutions 2—12 or 167 MBq at institution 1) was infused twice over
1 min into the antecubital vein at 0 and 30 min. Acetazolamide
(17 mg/kg, 1,000 mg maximum) was administered intravenously
at 20 min after the first iodoamphetamine injection, corresponding
to 10 min before the second iodoamphetamine injection. Projec-
tion data were summed for the acquisition duration of the first and
second scans and reconstructed as described in the “QSPECT
Reconstruction” section. In contrast to the study of Kim et al.
(23), which used full arterial blood sampling, the individual arte-
rial input functions were derived from a population-based stand-
ardized input function scaled with the whole-blood counts from a
single arterial blood sample taken at approximately 10 min (/,25~
28). This sample was also used for arterial blood gas analysis.

In the reproducibility arm, an additional, non-DTARG CBF
study was performed on a separate day. Instead of DTARG, the
previously reported!>3[-IMP autoradiographic (IMPARG) method
(1,19,25) was performed within a month of the DTARG study. The
IMPARG method is essentially equivalent to the present DTARG
method, except that the IMPARG method uses a single iodoam-
phetamine administration to assess CBF either at rest or after

| it Dynamic SPECT €30

20min 28 fin 58 min
; 3pmin
Y T
1st SPECT image at rest 2nd SPECT image aftor DMX

SPECT image
for calibration

o min 10 min

FIGURE 1. Scanning protocol flow for DTARG procedure.
128|-jodoamphetamine was injected at 0 min, and 28-min
resting dynamic SPECT scan was commenced. Blood sam-
ple for calibration of population input function was drawn at
10 min. Acetazolamide (DMX-diamox) was administered at
20 min. CBF values are scaled by last frame (time, 24~
28 min). Second dynamic SPECT scan followed second
injection of '2%-iodoamphetamine at 30 min. IMP = iodoam-
phetamine.
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acetazolamide challenge. The same image reconstruction process
as for the DTARG protocol was used. In 12 studies, the DTARG
protocol was used instead of IMPARG—namely, the DTARG
study was performed twice to assess the CBF reproducibility at
rest and after acetazolamide.

In the versus-PET protocol, the PET study was performed
within 2 d of the DTARG SPECT study. PET scans used
intravenous 'SO-water both at rest and after the acetazolamide
challenge. CBF images were calculated by the 'SO-water auto-
radiography technique (29), with careful corrections for delay
and dispersion (30-32). Patients were stable between the SPECT
and PET studies.

In the rest-rest protocol, the DTARG scan was obtained without
the pharmacologic challenge during the study to evaluate the con-
sistency of CBF values estimated from the 2 scans.

GSPECT Reconstruction

The program package for QSPECT uses a wrapper written in
JAVA to run several programs written in C for Microsoft Windows
systems. The package includes programs for reconstructing
SPECT images, calculating functional images, coregistering
images, and reslicing and printing summary logs.

The QSPECT package reconstructs images from the original
projection data from commercial SPECT equipment, based on
previous work by lida and his colleagues (/9~21,23,33,34). Recon-
structed SPECT images are calibrated in Bg/mL, which provides
independence from scanning parameters such as the acquisition
time, number of views, matrix size, and zoom factor. Uniformity
and center-of-rotation corrections and fanbeam—to-paraliel beam
conversion (for fanbeam collimators) were performed using the
clinical routine software before reconstruction by this.package.

An overall flow diagram of the cormrection and reconstruction
process is shown in Supplemental Figure 1. The OSEM recon-
struction technique includes attenuation correction (/7). A thresh-
old-based edge-detection algorithm generated the attenuation
p-map, assuming a uniform attenuation coefficient of 0.166 cm™!
for 9°™Te (0.160 em™! for ') as an average over the brain and
skull (/9). The threshold was optimized via the user interface to
correctly define the brain outline. The attenuation p-map was
generated from the summed O- to 28-min rest frame and was
coregistered to the other images (35) reconstructed with filtered
backprojection without attenuation or scatter correction. The
attenuation p-maps were forward projected to provide the trans-
mission projection data for TDCS. The emission projections were
scatter-corrected by the TDCS method, as originally proposed by
Meikle et al. (18), and further optimized for realistic **™Tc, 201},
and ‘23 data in the brain and thorax regions (20,21,23,33,34). An
offset compensated for the septal penetration of high-energy pho-
tons for '*I studies, which adds fairly uniform -background
counts, or direct current (DC) components, to the projections.

Scatter- ‘and attenuation-corrected images were reconstructed
with OSEM (5 iterations, 5 subsets using geometric-mean
projections, postreconstruction gaussian filter of 7 mm in full
width at half maximum) and then realigned to the image set
obtained from the first scan. The acquisition parameters and BCF
were used to convert the reconstructed raw counts to Bg/mL.

The global CBF over the entire gray matter was estimated
from the SPECT frame covering 24-28 min, because this
timing minimizes the individual shape variations in individual
input function. The look-up table generated for estimating CBF
images from the complete dynamic study (0-28 min) was then
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scaled to provide global cortical gray matter CBF values consis-
tent with the 24- to 28-min frame estimates. A careful detection
algorithm was used to reliably exclude extracranial accumulation
of '?3]jodoamphetamine (e.g., in the parotid region), which could
adversely affect this scaling procedure. The regional CBF was
then estimated at each pixel by means of the table look-up proce-
dure (25,28). The background image at the time of the second !*3]-
iodoamphetamine injection was estimated from the first-phase
CBF images, according to the compartment model assumed in
this study (23). An additional table look-up procedure was applied
to the second dynamic dataset (30-58 min) for calculating the
vasodilated (acetazolamide challenge) CBF images as described
previously (23). The data were successfully reconstructed, and
CBF was estimated at each institution. To facilitate and provide
consistent analysis, the data presented are from the reanalysis
conducted at the core lab (National Cerebral and Cardiovascular
Center).

Daia Analysis

The uniform phantom SPECT activity estimates were compared
with the known activity in the phantom. Images for the baseline
study were displayed with subsequent images using an absolute
flow value scale to visually ascertain regional and global differ-
ences in flow. Regions of interest were placed on the middle
cerebral artery territories of both hemispheres, and the average
flow values between the different methods were compared and
plotted. Bland—Altman plots and the SD of the differences eval-
uated the consistency of CBF values obtained from the reprodu-
cibility and versus-PET protocols.

All data were presented as mean * SD. Pearson correlation
analysis and linear regression analysis were used to evaluate rela-
tionships between the 2 CBF values. A P value less than 0.05 was
considered statistically significant.

RESULTS
Phantom Studies

In the 16-cm scattering cylinder line source experiment,
the scatter-uncorrected images show background counts
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extending beyond the phantom, from septal penetration of
the high-energy photons. The scatter correction is largely
effective in correcting for scatter and septal penetration
counts. As shown in Supplemental Figure 2, the Toshiba-
ECAM low- to medium-energy general-purpose (LMEGP)
collimator, designed for reduced '231 septal penetration,
compared with the standard low-energy high-resolution
collimator (GE Healthcare), demonstrates reduced scatter
and septal penetration counts. The lower septal penetration
of the Toshiba-ECAM LMEGP collimators is also sup-
ported by a lowered scatter correction offset value (DC =
0.05, compared with DC = 0.20 for the GE low-energy
high-resolution collimator). The reduced scatter and septal
penetration result in more complete removal of scatter for
the LMEGP collimator.

Figure 2 displays reconstructed slices of the uniform phan-
tom for all 12 institutions, scaled to the same maximum
activity concentration. The estimated activity concentra-
tions from these studies, compared with the known activity
concentration, represented an accuracy of 87.5% = 5.1%
(Supplemental Table !). The well counter—to—SPECT cross-
calibration factor, which represents the sensitivity of the well
counter system for 1], was 0.5-1.0 for Nal systems and 0.1—
0.2 for plastic scintillation detector systems. The BCF values
were consistent for the same SPECT camera~collimator con-
figurations.

Clinical Btudises

Figure 3A shows typical CBF images obtained at 4 insti-
tutions with 4 different y-camera vendors, performed as
part of the reproducibility arm of the study. Each case
shows different CBF distributions both at rest and after ace-
tazolamide challenge. The acetazolamide images obtained
using the DTARG method agree well with the images sub-
sequently obtained with the IMPARG method after acetazo-
lamide infusion.

nstitution §
T. ECAM
N2(LMEHRfan)

Institution 10

FIGURE 2. Reconstructed slices
through uniform phantom from the par-
ticipating 12 institutions. Experiment
was designed to have same phantom
activity concentration for each center's
study. Nonuniformities and also differ-
ences in absolute activity concentration
estimates can be observed, highlighting
need for rigorous calibration, flood cor-
rection, and quality control. Legend
above each image gives institution
number (given in Supplemental Table
1), +y-camera model, and collimator
used. :
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FIGURE 3.

(A) Images from reproducibility study. CBF images obtained at rest and after acetazolamide with DTARG method.

Repeated scan (third row) within 1 mo using IMPARG method and acetazolamidé stress (columns 1-3) and at rest (last column).
Images demonstrate that CVR can be estimated with this technique and demonstrate good reproducibility of measuring both at
rest and after acetazolamide challenge CBF. (B) Bland-Altman plot showing difference vs. IMPARG CBF values estimated from
DTARG method and repeated IMPARG studies to assess reproducibility. Little systematic bias is detected (mean difference,
—0.4 mL/100 g/min}, and SD of differences is moderate (5.2 mL/100 g/min). Correlation coefficient of r = 0.93 (P < 0.001) was

found.

CBF images of a subject with left middle cerebral artery
occlusion are shown in Supplemental Figure 3 for slices
covering the whole brain. The images demonstrate reduced
CBF after acetazolamide challenge in the left middle
cerebral artery territory. The good reproducibility is con-
firmed by the Bland—-Altman plot comparison of DTARG
CBF values, with the CBF values obtained at a different
imaging session with IMPARG or DTARG (Fig. 3B). The
SD of the differences is 5.2 mL/100 g/min, with low bias
supported by the mean difference of 0.4 mL/100 g/min.
Regression analysis between DTARG and IMPARG values
yielded a significant correlation (P < 0.001), with a corre-
lation coefficient of r = 0.93.

Figure 4A shows MR and CBF images at rest and after
acetazolamine obtained with DTARG SPECT and !30O-
water PET in a 73-y-old male patient (63 kg) with right
internal carotid artery occlusion and left internal carotid
stenosis. The MR images do not show any evidence of
cerebral infarction in either hemisphere. Rest CBF was
reduced bilaterally in the frontal-to-parietal regions, and
acetazolamide increased CBF in left parietal regions but
not in the right parietal area. DTARG CBF indicated the
loss of vasoreactivity in the right internal carotid artery
stenotic area. These findings were consistent with those
from the PET evaluation. An additional example is shown
in Supplemental Figure 4 for a 74-y-old female patient (48
kg) with left internal carotid artery stenosis, for whom MR
images did not show cerebral infarction. DTARG CBF
demonstrated preserved CBF in both hemispheres but
reduced CBF reactivity in the left middle cerebral artery
territory. The findings were again consistent with those

1628

from PET. Figure 4B compares the flow values obtained
at rest and after acetazolamide with DTARG with the cor-
responding values obtained by 'SO-water PET. The SD of
the differences is 5.1 mL/100 g/min, with the significant
underestimation by !30O-water PET, compared with PET by
the DTARG method, highlighted by a mean difference of
—6.1 mL/100 g/min. The Pearson analysis showed a sig-
nificant correlation (P < 0.001), with a correlation coeffi-
cient of r = 0.88.

The results from the rest-rest protocol are summarized in
Figure 5. The differences between the measurements per-
formed with the 2 injections were small, with good agree-
ment between the 2 flow values. The mean * SD of the
differences was 0.6 = 2.9 mL/100 g/min.

DISCUSSION

The QSPECT package provided quantitative images
consistent between the participating centers, using dual- or
triple-detector SPECT scanners and collimators routinely
used for nonquantitative brain studies. All centers suc-
cessfully acquired the dynamic SPECT images, and the
data from the variety of cameras encountered were
successfully processed by the software package. Rest
CBF and CVR could be readily obtained by the partic-
ipating institutions in a single, clinically practical, 1-h
scanning session. Good reproducibility of CBF estimates
was observed in 31 pairs of studies at 8 institutions (Fig. 3),
and the CBF estimated with the !*I-iodoamphetamine
SPECT agreed well with !30-water PET CBF at 1 institution
(Fig. 4). The CBF values after the second injection of the
DTARG were consistent with the values obtained after the
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FIGURE 4. (A) MR and CBF images at
rest and after acetazolamide stress
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(B) Bland-Altman plot. Moderate under-
estimation of CBF determined by
DTARG method, compared with PET,
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is observed (mean difference, —86.1
mL/100 g/min). Correlation coefficient
of r = 0.88 (P < 0.001) was found.

first injection when no vasodilating stress was given in 9
studies at 2 institutions (Fig. 5).

Quantitative CBF and CVR in response to acetazolamide
challenge can be of significant prognostic value for patients
considered for revascularization of cerebral arteries (5-7).
The previously validated IMPARG method requires 2 inde-
pendent scans on different days to assess the CVR (5-7),
limiting it for routine clinical studies. The DTARG protocol
to quantitatively assess CBF both at rest and after acetazo-
lamide from a single dynamic SPECT session with the dual
administration of '*3I-iodoamphetamine (23) facilitates clin-
ical use. Errors caused by ambiguity in the absolute scaling,
and possible changes in physiologic status of the subjects
between scans, can be reduced substantially with the
DTARG protocol. The quantitative reconstruction program
enabled the compartment model-based kinetic analysis to
compensate for the residual radioactivity concentration dur-
ing the second session of the dynamic scan.

Major error sources in SPECT, namely attenuation and
scatter, are only object-dependent (/4) and not y-camera—
or collimator-dependent, and thus SPECT images obtained
by this quantitative reconstruction package should be con-
sistent across systems. Septal penetration of high-energy
photons for '*1 is, however, collimator-dependent (24)
but could be compensated as part of the TDCS scatter
correction algorithm (/7), as demonstrated in Supplemental
Figure 2. The radioactivity concentration of the uniform
cylinder phantom estimated in units of Bq/mL was consis-

80 - - - - | FIGURE 5. Results from
5 70t i| rest-rest evaluation carried
© pni 382471 378465 out at 2 institutions 2 and
e 12). In this study, DTARG
= H— method was performed as
€ a9 Sy per normal protocol but
g 30§§ ] ‘“@, { without  pharmacologic
= 7 stress. CBFs estimated
?ﬁ 20 . Institute 2 with first injection (left on
O 10k o Institute 12 graph) are in good agree-

£ ment with those estimated
Scant Scan2 after second injection (right
on graph).
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tent and showed variation within £5.1% (Fig. 2; Supple-
mental Table 1), though a systematic underestimation by
12.5%, which is attributed to the BCFs being derived from
a line source in air, reconstructed without scatter, attenua-
tion, and septal penetration corrections. However, this
underestimation does not affect the CBF estimation,
because it relies on the direct cross-calibration between
the y-counter used to count the blood sample and the
SPECT measurements.

This phantom study also highlighted the importance of
proper calibration and quality control of the -y-camera to
avoid artifacts and bias in the reconstructed images. These
corrections were applied, as for other clinical studies, by the
vendors’ software rather than as part of the QSPECT system,
because these corrections.are typically performed online and
on-the-fly, with only the corrected data being stored. The
nonuniformities seen on some phantom images should
improve with more rigorous quality-control procedures.

The previously validated population-based input function
requiring only a single arterial blood sample for scaling
(1,25-28) has been incorporated in the software package.
Blood from this single arterial sample is also used to meas-
ure arterial blood gases, which are relevant and of interest
clinically in these patients. The timing of the single blood
sample (~10 min after iodoamphetamine injection) was
optimized previously (/,25-28) to minimize the errors asso-
ciated with individual differences in shape of the arterial
input function. In addition, absolute global CBF was esti-
mated from SPECT images taken at an optimized mid scan
time of approximately 30 min (24-28 min), rather than
from the initial part of the study, to maximize the accuracy
of using the population-based input function (/,25-28).

Partial-volume correction has not been implemented as part
of this processing protocol. Partial-volume effects can
potentially lead to underestimation of flow values in gray
matter regions because of the limited resolution of SPECT.
The small underestimation of 6.1 ml/100 g/min by the
DTARG method, compared with 30-water PET (Fig. 4B), is
attributed to the partial-volume effects due to differences in
resolution between PET and SPECT. The underestimation can
also lead to variations in CBF values obtained with different-
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resolution collimators. However, consistent postreconstruction
filtering, as applied in this study, can reduce this effect.
Only the reproducibility within an institution was
assessed. Hence, the reproducibility of measurements
between institutions cannot be gleaned from these data,
particularly because patients with vascular disease were
studied. Thus, unlike estimates from healthy volunteers,
flow values and vascular reactivity are expected to vary
from patient to patient, and flow values determined at one
institution with one group of patients are therefore not
directly comparable with flow values from another group of
patients in another institution. A realistic brain phantom,
such as recently developed by our group, simulating head
contour with bone attenuation, could be used to assess the
consistency of brain images between institutions.

CONCLUSION

The developed QSPECT package allows absolute CBF
and CVR to be estimated in routine clinical studies. This
multicenter study has demonstrated the applicability of
QSPECT for a variety of clinical settings and equipment.
Results from the studies suggest that a change of approx-
imately 10% or 5 mL/min/100 g can be readily detected in
follow-up studies. The graphical user interface for easily
controlling the in-built sophisticated programs and tools
ensures that routine use does not require dedicated support
from scientific or computing staff. The package is now
successfully used in over 130 institutions in Japan, and
more than 25,000 patient studies have been analyzed with
the QSPECT package.
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Plasma MicroRNA 499 as a Biomarker of
Acute Myocardial Infarction
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BACKGROUND: MicroRNAs (miRNAs) are endogenous
small RNAs 21-25 nucleotides in length. Recently, we
reported that miRNA 208 (miR-208) is produced ex-
clusively in the rat myocardium and that plasma miR-
208 is a biomarker of myocardial injury in rats. In the
present study, we assessed the hypothesis that plasma
concentrations of myocardial-specific miRNAs can be
used to diagnose myocardial injury in humans.

METHODS: We used array analysis of miRNA produc-
tion in various human tissues to identify heart-specific
miRNAs. We assessed the plasma concentrations of
miR-499 in 14 individuals with acute coronary syn-
dromes, 15 individuals with congestive heart failure,
and 10 individuals without cardiovascular diseases.
Plasma miR~499 concentrations were measured with a
real-time reverse-transcription PCR method that used
an artificial small RNA as an internal calibrator.

resuLts: The miRNA array analysis of various human
tissues indicated that miR-499 was produced almost
exclusively in the heart. Plasma miR-499 concentra-
tions were measurably increased in all individuals with
acute myocardial infarction but were below the limit of
detection for all individuals in the other patient groups.

concrustons: The plasma concentration of miR-499
may be a useful biomarker of myocardial infarction in
humans.

MicroRNAs (miRNAs),? endogenous small RNAs
21-25 nucleotides in length, can pair with the 3’ un-
translated region sites in mRNAs of protein-coding
genes to downregulate their expression (1), and they
play important roles in various physiological and
pathologic processes (2, 3). More than 500 human

3 Nonstandard abbreviations: miRNA, microRNA; miR-208, miRNA 208; AMYI,
acute myocardial infarction; CHF, congestive heart failure; NYHA, New York
Heart Association.

miRNAs have been identified (4), and most human
protein-coding genes appear to be targeted by these
miRNAs (5, 6 ). miRNAs appear to function as rheo-
stats to fine-tune adjustments in the protein output
(7,8).

The presence of miRNAs in various body fluids
has recently been reported (9-11), and we recently re-
ported that the plasma concentration of miRNA 208
(miR-208), a myocardial-specific miRNA in rats, is a
useful biomarker of myocardial injury (12). Other
groups have also reported that plasma miRNAs are
sensitive and specific biomarkers of various tissue inju-
ries (13, 14). In the present study, we examined which
human tissues produced miR-499 and assessed
whether the plasma concentration of miR-499 is a use-
ful biomarker of myocardial injury in humans.

We collected blood samples from 29 inpatients
and 10 healthy asymptomatic outpatients at the Na-
tional Cardiovascular Center Hospital after obtaining
their written informed consent. This study was ap-
proved by the Ethics Committee of the National Car-
diovascular Center.

The acute coronary syndromes group consisted of
9 patients with acute myocardial infarction (AMI) and
5 patients with unstable angina pectoris. All acute cor-
onary syndrome patients underwent coronary angiog-
raphy and percutaneous coronary intervention. The
blood samples from the acute coronary syndrome pa-
tients were obtained within 48 h of the last onset of
chest pain. We also obtained blood samples from AMI
patients before their final discharge when their clinical
status was stable. The congestive heart failure (CHF)
group consisted of 8 patients with old myocardial in-
farction [New York Heart Association (NYHA) class
IlI], 4 patients with dilated cardiomyopathy (NYHA
class IT), and 3 patients with valvular diseases (1 patient
in NYHA class III and 2 in NYHA class IT). The blood
samples of patients in the CHF group were obtained
while they were in NYHA functional class I or II1. The
control individuals consisted of asymptomatic healthy
and/or borderline hypertensive outpatients who were
visiting the hospital for regular health checkups. Crea-
tine kinase MB was increased in the patients with AMI
and not in the patients with unstable angina pectoris
(Table 1).

We isolated total plasma RNA with the mirVana™
PARIS Kit (Ambion) according to the manufacturer’s
protocol. Before purification, we added a fixed amount
of a small synthetic RNA to the plasma samples for a
dual assay to verify the RNA-purification procedures.
Details of the procedure are described in the Supple-
mental Data file available in the Data Supplement that
accompanies the online version of this Brief Commu-
nication at http://www.clinchem.org/content/vol56/
issue?.
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Table 1. Patient characteristics.”

2 Data are expressed as the mean (SD) where indicated.

AMIP (n = 9) UAP (n = 5)
FIM sex, n 306 23
Age, years 66.8 (9.28) 70.2 (16.2)
CKMB, UfLS 122.2 (124.9) 189(6.6)
BNP, ng/L® ND ND
log miR499 copies/ 100wl 419(024) <238

5 AM, acute myocardial infarction; UAP, unstable angina pectoris; CHF_Ill, congestive heart failure in NYHA class lll; CHF _li, congestive heart failure in NYHA class
Il; Normal, healthy controf individuals; CKMB, creatine kinase MB; BNP, brain natriuretic peptide; ND, not determined.
¢ CKMB (reference interval, 0~23 U/L) and BNP (reference interval, <18.4 ng/L) were measured in the AMI groups (AM! and UAP) and the CHF groups, respectively.

CHF Hl{n = 9) CHF_ It {n = 6) Normal {n = 10) -
e 24 515
71.6 (6.6) 615 (16.4) 415 (8.0)
ND ND ND
674 (341) 175 (142) ND

2w o<am o <aB

To identify myocardial-specific miRNAs, we used
the ABI TaqMan MicroRNA Array kit (Applied Biosys-
tems) according to the manufacturer’s protocol for
profiling the production of miRNAs in various human
tissues and cultured cells.

To measure miR-499 concentrations, we used a
TagMan microRNA real-time RT-PCR kit (Applied
Biosystems) (15 ) according to the manufacturer’s pro-
tocol. We simultaneously assessed the concentration of
the internal reference small RNA in a single tube. The
limit of detection for miR-499 was 240 copies/100 pL.
All assays were performed in duplicate. Calibration as-
says with various amounts of synthetic miR-499 were
performed on each assay plate. Details of the statistical
analyses are described in the Supplemental Data file in
the online Data Supplement.

The miRNA array analyses of 671 species of
miRNAs in various tissues and cells indicated that miR-
499 is produced almost exclusively in the human heart
(see Supplemental Table in the online Data Supple-
ment). miR-208a and miR-208b concentrations ap-
pear to be very low in the human heart (see Supple-
mental Table in the online Data Supplement), and
these 2 miRNAs appear not to be useful as plasma
biomarkers.

Fig. 1 summarizes the data for plasma miR-499
concentrations in the study population. Plasma miR-
499 concentrations were below the limit of detection in
the control and CHF groups; however, plasma miR-
499 concentrations were measurably increased in pa-
tients with AMI in the acute phase (within 48 h of the
last onset of chest pain) and became undetectable be-
fore hospital discharge, whereas this miRNA was not
detected in the plasma of patients with unstable angina
pectoris. The large variation in the plasma miR-499
concentration in AMI patients was most likely related
to variation in the time of blood collection. Qur pre-
liminary investigation indicated that the peak plasma
miR-499 concentration occurred between 6 hand 12 h

1184 Clinical Chemistry 56:7 (2010)

of the onset of myocardial infarction (data not shown).
A positive correlation between creatine kinase MB ac-
tivity and plasma miR-499 concentration was clearly
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observed in individuals with AMI (see Supplemental
Data in the online Data Supplement).

The present study is the first to confirm that a
cardiac-specific miRNA, miR-499, can be a biomar-
ker of myocardial infarction in humans. The next
question is whether this assessment of the plasma
miR-499 concentration has any clinical significance.
We expected the PCR-based assay of plasma miR-
499 to detect possible myocardial micronecrosis in
CHF. In fact, our study showed that this method
could not detect plasma miR-499 concentrations re-
liably in CHF patients. A more sensitive assay to de-
tect plasma miR-499 can be developed, however, and
it might establish miR-499 as a new biomarker of
cardiovascular diseases in the same way that the re-
cently developed high-sensitivity assays for tro-
ponins have become very useful for evaluating pa-
tients with cardiovascular diseases (16 ).

Accumulating evidence suggests the usefulness
of circulating miRNAs as stable blood-based bi-
omarkers for various diseases (9—11). The present
study has confirmed, for the first time, that the
plasma miR-499 concentration may be a biomarker

of myocardial infarction in humans. Our array data
indicate other intriguing candidates for clinical ap-
plications, including miR-124a for the central ner-
vous system, miR-122 for the liver, and miR-133a for
skeletal muscle. These observations await further
clinical investigations.
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LOX Index, a Novel Predictive Biochemical Marker for
Coronary Heart Disease and Stroke’
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BACKGROUND: Lectin-like oxidized LDL receptor 1
(LOX-1) is implicated in atherothrombotic diseases,
Activation of LOX-1in humans can be evaluated by use
of the LOX index, obtained by multiplying the circu-
lating concentration of LOX-1 ligands containing apo-
lipoprotein B (LAB) times that of the soluble form of
LOX-1 (sLOX-1) [LOX index = LAB X sLOX-1}. This
study aimed to establish the prognostic value of the
LOX index for coronary heart disease (CHD) and
stroke in a community-based cohort.

METHODS: An 1l-year cohort study of 2437 residents
age 30-79 years was performed in an urban area lo-
cated in Japan. Of these, we included in the analysis
1094 men and 1201 women without history of stroke
and CHD. We measured LAB and sLOX-1 using
ELISAs with recombinant LOX-1 and monoclonal
anti-apolipoprotein B antibody and with 2 monoclo-
nal antibodies against LOX-1, respectively.

resucrs: During the follow-up period, there were 68
incident cases of CHD and 91 cases of stroke (with 60
ischemic strokes). Compared with the bottom quartile,
the hazard ratio (HR) of the top quartile of LOX index
was 1.74 (95% CI 0.92~3.30) for stroke and 2.09 (1.00—
4.35) for CHD after adjusting for sex, age, body mass
index, drinking, smoking, hypertension, diabetes, non-
HDL cholesterol, and use of lipid-lowering agents.
Compared with the bottom quartile of LOX index, the
fully adjusted HRs for ischemic stroke were consis-
“tently high from the second to the top quartile: 3.39
(95% CI 1.34~8.53), 3.15 (1.22-8.13) and 3.23 (1.24~
8.37), respectively.

concrusions: Higher LOX index values were associ-
ated with an increased risk of CHD. Low LOX index
values may be protective against ischemic stroke.

© 2009 American Association for Clinical Chemistry

Therapeutic interventions for dyslipidemia such as hy-
percholesterolemia have proven their effectiveness for
the primary as well as secondary prevention of coro-
nary heart disease (CHD).? It is also well known that
the risk for CHD is significantly associated with high
serum concentrations of LDL cholesterol or low con-
centrations of HDL cholesterol in both Japanese (1, 2)
and Western populations (3). In contrast, dyslipide-
mia has much weaker relationship to stroke than CHD
(4). Although the pathogenesis of ischemic stroke and
CHD is based largely on atherosclerotic changes of ar-
teries, there is still much unresolved discrepancy.

Oxidized LDL induces a wide variety of cellular
responses, such as induction of the expression of adhe-
sion molecules and proinflammatory cytokines, which
enhance progression of atherothrombotic cardiovas-
cular diseases. Using antibodies against oxidation-
dependent epitopes of LDL, cross-sectional studies re-
ported association of oxidized LDL concentrations
with ischemic heart disease, and a cohort study re-
ported association of oxidized LDL with metabolic
syndrome (5-8).

Lectin-like oxidized LDL receptor 1 (LOX-1} is the
receptor for oxidized LDL identified in endothelial
cells (9, 10). Activation of LOX-1 in endothelial cells
induces various changes relevant to endothelial dys-
function, e.g., superoxide generation, reduction in the
release of nitric oxide, and induction of the expression

' Department of Vascular Physiology and ? Department of Preventive Cardiology,
National Cardiovascular Center, Osaka, Japan; ® Biomarker Science Co. Ltd,
Osaka, Japan; * Laboratory of Immunobiolegy, Department of Molecular and
Applied Biosciences, Graduate School of Biosphere Science, Hiroshima Univer-
shy, Hiroshima, Japan.

* Address correspondence to this author at: Department of Vascular Physiology,
National Cardiovascular Center, 5-7-1, Fujishirodai, Suita, Osaka, 565-8565
Japan. Fax +81-6-6872-7485; e-mail t-sawamura@umin.ac.jp.

550

Received November 15, 2009; accepted December 18, 2009.

Previously published online at DOI: 10.1373/clinchem.2009.140707

® Nonstandard abbreviations: CHD, coronary heart disease; LOX-1, lectin-like
oxidized LDL receptor 1; MCP-1, monocyte chemoattractant protein 1; ApoB,
apolipoprotein B; LAB, LOX-1 ligand containing ApoB; sLOX-1, soluble LOX-1;
TC, total cholesterol; MI, myocardial infarction; MONICA, Monitoring Trends
and Determinants of Cardiovascular Disease; CVD, cardiovascular disease; HR,
hazard ratio; BMI, body mass index.

24 8

7= 2/




LOX Index

of monocyte chemoattractant protein 1 (MCP-1) and
adhesion molecules (11-13). In addition to oxidized
LDL, LOX-1 binds various ligands, e.g., apoptotic cells,
activated platelets, leukocytes, and C-reactive protein
(14-17 }. Accumulating evidence suggests that LOX-1
is involved in endothelial dysfunction, inflammation,
atherogenesis, myocardial infarction, and intimal
thickening after balloon catheter injury (16, 18-23).

Recently, we developed a system to measure the
biological activity of apolipoprotein B (ApoB)-
containing lipoprotein based on binding to LOX-1
(24). The activity of LOX-1 ligand containing ApoB
(LAB) might reflect atherogenicity of LDL better than
measurements of oxidized lipids, oxidized LDL, and
LDL. In addition, recent reports have shown that the
serum concentrations of soluble LOX-1 (sLOX-1),
which is released from the cell surface by proteolysis of
LOX-1, might be a useful biomarker for the diagnosis
of acute coronary syndrome (25, 26 ). Accordingly, we
hypothesized that the product of LAB and sLOX-1,
here designated “LOX index,” might be an even better
marker reflecting the interaction of atherogenic li-
poproteins and their receptors.

Materials and Methods

STUDY POPULATION

The Suita Study is a population-based cohort study in
an urban area performed by the National Cardiovascu-
lar Center, the details of which have been reported
(2, 27, 28 ). Briefly, in 1989, 6485 men and women,
aged 3079 years, were enrolled as study participants
randomly selected from the community of Suita City.
They underwent medical examinations every 2 years.
In these participants, we set the baseline of the present
study as the medical examination held between April
1994 and February 1995, since at that time serum sam-
ples were collected and stored at —80 °C. During this
10-month time period, 2437 participants were fol-
lowed until December 31, 2007. Of these, 142 partici-
pants were excluded or the following reasons: history
of CHD or stroke (n = 94), lost to follow-up {n = 17),
and other reasons such as missing data (n = 31). Data
from the remaining 2295 participants (1094 men and
1201 women) were included in the analysis. Informed
consent was obtained from all participants. This study
was approved by the institutional review board at the
National Cardiovascular Center.

BASELINE MEDICAL EXAMINATION

A baseline survey included questionnaires, anthropo-
metric measurements, and blood sample testing after
overnight fasting (at least 10 h). Height and weight
were measured in light clothing, and body mass index
(BMI) was calculated as weight (kg) divided by height
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Fig. 1. Scheme of the detection systems for LAB and

'5LOX-1 o determine LOX index.

(m) squared. Blood pressure of participants in a sitting
position after at least 5 min of rest was measured 3
times by well-trained physicians, using a standard mer-
cury sphygmomanometer (27 ). The average of the sec-
ond and third measurement was used in the analysis.
Hypertension was defined as systolic blood pressure
=140 mmHg, diastolic blood pressure =90 mmHg,
and/or the use of antihypertensive agents. Serum total
cholesterol (TC), HDL cholesterol, and fasting serum
glucose were analyzed with an automated analyzer at
the laboratory of the National Cardiovascular Center.
Non-HDL cholesterol was calculated by subtracting
HDL cholesterol from TC. Diabetes was defined as se-
rum glucose concentrations =7.0 mmol/L (126 mg/
dL) in fasting or =11.1 mmol/L (200 mg/dL) in non-
fasting samples and/or current use of medications for
diabetes. Well-trained health nurses obtained informa-
tion on the smoking, alcohol drinking, and medical
histories of the participants.

MEASUREMENT OF LAB
A schematic presentation of the detection system for
sLOX-1 and LAB is shown in Fig. 1.

We immobilized recombinant human LOX-1(61-
273) (0.25 upg/well) on 384-well plates (Greiner 384
Plate High Bind 781061) by incubating overnight at
4°Cin 50 uL PBS (9, 24 ). After 3 washes with PBS, we
blocked the plates with 80 uL of 3% BSA in HEPES
buffer (10 mol/L HEPES, 150 mmol/L NaCl, pH 7.0).
After 3 washes with PBS, the plates were incubated for
2 h at room temperature with 40 uL standard oxidized
LDL or samples. We prepared samples by 20-fold dilu-
tion of serum with EDTA-BSA-HEPES buffer |2
mmol/L EDTA, 5% BSA/HEPES buffer (10 mmol/L
HEPES, 150 mmol/L NaCl, pH 7.0)] and standards by
dilution of oxidized LDL with EDTA-BSA-HEPES
buffer. After 3 washes with PBS, the plates were incu-
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bated for 1 h at room temperature with 83 ug/L
chicken monoclonal anti-ApoB antibody (HUC20) in
EDTA-BSA-HEPES buffer (24). After 3 washes with
PBS, the plates were incubated for I h at room temper-
ature with peroxidase-conjugated donkey antichicken
[gY (AP194P; Chemicon) diluted 6000 times with
EDTA-BSA-HEPES buffer. After 5 washes with PBS,
we added the substrate solution containing 3,3,5,5'-
tetramethylbenzidine (TMB solution; Bio-Rad) to the
plates and incubated them for 30 min at room temper-
ature. The reaction was terminated with 2 mol/L sulfu-
ricacid. We determined peroxidase activity by measur-
ing absorbance at 450 nm,; the functional sensitivity of
the measurement was 7.8 pg/L, and the range of the
measurement was 7.8~500 pg/L oXidized LDL. Impre-
cision (CV) was 7.5% intraassay and 12.5% interassay
at 50 ug/L (n = 10).

MEASUREMENT OF sLOX-1
We immobilized antihuman LOX-1 antibody (T$92,
0.25 pg/well) on 384-well plates (Corning 384 Plate
High Bind 3700) by incubating overnight at 4 °C in 50
wL PBS (9). After 3 washes with PBS, the plates were
blocked with 20% ImmunoBlock (DS Pharma). After 3
washes with PBS, the plates were incubated with 40 uL
standard oxidized LDL or samples for 2 h at room tem-
perature. We prepared samples by 4-fold dilution of
the serum with 1% BSA/PBS containing 0.04%
Tween20 and 2 mmol/L EDTA and also by dilution of
recombinant extracellular LOX-1(61-273) with the
same buffer. After 3 washes with PBS, the plates were
incubated with 0.16 pg/mL chicken monoclonal anti-
human LOX-1 antibody (HUC5-40) in PBS contain-
ing 0.04% Tween20 and 2 mmol/L EDTA for 1 h at
room temperature (29 ). After 3 washes with PBS, the
plates were incubated with the peroxidase-conjugated
donkey antichicken IgY diluted 5000 times. After 5
washes with PBS, the substrate solution containing
TMB solution was added to the plates and incubated
for 30 min at room temperature. The reaction was ter-
minated with 2 mol/L sulfuric acid. We determined
peroxidase activity by measuring absorbance at 450
nmy; the functional sensitivity of the measurement was
15.6 ng/L and the range of the measurement of sSLOX-1
was 15.6~2500 ng/L. Imprecision (CV) was 8.5% in-
traassay and 14.7% interassay at 150 ng/L (n = 10).

ENDPOINT DETERMINATION
The method of endpoint determination for the Suita
Study has been reported (2, 27, 28 ). The endpoints of
the current follow-up study were (1) date of first CHD
or stroke event; (2) date of death; (3) date of leaving
Suita city; and (4) December 31, 2007.

The first step in the survey for CHD and stroke
involved checking the health status of all participants

552 Clinical Chemistry 56:4 (2010)

by repeated clinical visits every 2 years and yearly ques-
tionnaires sent by mail or conducted by telephone. In
the second step, in-hospital medical records of partic-
ipants who were suspected of having CHD or stroke
were reviewed by registered hospital physicians or re-
search physicians who were blinded to the baseline in-
formation. To complete the surveillance for fatal CHD
and stroke, we conducted a systematic search for death
certificates. The criteria for stroke were defined accord-
ing to US National Survey of Stroke criteria (30 ). Clas-
sification of patients into stroke subtypes (ischemic
stroke, intracerebral hemorrhage, and subarachnoid
hemorrhage) was based on examination of computed
tomography, magnetic resonance imaging, or autopsy.
Definite and probable myocardial infarction (MI) were
defined according to the criteria of the MONICA
(Monitoring Trends and Determinants of Cardiovas-
cular Disease) project (31 ). The criteria for a diagnosis
of CHD included first-ever MI, coronary artery bypass
surgery, or angioplasty. Sudden deaths of unknown or-
igin that occurred within 24 h from onset were classi-
fied as CHD in the present study. We also defined car-
diovascular disease (CVD) as a composite outcome of
CHD or stroke.

STATISTICAL ANALYSIS

In addition to sSLOX and LAB, we calculated the LOX
index by multiplying serum concentrations of sLOX-1
by those of LAB. We set the cutoff points of sSLOX, LAB,
and LOX index according to the quartile ranges. Statis-
tical methods of data analysis included ANOVA for
assessing mean differences between groups and y” tests
for proportions. Multivariable analysis combining pa-
tients of both sexes was performed because there was
no interaction between sex and LOX index (or LAB,
sLOX) on the incidence of CHD or stroke. We calcu-
lated the multivariable-adjusted hazard ratios (HRs) of
sLOX, LAB, and LOX index for CHD or stroke using
a proportional hazards regression model after adjust-
ing for sex, age, hypertension, diabetes, use of lipid-
lowering agent, BMI, and current smoking and alcohol
drinking (model 1). Further adjustment for non-HDL
cholesterol was also performed (model 2). All Cls were
estimated at the 95% level, and significance was set at
P < 0.05. We used the SAS Statistical Package (release
version 8.2, SAS Institute) for all the analyses.

Results

LAB and sLOX-1 concentrations at baseline [mean (SE)]
were 516.1 (17.1) pg/L and 1060.1 (8.6) ng/L in men and
782.3 (23.7) ug/L and 797.8 (0.2) ng/L in women. The
mean baseline serum TC was 181.5 (1.3) mg/dL [4.70
(0.034) mmol/L}] in men and 224.5 (2.0) mg/dL [5.81
{0.052) mmol/L] in women in this population. Table I
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shows the baseline characteristics of the participants in
each LAB or sLOX-1 quartile. In both sexes, there were
significant differences in the mean concentrations for
TC and non-HDL cholesterol according to LAB quar-
tile, with higher concentrations in the higher LAB
quartiles. Conversely, serum TC and non-HDL choles-
terol were not found to be associated with sLOX-1
quartiles. In women, HDL cholesterol was lower in the
“higher LOX-1 quartiles. The prevalence of smoking
was higher in the upper sSLOX-1 quartiles but was not
associated with LAB. There were no significant differ-
ences across quartiles in the prevalence of hyperten-
sion and diabetes.

During the mean follow-up period of 11 years,
there were 68 incident cases of CHD and 91 cases of
stroke, including 60 cases of ischemic stroke. The num-
ber of incident cases and multivariable-adjusted HRs
for CVD, stroke, ischemic stroke, and CHD stratified
by LAB and sLOX-1 are shown in Table 2. The HRs for
stroke, ischemic stroke, and CHD were highest in the
highest LAB quartile, and except for CHD, the trends in
HRs across quartiles were statistically significant. The
HR for CVD was highest in the top quartile of LAB, and
the trend across quartiles was statistically significant.
For sLOX-1, however, the across-quartile trends in
HRs did not reach statistical significance.

The number of incident cases and multivariable-
adjusted HRs for CVD, stroke, ischemic stroke, and
CHD stratified by LOX index (LAB X sLOX-1) are
shown in Table 3. The HR for ischemic stroke was con-
stantly high from the second to the highest quartile:
3.39 (95% CI 1.34-8.53), 3.15 (1.22-8.13), and 3.23
(1.24~8.37), respectively. Furthermore, the HR of the
highest quartile of LOX index was 2.09 (1.00-4.35) for
CHD. In the highest LOX index quartile, the incidence
of CVD was approximately 2-fold that in the lowest
LOX index quartile, and the associated HR was 1.83
(1.03-2.96).

After additional adjustment for HDL cholesterol
or the exclusion of sudden cardiac death from CHD,
the results of all the analyses listed above remained the
same {data not shown),

Discussion

In the present study, we followed 1094 men and 1201
women for a mean period of 11 years to investigate the
impact of LAB, sLOX-1,and LOX index (LAB X sLOX)
on the incidence of CVD. We found LAB and LOX
index to be significantly associated with the incidence
of CVD and CHD, especially ischemic stroke. This in-
vestigation is the first cohort study on the relationship
between CVD and LOX index-related or oxidized
LDI~related parameters in a general population.

554 (Clinical Chemistry 56:4 (2010)

Instead of oxidized LDL, here we measured the
serum concentrations of LAB. Researchers have ap-
plied several methods to measure circulating concen-
trations of oxidized LDL, including measurement of
oxidation-dependent epitopes in the ApoB moiety of
LDL. These methods, however, which evaluate the
amount of oxidized moiety on LDL, do not necessarily
reflect biological activity. In contrast, the present assay
systern using recombinant LOX-1 and anti-ApoB anti-
body has the ability to evaluate the biological activity of
the atherogenic lipoproteins (Fig. 1). On the other
hand, circulating sLOX-1 concentrations might reflect
the expression levels of LOX-1, the target site of the
atherogenic lipoproteins in vascular wall. Therefore,
LOX index (LAB X sLOX-1) could represent ligand
{LAB)-receptor (LOX-1) interaction leading to vascu-
lar dysfunction. The present results confirmed LOX
index as a predictor of the incidence of CVD. This sug-
gests that LOX-1 may be important in the pathogenesis
of CVD, and indicates that the evaluation of LOX-1~
mediated signaling may serve as a potential tool for risk
stratification.

It is well known that increased blood pressure,
smoking, diabetes, and atrial fibrillation are major risk
factors for stroke, especially for ischemic stroke (32).
In contrast with these risk factors, we found either no
relationship or a weakly positive one between TC or
LDL cholesterol and ischemic stroke in several cohort
studies performed in the Japanese population (32-34 ).
A large metaanalysis of individual data from 61 pro-
spective studies performed mainly in Western popula-
tions also showed no association between TC or non-
HDL cholesterol and stroke mortality (4). We recently
reported that we found no association between LDL
cholesterol or non-HDL cholesterol concentrations
and the incidence of ischemic stroke in this cohort us-
ing another baseline survey, shortly before that of the
present study (2). In contrast, the present investigation
demonstrated that the LOX index is a predictor of not
only CHD but also ischemic stroke. A strong associa-
tion of LOX-1 with ischemic stroke in experimental
models has been reported. For example, expression of
LOX-1 and MCP-1 is increased in the early stage of
atherosclerotic changes of common carotid arteries in
spontaneously hypertensive rats (35). Schwarz et al.
(36) reported that LOX-1 expression was induced
>10-fold at ischemic core sites during experimental
stroke. Furthermore, we found that LOX-1 contrib-
uted to the formation of arterial thrombus (unpub-
lished data). Thus, activation of LOX-1 might facilitate
the pathophysiological conditions leading to stroke. In
the present study, the risk for ischemic stroke was sig-
nificantly increased from the second to the fourth
quartile of LOX index, which suggests a protective role
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Table 3 Age—and mult:vanable—adjusted odds ratws (95% Cls) for the madence of cardlovascular disease andi
S its subtypes accordmg to LOX mdex (x106) quam[es. S :

Mean LOX index (range)

cholesterol,

Q1, 0.21 Q2, 0.52 Q3, 0.97 Q4, 2.64 P
(0.017-0.363) {0.364-0.7040) (0.7043-1.314) (1.315-44.22) {trend)
Person-years .ot L BA16: .. 639 e 63140t B4
Stroke
Cilcasesin i o L g i g e -
Age-adjusted 1 149(080-280) 150 (o 80279 168 (o 90-3.14) 012
. Multivariable-adjusted, model 1° 1 1.44(076-271)  159(0.85-299)  174(0.92-328) 008
Multivriable-adjusted, model 2 1 144(076-271)  1.60(085-300)  1.74(092-330) 0.9
 Ischemic stroke V RS ‘
Cases, n 6 20 17 17
 Age-adjusted 1 | 354(1.41-887)  280(1.10-714)  303(118-774) - 007
Mu!tlvanable~adjusted model 1 1 340(135-856)  322(125-829)  331(128-856) 003
- Multivariable-adjusted, model 2 1 339(134-853)  315(122:813)  323(124-837) 004
CHD _
: 2 19 SR s ;
1 181085-381)  107(047-248)  240(1.17-493) 005
1 170(080-364) - 1.04(045-240)  237(115-490) 005
Multxvanable-adjusted model 2 1 1.67 (0.78-3.59) 1.02 (0.44-2.35) 2.09 (1.00-4.35) 0.1
" Cardiovascular. disea e TR e :
Cases, n 29 43 37 50
 Age-adjsted St 158(098-255)  1.31(080-215)  192(120-3.07) - 0.2
Multivariable- ad)usted model 1 1 1.49 (0.92-2.42) 1.35(0.82-2.23) 1.95 (1.21-3.13) 0.01
. Mutvariebleadjusted, model 2 1 148(091-241) 3t (o 80—217) 18 . 132, % 003

 Model 1 adjusted for age, sex, BMI, smoking, drinking, hypertension, diabetes, and use of hpld lowenng agents; model 2 as model 1 with the addition of non-HDL

against ischemic stroke. Additional epidemiologic
studies to establish clinical cut points of LOX index are
warranted.

The positive relationship between LOX index and
ischemic stroke bridged, for the first time, the missing
link between stroke and cholesterol-related parame-
ters. In those with high LOX index, breaking the inter-
action between LAB and LOX-1 might be effective in
preventing stroke. The most straightforward approach
would be to apply a LOX-1 antagonist, which is yet to
be developed. Although most of the randomized con-
trolled trials failed to find a beneficial effect of antioxi-
dants for the prevention of CVD (21 ), we may reduce
LAB concentration per se by statin therapy, thereby
increasing LDL receptor expression, leading to an in-
crease in the turnover of LDL and a decrease in the
chance of LDL modification (37). Actually, in the
present study, serum concentrations of LAB showed a
significant association with TC and non-HDL choles-
terol. In addition, a positive relationship' between

556 Clinical Chemistry 56:4 (2010)

smoking and LOX-1 suggests the possibility of smok-
ing cessation to reduce sLOX-1 concentration by de-
creasing the expression level of LOX-1.

The present study has some limitations. First, a
recent report from the Hisayama study showed a pos-
itive relationship between LDL cholesterol and athero-
thrombotic infarction, which accounts for one fourth
of all ischemic stroke (38 ). Therefore, the relation be-
tween LOX index and each subtype of ischemic stroke
would be worth analyzing; however, the relatively small
sample size of the current study precludes such analy-
sis. Second, the participants in the present investiga-
tion were all Japanese; therefore, the study should be
repeated in other ethnic populations. Because the inci-
dence of stroke in Japan is much greater than in other
countries (39), some Japanese-specific factors might
be affecting the present findings. Finally, since the
number of cardiovascular events was not sufficiently
large to enable a sex-specific analysis, especially in
women, we did not perform such analysis.
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In conclusion, LOX index is associated with an
increased risk of CVD, especially ischemic stroke, in a
Japanese urban population. From a public health view-
point, the novel biochemical marker may provide new
insights into not only risk stratification but also thera-
peutic strategy for CVD.
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BACKGROUND: C-reactive protein (CRP) increases in re-
sponse to inflammation and is purported to be a risk
factor for atherogenesis. We recently demonstrated
that a scavenger receptor, lectin-like oxidized LDL re-
ceptor (LOX-1), is a receptor for CRP. In light of the
overlapping ligand spectrum of scavenger receptors
such as modified LDL, bacteria, and advanced glyca-
tion end products, we examined whether other scaven-
ger receptors recognize CRP.

merHoDS: We analyzed the uptake of fluorescently la-
beled CRP in COS-7 cells expressing a series of scaven-
ger receptors and in a monocytic cell line, THP-1,
differentiated into macrophage with phorbol 12-
myristate 13-acetate (PMA). We applied small interfer-
ing RNA (siRNA) against class-A scavenger receptor
(SR-A) to THP-1 cells to suppress the expression of
SR-A. Wealso analyzed the binding of nonlabeled CRP
to immobilized recombinant LOX-1 and SR-A in vitro
using anti-CRP antibody.

resuLrs: COS-7 cells expressing LOX-1 and SR-A
internalized fluorescently labeled CRP in a dose-
dependent manner, but cells expressing CD36, SR-BI,
or CD68 did not. The recombinant LOX-1 and SR-A
proteins recognized nonlabeled purified CRP and na-
tive CRP in serum in vitro. THP-1 cells differentiated
into macrophage-like cells by treatment with PMA-
internalized fluorescently labeled CRP. siRNA against
SR-A significantly and concomitantly inhibited the ex-~
pression of SR-A (P < 0.01) and CRP uptake (P <
0.01), whereas control siRNA did not.

concrusions: CRP is recognized by SR-A as well as
LOX-1and taken up via SR-A in a macrophage-like cell
line. This process might be of significance in the patho-
genesis of atherosclerotic disease.
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C-reactive protein (CRP),' which is synthesized by
hepatocytes in response to inflammation and tissue
damage (1), binds to various ligands exposed on dam-
aged tissues or bacteria promoting phagocytosis and
complement activation with Clq (I, 2). Plasma CRP
concentrations may rise as ruch as 1000-fold during
infection or inflammation (3 ). In addition, CRP con-
centrations, within the reference range, can predict
cardiovascular diseases (4, 5), and there is a good
correlation between plasma CRP concentrationsand
the degree of atherosclerosis in hypercholester-
olemic rabbits (6).

Fcry receptors CD16, CD32, and CD64 have been
reported as the receptors for CRP (7-9). In addition,
we recently demonstrated that CRP increases vascular
permeability through a direct binding to lectin-like ox-

* idized LDL receptor (LOX-1), which is expressed in

endothelial cells (10 ), Members of the scavenger recep-
tor family, such as class A scavenger receptor (SR-A),
CD36, LOX-1, and scavenger receptor B-1 (SR-BI), rec-
ognize common ligands such as modified LDL, bacte-
ria, and advanced glycation end products, and they are
thought to affect the progression of atherosclerosis
(11, 12). In this study, to further elucidate the athero-
genic properties of CRP, we addressed whether other
scavenger receptors are involved in the recognition
of CRP.

Human sera with high and normal concentrations
of CRP were obtained from Dako. Human CRP puri-
fied from pleural fluid was purchased from Chemicon
(AG723). Sodium azide in the solution was extensively
removed by dialyzing 3 times against a 3000-fold vol-
ume of Dulbecco’s PBS (Wako). Gram-negative bacte-
rial endotoxins were undetectable by limulus amebo-
cyte lysate (Associates of Cape Cod), which can detect
as little as 0.03 endotoxin units per mL endotoxins.
CRP was fluorescently labeled with CypHer5E (GE
Healthcare) and dialyzed 3 times against a 3000-fold
volume of PBS.

COS-7 cells maintained with Dulbecco’s modified
Eagle’s medium (DMEM,; Invitrogen)/10% fetal bovine
serum (FBS) were seeded 1 day before transfection. After
reaching 809%~90% confluency, we transfected the cells
with the plasmid using Lipofectamin 2000 transfection
reagent (Invitrogen). We used the following cDNAs: hu-
man LOX-1 (GenBank NM002543), SR-A (GenBank
NM002445), CD36 (GenBank NM000072), SR-BI (Gen-
Bank NM005505), CD68 (GenBank NM001251), and

! Nonstandard abbreviations: CRP, C-reactive protein; LOX-1, lectin-like oxidized
LDL receptor; SR, scavenger receptor; DMEM, Dulbecco’s modified Eagle's
medium; FBS, fetal bovine serum; siRNA, small interfering RNA; PMA, phorbol
12-myristate 13-acetate; SRA-C6, anti~SR-A antibody; DAPI, 4’ 6-diamidino-2-
phenylindole.
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dectin-1 (GenBank NM197947), which were sub-
cloned into pcDNA6.2/V5/GW/D-TOPO expression
vector (Invitrogen). We used pcDNA3.1/V5-His/lacZ
(Invitrogen) as a control. After 48 h, we washed the
cells with DMEM:1% antibiotics and antimycotic
(AbAm; Invitrogen). We replaced the medium with
CypHer5E-CRP-containing DMEM/1% AbAm and
incubated the cells for 2 h at 37 °C. After washing with
PBS, the cells were fixed with phosphate-buffered for-
malin (Wako) and permeabilized with 0.1% Triton
X-100/PBS. We detected the expression of each recep-
tor by immunostaining with anti-V5 antibody (Nacalai
Tesque) combined with Alexa 488 antimouse 1gG (In-
vitrogen). The nuclei of the cells were counterstained
with 0.5 mg/L 4',6-diamidino-2-phenylindole (DAPI)
(Sigma). We divided the fluorescence intensities of
CypHer5E and Alexa 488 by the cell number in a field,
then divided the CypHerSE-CRP fluorescence inten-
sity in the field by the Alexa 488 fluorescence value.
These quantitative analyses were performed with an IN
Cell Analyzer 1000 system (GE Healthcare).

We prepared recombinant human SR-A (amino
acids 76-358) as described for LOX-1 (10). Recombi-
nant human SR-A (0.1 ug) or BSA (0.1 g, Sigma) was
immobilized to each well of 384-well plates (High
Bind; Corning) by incubating at 4 °C in PBS overnight.
After 2 washes with PBS, the plates were blocked with
80 1L of 20% ImmunoBlock (DS Pharma)/PBS at 4 °C
for 8 h. After washing twice with PBS, we added CRP
in the reaction buffer (10 mmol/L HEPES, 150
mmol/L NaCl, 2 mmol/L CaCl,, 1% BSA, pH 7.0) to
each well and incubated them at 4 °C overnight. We
detected the binding of CRP with a TMB Peroxidase
EIA Substrate kit (Bio-Rad) as described for LOX-1
(10). We obtained small interfering RNA (siRNA)
duplex oligoribonucleotides targeting the SR-A cod-
ing region (GenBank NMO002445) from Invitrogen
and used stealth RNAi duplex (Invitrogen) as a neg-
ative control. The siRNA sequences were as follows:
5'-GAUAUAACUCAAAGUCUCACGGGAA-3/,5"-U
UCCCGUGAGACUUUGAGUUAUAUC-3" and 5'-C
AGACCUUGAGAAAUAUCACUUUAA-3', 5'-UUA
AAGUGAUAUUUCUCAAGGUCUG-3",

THP-1 cells were maintained with 109% FBS/1%
AbAm/20 pmol/L mercaptoethanol:RPMI 1640 and
differentiated with 100 nmol/L phorbol 12-myristate
13-acetate (PMA) (Sigma) for 48 h. We transfected the
cells with siRNA oligos or control siRNA using Lipo-
fectamin 2000 transfection reagent (Invitrogen) ac-
cording to the manufacturer’s instruction. After incu-
bation at 37 °C for 24 h, we washed the cells with RPMI
1640/1% AbAm and replaced the medium with
CypHer5E-CRP-containing RPMI 1640/1% AbAm,
and the cells were incubated for 2 h. After washing with
PBS, the cells were fixed with phosphate-buffered for-

malin (Wako) and permeabilized with 0.1% Triton
X-100/PBS. We detected the effects of downregulation
of SR-A gene expression by immunostaining with anti~
SR-A antibody (SRA-C6; Trans Genic Inc) combined
with Alexa 488 antimouse [gG. For detection of Fcy
receptors, we used anti-CD32 antibody (AT10; Santa
Cruz) and anti-CD&4 antibody (10.1; Santa Cruz). For
CRP detection, we used anti-CRP antibody (Bethyl).
The nuclei of the cells were counterstained with 0.5
mg/L DAPIL We divided the fluorescence intensities of
CypHer5E and Alexa 488 by the cell number in a field.
Quantitative analysis was performed with an IN Cell
Analyzer 1000 system. All transfections were per-
formed in triplicate.

All data are presented as mean (SE). Statistical
analysis was performed with Student t-test. A P value
<0.05 was considered statistically significant.

We examined whether CRP binds to scavenger
receptors: LOX-1, SR-A, CD36, SR-BI, CDé68, and
dectin-1. Dectin-1 has the closest structural similarity
to LOX-1 and belongs to C-type lectin-like molecule,
although it is not a member of scavenger receptors.

Alexa546-labeled CRP at the concentration of 1
mg/L at 4 °C bound significantly to LOX-1-expressing
cells (P < 0.01) but bound poorly to the cells express-
ing the other receptors (see Supplemental Fig. 1, which
accompanies the online version of this article at http://
www.clinchem.org/content/vol56/issue3). Cellular up-
take of CypHer5E-labeled CRP, which shows fluores-
cence after endocytosis, was significantly higher in SR-A~
expressing cells, in a dose-dependent manner (1-30
mg/L), as well as in LOX-1-expressing cells, compared
with cells expressing the other receptors (Fig. 1). Im-
munostaining with anti-V5 antibody revealed that all
the receptors were expressed at a similar level in the
respective cells.

Using anti-CRP antibody, we confirmed that non-
labeled CRP was also taken up by SR-A—expressing
COS-7 cells. We further observed a significant binding
of nonlabeled CRP (0.1-1 mg/L) to immobilized re-
combinant SR-A (P < 0.01) (see online Supplemental
Fig. 2). The binding was not affected by polymyxin B
(5 mg/L), suggesting that it did not depend on the pres-
ence of endotoxin. Importantly, native CRP contained
in human serum showed significant binding to SR-A,
as well as to LOX-1 (P < 0.01) (see online Supplemen-
tal Fig. 3). The binding was dependent on the concen-
tration of CRP in the serum, suggesting that SR-A and
LOX-1 have a capacity to bind to a native form of CRP
in serum in the presence of other plasma proteins.
These results indicate that SR-A and LOX-1 are the
receptors for CRP among the examined receptors.

Because SR-A works in the monocyte-macrophage sys-
tem, we assessed whether CRP is taken up by macro-
phages via SR-A. We used a human monocytic cell line,
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THP-1, after inducing differentiation into macro-
phage by the treatment of PMA (13 ). In PMA-treated
THP-1 cells, CypHer5E-CRP was taken up in a dose-
dependent manner (0.3-30 mg/L). SR-A expression
and CRP uptake were concomitantly suppressed by 2
different siRNAs targeting SR-A, but not by control
siRNA (Table 1). The siRNA targeting SR-A did not
affect the expression of Fcry receptors (data not shown),
indicating that CRP is taken up mainly via SR-A in a
macrophage cell line, at least under these conditions.

The ligand specificity of the scavenger receptor
family overlaps considerably (11, 12 ), and whileall can
bind to oxidized LDL, only SR-A or LOX-1 bound to
CRP. Interestingly, dectin-1, the most structurally sim-
ilar molecule to LOX-1, did not bind to CRP.

Using a monoclonal antibody, a previous report sug-
gested the presence of an unknown receptor other than
Fcry receptors in macrophages (14 ). [t has been reported
that fucoidin, a ligand for SR-A, inhibits the in vivo CRP-
promoted uptake of oxidized LDL (15 ). SR-A might be
the unidentified CRP receptor. Fcy receptors and SR-A
are under different regulation of gene expression. In fact,
in response to differentiation stimulus of PMA, the ex-
pression of SR-A is strongly induced, whereas the expres-
sion of Fcy receptors is suppressed (16, 17). Conversely,
stimulation by interferon-y enhances the expression of
Fcyreceptorsbut suf;presses the expression of SR-A (18).
These results suggest that Fcy receptors and SR-A would
work in the cells stimulated by different molecules.
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'ﬁ!Table 1 Suppressmn of the uptake of ﬂuorescently :
Iabeled CRP by siRNA against SR-A in dtfferentlated

THP-1 cells.®
SiRNA SR-A expression, %  CypHerSE-CRP, %
None 103 (3.2) 108 (9.1)
Control SlRNA 100 (2.7) 100 (9 8)
s Coorast o e
SRNAZ for SR A 13 {0.0)° 32(1.1)P

2 Data are as mean (SE).

b Significant difference vs control SIRNA groups (P < 0.01).

Interestingly, the activity of SR-A as CRP receptor
was more pronounced in the uptake of CRP, whereas
LOX-1 showed strong activity in both binding and up-
take. Because SR-A works in phagocytes, the CRP up-
take activity of SR-A is reasonable. CRP was originally
identified as a binding protein for bacterial component
C-polysaccharide (3). SR-A may function to engulf
bacteria, viruses, and harmful substances opsonized by
CRP in a context of innate immunity.

Related to epidemiological risk factors for cardiovas-
cular disease, the presence of CRP in atheroma has been
reported in both rabbits and humans (6 ). Furthermore,
the colocalization of CRP and SR-A in macrophages in
atheromas has been reported (19). Taking these reports
together with the present results, SR-A-mediated CRP
uptake by macrophages in atheromas might affect the
foam cell formation and progression of atherosclerotic
disease.
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Vascular Endothelial-Cadherin Stabilizes at Cell-Cell
Junctions by Anchoring to Circumferential Actin Bundles
through a- and B-Catenins in Cyclic AMP-Epac-Rapl
Signal-activated Endothelial Cells
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Vascular endothelial (VE)-cadherin is a cell-cell adhesion molecule involved in endothelial barrier functions. Previously,
we reported that cAMP-Epac-Rap1 signal enhances VE-cadherin-dependent cell adhesion. Here, we further scrutinized
how ¢AMP-Epac-Rapl pathway promotes stabilization of VE-cadherin at the cell-cell contacts. Forskolin induced
circumferential actin bundling and accumulation of VE-cadherin fused with green fluorescence protein {(VEC-GFP) on the
bundled actin filaments. Fluorescence recovery after photobleaching (FRAP) analyses using VEC-GFP revealed that
forskolin stabilizes VE-cadherin at cell-cell contacts. These effects of forskolin were mimicked by an activator for Epac
but not by that for protein kinase A. Forskolin-induced both accumulation and stabilization of junctional VEC-GFP was
impeded by latrunculin A. VE-cadherin, a~catenin, and B-catenin were dispensable for forskolin-induced circumferential
actin bundling, indicating that homophilic VE-cadherin association is not the trigger of actin bundling, Requirement of
a- and B-catenins for forskolin-induced stabilization of VE-cadherin on the actin bundles was confirmed by FRAP
analyses using VEC-GFP mutants, supporting the classical model that a-catenin could potentially link the bundled actin
to cadherin. Collectively, circumferential actin bundle formation and subsequent linkage between actin bundles and
VE-cadherin through a- and B-catenins are important for the stabilization of VE-cadherin at the cell-cell contacts in

cAMP-Epac-Rapl signal-activated cells.

INTRODUCTION

Endothelial cells lining blood vessels regulate endothelial
barrier function, which restricts the passage of plasma pro-
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Abbreviations used: 007, 8-pCPT-2'-O-methl-cAMP; 6-Bnz, Né-ben-
zoyl-cAMP; A, adhetens junction; CREB, cAMP response element-
binding protein; E-cadherin-GFP, green fluorescent protein-tagged
E-cadherin; Epac, exchange protein directly activated by cAMP;
EPLIN, epithelial protein lost in neoplasm; FRAP, fluorescence re-
covery after photobleaching; FSK, forskolin; GFP, green fluorescent
protein; HUVEC, human umbilical vein endothelial cell; Lat.A, la-
trunculin A; PECAM, platelet/endothelial cell adhesion molecule;
PECAMI-GFP, platelet/endothelial cell adhesion molecule 1 car-
boxy-terminally tagged with green fluorescent protein; PKA, pro-
tein kinase A; VE, vascular endothelial; VEC-GFP, vascular endo-
thelial-cadherin carboxy-terminally fused with green fluorescent
protein.
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teins and circulating cells across the endothelium. Compro-
mising vascular integrity leads to an increase in vascular
permeability, which is associated with chronic inflamma-
tion, edema, and tumor angiogenesis (Dejana ef al., 2008;
Wallez and Huber, 2008; Dejana et al., 2009). Endothelial
cells have two specialized junctional domains, adherens
junctions (AJs) and tight junctions. AJs are constituted by
vascular endothelial (VE)-cadherin (also known as cad-
herin-5 and CD144) and nectin, whereas tight junctions are
composed of members of junctional adhesion molecule,
claudins, and occludins (Dejana, 2004; Ebnet et al., 2004;
Wallez and Huber, 2008).

Interendothelial AJs are dynamic structures, and their
adhesive property is finely controlied by various signaling
molecules (Dejana ef al., 2008; Vestweber et al., 2009). Inflam-
matory mediators such as thrombin and histamine induce
intercellular gap formation leading to an increase in endo-
thelial permeability (Andriopoulou et al., 1999; Gavard,
2009). Vascular endothelial growth factor also weakens in-
terendothelial cell junctions, which is thought to be a key
initiation step of angiogenesis (Paul ef al., 2001; Weis ¢t al.,
2004; Gavard and Gutkind, 2006; Dejana ef al., 2008). In
contrast, angiopoietin-1 and sphingosine-1-phosphate stabi-
lize endothelial barrier integrity (Thurston et al., 1999; Gam-~
ble et al., 2000; Garcia et al., 2001; Fukuhara et al.; 2009;
Augustin et al., 2009). Furthermore, it is widely recognized
that an increase in intracellular cAMP level in endothelial

© 2010 by The American Society for Cell Biology
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cells strengthens barrier function and attenuates endotheljal
permeability both in vitro and in vivo (Fukuhra ef al., 2006;
Kooistra et al., 2007; Adamson ef al., 2008; Pannekoek et al.,
2009). Consistently, cAMP-elevating G protein-coupled re-
ceptor agonists, such as adrenomedullin, prostacyclin, pros-
taglandin E2, and B-adrenergic agonists, reduce endothelial
hyperpermeability induced by inflammatory stimuli (Lan-
geler and van Hinsbergh, 1991; Farmer et al., 2001; Hippen-
stiel ef al., 2002).

The mechanism by which ¢cAMP enhances endothelial
barrier function is thought to involve two cAMP effectors,
protein kinase A (PKA) and exchange protein directly acti-
vated by cAMP (Epac) (Yuan, 2002; Fukuhara et al., 2005;
Cullere ef al., 2005; Kooistra et al., 2005; Pannekoek et ql.,
2009). Although we could not find a significant role for PKA
in cAMP-induced barrier function previously (Fukuhara et
al., 2005), several reports have suggested that PKA stabilizes
endothelial cell~cell junctions through reduction of myosin
light chain phosphorylation, leading to relaxation of acto-
myosin complex, inhibition of Rho, and activation of Rac
(Liu et al., 2001; Qiao ef al., 2003; Birukova ef al., 2004, 2007).
Lorenowicz et al. (2008) have also reported that PKA activa-
tion by N-benzoyl-cAMP (6-Bnz), a specific cAMP analogue
for PKA, promotes endothelial barrier function in vitro.
However, they also observed increased stress fiber forma-
tion in 6-Bnz~stimulated cells, which is a hallmark of Rho
activation leading to disruption of endothelial cell-cell junc-
tions. Thus, the role of PKA in cAMP-enhanced endothelial
barrier function still remains elusive.

Epac is a guanine nucleotide exchange factor for Rapl
small GTPase (Kooistra ef al., 2007; Pannekoek ef al., 2009).
8-pCPT-2'-O-methl-cAMP (hereafter referred to as 007), a
cAMP analogue specific for Epac, enhances endothelial bar-
rier functions in vitro and in vivo (Fukuhara et al., 2005;
Cullere et al., 2005; Kooistra ef al., 2005; Adamson et al., 2008).
Previously, we and others have shown that a cAMP-Epac—
Rapl pathway promotes endothelial barrier function by po-
tentiating VE-cadherin-mediated cell-cell adhesions (Fuku-
hara et al., 2005; Cullere et al., 2005; Kooistra et al., 2005).
Consistently, Rapl is involved in E-cadherin-based cell-cell
adhesions in epithelial cells (Hogan et al., 2004; Price ef al.,
2004). In endothelial cells, 007 induces cortical actin bundle
formation along the cell-cell junctions, which is thought to
be required for Rapl-enhanced barrier function (Fukuhara et
al., 2005; Kooistra et al., 2005; Lorenowicz et al., 2008). Several
signaling molecules, including Rac, K-Rev Interaction
Trapped gene-1 (also known as CCM1), and AF-6, have been
reported to act downstream of Rapl to regulate actin cy-
toskeleton and barrier integrity (Boettner et al., 2000; Boett-
ner et al., 2003; Arthur ef al., 2004; Birukova et al., 2007;
Glading et al., 2007). However, it remains elusive how a
cAMP-Epac-Rapl pathway enhances VE-cadherin-depen-
dent cell adhesions.

In the classical model, cadherin-B-catenin complexes are
statically linked to bundled actin filaments via a-catenin to
maintain AJs. Cytoplasmic region of cadherin binds to three
armadillo-family proteins, -, ¥-, and p120-catenins (Ozawa
and Kemler, 1992; Kemler, 1993; Reynolds ef al., 1994).
c-Catenin associates with not only - and y-catenins but also
the actin cytoskeleton {Nagafuchi ef al., 1994; Rimm ef al.,
1995; Watabe-Uchida ef al., 1998; Sako et al., 1998; Imamura
et al., 1999). However, the Weiss and Nelson groups have
recently suggested a new dynamic model that a-catenin
does not stably connect actin to cadherin by showing that
a-catenin does not bind simultaneously to both the cad-
herin-B-catenin complex and actin filaments (Yamada et al.,
2005; Drees et al., 2005; Gates and Peifer, 2005). However,
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Abe and Takeichi have recently shown that epithelial pro-
tein Jost in neoplasm (EPLIN) is able to mediate a stable
linkage between the cadherin-catenin complex and the actin
cytoskeleton (Abe and Takeichi, 2007). Thus, it is still con-
troversial how a-catenin functions in cadherin-based cell-
cell adhesions.

In the present study, we demonstrate that initial circum-
ferential actin bundling induced by the cAMP-Epac-Rapl
signal and its linkage to VE-cadherin-gB-catenin by a-catenin
is essential for the stabilization of VE-cadherin at the cell-
cell contacts.

MATERIALS AND METHODS

Reagents and Antibodies

Materials were purchased as follows: forskolin (FSK) and latrunculin A
(Lat.A) were from Calbiochem (San Diego, CA), Epac-specific activator 007
was from Tocris Bioscience (Bristol, United Kingdom}, PKA-specific activator
6-Bnz was from Biolog Life Science Institute (Bremen, Germany), H89 was
from Sigma-Aldrich (St. Louis, MQ), and Cellmatrix type I-C was from Nitta
Gelatin {Osaka, Japan). Antibodies used here were purchased as follows:
anti-VE-cadherin was from Santa Cruz Biotechnology (Santa Cruz, CA), BD
Biosciences (San Jose, CA), and Cell Signaling Technology (Danvers, MA);
anti-a-catenin was from Zymed Laboratories {South San Francisco, CA),
anti-B-catenin and anti-p120-catenin were from BD Bioscience, anti-cAMP
response element-binding protein (CREB) and anti-phospho-CREB (Ser133)
were from Cell Signaling Technology; anti-Rapl was from Santa Cruz Bio-
technology; anti-B-actin and anti-B-tubulin were from Sigma-Aldrich; rho-
damine-phalloidin, Alexa 488-labeled goat anti-mouse immunoglobulin G
(IgG), Alexa 633-labeled goat anti-mouse IgG, and Alexa 546-labeled goat
anti-rabbit IgG were from Invitrogen (Carlsbad, CA); horseradish peroxidase-
coupled goat anti-mouse and horseradish peroxidase-coupled goat anti-rabbit
IgG were from GE Healthcare (Piscataway, NJ); and horseradish peroxidase-
coupled donkey anti-goat IgG was from Santa Cruz Biotechnology.

Cell Culture, Transfection, Small Interfering RNA
(siRNA)-mediated Protein Knockdown, and Adenovirus
Infection

Human umbilical vein endothelial cells (HUVECs) were purchased from
Kurabo (Kurashiki, Japan), maintained as described previously (Fukuhara et
al., 2008), and used for the experiments before passage 9. 293T cells were
cultured in DMEM (Nissui, Tokyo, Japan) supplemented with 10% fetal
bovine serum and antibiotics (100 pg streptomycin/ml and 100 U penicillin/
ml). HUVECs and 293T cells were transfected using Lipofectamine 2000 and
293 fectin reagents (Invitrogen), respectively. Stealth siRNAs targeted to
human VE-cadherin (HSS101682), human a-catenin (HS5102451 and 5'-
UUAUUAGAGGGCCCUUUACUAUUGG-¥), human f-catenin (VHS30819
and VHS50822), and human p120-catenin (HSS5102463 and HS5102465) were
purchased from Invitrogen. As a control, siRNA duplexes with irrelevant
sequences were used. HUVECs were transfected with 20 nM siRNA duplexes
using Lipofectamine RNAI MAX reagent (Invitrogen). After incubation for
48 h, the cells were replated, cultured for additional 24 h, and were used for
the experiments.

Recombinant adenoviruses encoding RaplGAP and LacZ were obtained
from S. Hattori (The Institute of Medical Science, University of Tokyo, Tokyo,
Japan) and M. Matsuda (Research Institute for Microbial Disease, Osaka
University, Osaka, Japan), respectively. HUVECs were infected with adeno-
viruses at the appropriated multiplicities of infection as described in the
figure legends.

Plasmids

<DNAs for human VE-cadherin and human platelet/enclothelial cell adhesion
molecule (PECAM)1 were amplified from human heart ¢cDNAs by reverse
transcription-polymerase chain reaction (PCR) and cloned into pEGFP-N1
vector (Clontech, Mountain View, CA) to construct pEGFP-N1-VEC enceding
VE-cadherin carboxy-terminally tagged with green fluorescence protein
(VEC-GFP) and pEGFP-N1-PECAM]I encoding PECAM1 carboxy-terminally
tagged with GFP (PECAMI-GFP), respectively. To generate the plasmid
encoding VEC-GFP lacking $-catenin binding domain (VECAB-GFP) and that
encoding VEC-GFP lacking cytoplasmic domain (VECAC-GFP), amino acids
1-700 and 1-631 fragments of VE-cadherin were amplified by PCR and sub-
cloned into pEGFP-N1 vector, namely, pEGFP-N1-VECAB and pEGFP-N1-
VECAC, respectively. To generate pEGFP-N1-VECAC-a vector encoding
VEC-GFP mutant in which cytoplasmic domain of VE-cadherin is replaced
with a-catenin (VECAC-a-GFP), a ¢<DNA encoding full-length o-catenin was
amplified by PCR using an expression vector for a-catenin (a gift from A.
Nagafuchi, Kumamoto University, Kumamoto, Japan) as a template and
inserted into the site immediately upstream of GFP in pEGFP-N1-VECAC
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vector. Similarly, a ¢cDNA encoding amino acids 327-906 fragment of a-cate-
nin was amplified by PCR and inserted into the same site of pEGFP-N1-
VECAC vector to construct the plasmid expressing VECAC-«AN-GFP. An
siRNA-insensitive version of pEGFP-N1-VECAC-a plasmid, namely, pEGFP-
N1-VECAC-e-in vector, was generated using QuickChange Site-directed mu-
tagenests kit (Stratagene, La Jolla, CA). A cDNA fragment encoding PECAM1
lacking cytoplasmic region was amplified by PCR and inserted into pEGFP-
Nl-vector to. generate the pEGFP-N1-PECAMIAC piasmid encoding
PECAM1I-GFP mutant lacking the cytoplasmic region of PECAMI1 (PECAMIAC-
GFP). To construct the pEGFP-N1-PECAMIAC-a plasmid encoding
PECAMI-GFP mutant in which cytoplasmic region is replaced with a-catenin
(PECAM1AC-o-GFP), a ¢DNA encoding full-length «-catenin amplified by
PCR was inserted into the site immediately upstream of GFP in pEGFP-N1-
PECAM1TAC vector. Similarly, a ¢DNA encoding cytoplasmic region of VE-
cadherin was also inserted into the same site of pEGFP-NI-PECAMIAC
vector to construct the pEGFP-N1-PECAM1AC-VEC/C plasmid encoding
PECAM1-GFP mutant in which cytoplasmic region is replaced with that of
VE-cadherin (PECAMIAC-VEC/C-GFP).

Fluorescence Recovery after Photobleaching Analysis

HUVECs plated on a 35-mm-diameter collagen-coated glass-base dish (Asahi
Techno Glass, Chiba, Japan) were transfected with the expression plasmids
encoding VEC-GFP, PECAMI-GFP, and their mutants and cultured for 24 h
at confluent cell density. The cells were then starved in medium 199
containing either 1 or 0.1% bovine serum albumin (BSA) for 3 h, and
stimulated with vehicle, 10 uM FSK, 0.2 mM 007, and 0.2 mM 6-Bnz for 30
min. Fluorescence recovery after photobleaching (FRAP) experiments were
performed on a FV1000 laser-scanning confocal microscope (Olympus,
Tokyo, Japan) with a 60X objective lens, and GFP fluorescence was imaged
by the excitation with 473-nm diode laser. All experiments were performed
at 37°C with 5% CO, using a heating chamber (Tokai Hit, Shizuoka, Japan).
GFP-positive cells surrounded by GFP-negative cells were selected and
subjected to FRAP analysis. GFP fluorescence at the cell~cell contacts was
bleached for 5 s using 405-nm diode laser set at full power. To monitor
fluorescence recovery, images were acquired every 90 s over a period of
50-60 min using the FluoView version 1.7¢c software (Olympus). Using
Excel software (Microsoft, Redmond, WA), data were corrected for the
overall loss in total fluorescence intensity as a result of the imaging scans.
The fluorescence intensity of the bleached region over time was normal-
ized with the prebleached fluorescence intensity. Recovery measurements
were quantified by fitting normalized fluorescence intensities of bleached
areas to a one-phase exponential association by using Prism 5 software
{GraphPad Software, San Diego, CA). This program was also used for
plotting of the data and statistical analysis.

Immunocytochemistry

Monolayer-cultured HUVECs grown on a collagen-coated glass-base dish were
starved in medium 199 containing either 0.5 or 0.1% BSA for 3 h and subse-
quently stimulated with vehicle, 10 uM FSK, 0.2 mM 007, or 0.2 mM 6-Bnz for 30
min. After stimulation, the cells were fixed in phosphate-buffered saline (PBS)
containing 2% formaldehyde for 30 min at 4°C, permeabilized with 0.05% Triton
X-100 for 30 min at 4°C, and blocked with PBS containing 4% BSA for 1 hat room
temperature. The cells were then stained with rhodamine-phalloidin for 20 min
and with anti-VE-cadherin, anti-a-catenin, anti-B-catenin, and anti-p120-catenin
antibodies for 60 min at room temperature. Protein reacting with antibody was
visualized with species-matched Alexa 488-, Alexa 546- or Alexa 633-labeled
secondary antibodies. Fluorescence images of GFP, rhodamine, Alexa 488, Alexa
546, and Alexa 633 were recorded with an Olympus IX-81 inverted fluorescence
microscope (Olympus) equipped with pE-1 LED excitation system (CoolLED,
Andover, United Kingdom) with a cooled charge-coupled device camera Cool-
SNAP-HQ (Roper Scientific, Trenton, NJ) and appropriate filter sets for GFP,
Alexa 488, Alexa 546, and Alexa 633, and with a FluoView. FV1000 confocal
microscope with 60X and 100X oil immersion objective lens. To quantify the
levels of F-actin at cell~cell contacts, fluorescence intensity of rhodamine along
the 5-pixel-width lines randomly drawn on the rhodamine: images was deter-
mined by line intensity scanning using MetaMorph software (Molecular Devices,
Sunnyvale, CA). Peak fluorescence intensity at the points across the cell-cell
contacts was taken as the value of F-actin at cell-cell contacts. A minimum of 80

_contacis were analyzed per experiment, and experiments were repeated three
times.

Detection of GTP-bound Form of Rapl and
Phosphorylated CREB

Rapl activity and phosphorylation of CREB were assessed as described
previously (Fukuhara et al., 2005). In brief, HUVECs starved in medium 199
containing 1% BSA for 6 h were stimulated with vehicle, 10 pM FSK, 0.2 mM
007, or 0.2 mM 6-Bnz for 15 min and lysed at 4°C in a pull-down lysis buffer
containing 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl,, 1% Triton
X-100, 1 mM EGTA, 1 mM dithiothreitol, 1 mM Na,VO,, and 1X protease
inhibitor cocktail (Roche Applied Science, Indianapolis, IN). GTP-bound Rap1
was collected on the glutathione transferase-tagged Rapl binding domain of
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RalGDS precoupled to glutathione-Sepharose beads and subjected to Western
blot analysis with anti-Rap1 antibody. Aliquots of total cellular lysates were
also subjected to Western blot analysis with anti-Rap1, anti-phospho-CREB,
anti-CREB, and anti-B-actin antibodies.

Fluorescence-activated Cell Sorting (FACS) Analysis

Expression levels of VEC-GFP, PECAMI-GFP, and their mutants were ana-
lyzed by FACS analysis using FACSAria cell-sorting system (BD Biosciences).

Statistical Analysis

Data are expressed as either mean = SD or mean * SE as indicated in figure
legends. Statistical significance was determined using Student’s ¢ test for paired
samples or one-way analysis of variance and nonparametric tests for multiple
groups. Data were considered statistically significant if p values <0.03.

RESULTS

cAMP Stabilizes VE-Cadherin at Cell-Cell Contacts
through Epac-Rap1 Pathway, but Not PKA Pathway

To examine the dynamics of VE-cadherin in living cells, we
constructed the plasmid encoding VE-cadherin carboxy-ter-
minally tagged with GFP (VEC-GFP; Figure 1A). VEC-GFP,
but not GFP, expressed in confluent HUVECs localized at
the cell-cell contacts and seemed to form the zipper-like
structures, as did endogenous VE-cadherin (Supplemental
Figure 1A). On stimulation with FSK, VEC-GFP as well as
endogenous VE-cadherin was linearly accumulated at the
cell-cell contacts (Supplemental Figure 1A). Coimmunopre-
cipitation study using 293T cells revealed the ability of VEC-
GFP to associate with a-catenin, B-catenin, and p120-catenin
(Supplemental Figure 1B). These results indicate that VEC-
GFP behaves similarly to endogenous VE-cadherin. Thus,
we decided to use VEC-GFP as a tool to analyze the dynam-
ics of VE-cadherin in living cells.

To investigate whether intracellular cAMP stabilizes VE-
cadherin at the endothelial cell-cell contacts, we performed the
FRAP analysis of VEC-GFP. We examined the fluorescence
recovery at the photobleached region of the cell-cell junctions
in the confluent HUVECs expressing VEC-GFP using a confo-
cal time-lapse microscope. In control cells, fliorescence of
VEC-GFP recovered to 74.3% of the original level (Figure 1,
B-D), indicating that the mobile and immobile fractions of
VEC-GFP at the cell-cell contacts are 74.3 and 25.7%, respec-
tively (Figure 1D). Among the mobile fraction, the half-time of
fluorescence recovery for VEC-GFP was 10.1 min (Figure 1E).
On stimulation with FSK, the mobile fraction of VEC-GFP at
cell-cell contacts was reduced to 55.3%, whereas the half-time
of the fluorescence recovery was prolonged to 18.3 min (Figure
1, B-E). These results suggest that elevation of intracellular
cAMP level induces the stabilization of VE-cadherin at the
cell-cell contacts.

Intracellular cAMP regulates diverse cellular functions
mainly through two downstream effectors; Epac and PKA.
Therefore, we investigated which effectors are involved in
cAMP-induced VE-cadherin stabilization at cell~cell contacts
by using specific activators for PKA and Epac, 6-Bnz and 007,
respectively. 007 but not 6-Bnz induced activation of Rapl, a
small GTPase acting downstream of Epac, whereas 6-Bnz but
not 007 induced phosphorylation of CREB, a direct PKA sub-
strate, confirming their specificity (Figure 1F). The mobile frac-
tion of VEC-GFP at the cell-cell contacts was decreased by 007
to the level observed in FSK-stimulated cells (Figure 1G). 007
prolonged the half-time of the fluorescence recovery of VEC-
GFP (Figure 1H). In contrast, 6-Bnz did not affect the mobile
fraction and recovery rate of junctional VEC-GFP (Figure 1, G
and H). In addition, H89, a PKA-specific inhibitor, did not
affect FSK-reduced mobile fraction of VEC-GFP, although it
blocked FSK-induced CREB phosphorylation (Figure 1I and
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Figure 1. cAMP stabilizes VE-cadherin at A B
cell-cell contacts through Epac, but not PKA.
(A) Schematic illustration of VEC-GFP in
which a GFP tag is fused to the carboxy termi-
nus of full-length VE-cadherin. VE-cadherin
consists of an extracellular region (Ext) con-
sisting of five cadherin domains (CD), a
transmembrane region (Tm), and a con-
served cytoplasmic region (Cyto) containing
p120-catenin-binding domain (p120 BD) and
B-catenin-binding domain {gCat BD). (B) Con-~
fluent HUVECs plated on a collagen-coated
glass-base dish were transfected with the plas-

0 min
{Photobleaching)

Before 10 min 30 min

O
O
m
m

mid encoding VEC-GFP. After 24 h, the cells % -
were starved in medium 199 containing 1% ¢ Control -+ o 25 § 8 ¢ ¢
BSA for 3 h and stimulated with vehicle (top, § '° £ 80 =20 T GTPRapt e Seeenic B,
control) or 10 uM FSK (bottom) for 30 min. To g § e . £ ’ o
measure the mobility of VEC-GFP at cell-cell 2 i g g RapT hem o i s
junctions, GFP-positive cells surrounded by >°’5'§ e %0 g0 s s s il
GFP-negative cells were selected and immedi- g% s § 26 T 5 POREB 5o o S0 S0
ately subjected to FRAP analysis as described g2 i o o CREB #oor i e s
in Materials and Methods. Representative GFP 07 20 40 §0 3 X s ¥ !

images before and at the indicated time points Bleaching  Time (min) 5= g 1RGN e s i
after photobleaching are shown. Photo-

bleached areas are marked by dotted rectan- G1 00 H 20 100

gles and enlarged at the bottom of each image. s, + - =

Bar, 20 um. (C) Quantitative analysis of FRAP & s0{g - z =80

experiments in B. Plot of normalized fluores- g 80 B B £ 2 60

cence intensity of VEC-GFP expressed in the & £ £ 0

cells stimulated with vehicle (control, black £ = 2

circles) or FSK (red squares) versus ime (min- £ 20 = s

utes) after photobleaching. Data are expressed oL MmN ol - -
as mean * SD of five independent experi- £ 8L 2§55 I
ments. (D and E) The mobile fraction (D) and S ® S & 8 3

the recovery half-time (E) of VEC-GFP ex- £ Ad T TacZ . RapiGAP
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(control) or FSK were calculated from the fluorescence recovery curves shown in C. Data are expressed as mean & SE of five independent
experiments. (F) HUVECs starved in 0.5% BSA-containing medium 199 for 6 h were stimulated with either vehicle (control), 0.2 mM 007, 0.2
mM 6-Bnz, or 10 uM FSK for 15 min as indicated at the top. GTP-bound Rapl was collected as described in Materials and Methods and
subjected to Western blot analysis with anti-Rapl antibody (GTP-Rap1). Aliquots of cell lysates were also subjected to Western blot analysis
with anti-Rap1 (Rapl), anti-phospho-CREB (pCREB), anti-CREB (CREB), and anti-B-actin (B-actin) antibodies. (G and H) Confluent HUVECs
expressing VEC-GFP were stimulated with vehicle (control), 0.2 mM 007, 0.2 mM 6-Bnz, or 10 uM FSK for 30 min and subjected to FRAP
analysis as described in B. The mobile fraction of VEC-GFP (G) and its recovery half-time (H) were calculated similarly to D and E. Data are
expressed as mean * SE of six independent experiments. (I) Confluent HUVECs expressing VEC-GEP were starved in medium 199 containing
0.1% BSA for 3 h, treated with or without 10 pM H89 for 30 min, and subsequently stimulated with vehicle (control) or 10 pM FSK for 30
min as indicated at the bottom of each graph. The cells were then subjected to FRAP analysis as described in B. The mobile fraction of
VEC-GFP was calculated similarly to D. (J) Confluent HUVECs plated on collagen-coated glass-base dish were transfected with the plasmid
encoding VEC-GFP and infected with adenoviruses encoding either LacZ or RaplGAP. After 24 h, the cells were starved, stimulated with
FSK, and subsequently subjected to FRAP analysis as described in B. The mobile fraction of VEC-GFP was calculated similarly to D. Data are
expressed as mean % SE of four to five independent experiments, Significant differences from the control (D, E, G, and H) or between two
groups (I and J) are indicated as *p < 0.05. n.s. indicates no significance between two groups.

Supplemental Figure 2A). However, increased recovery rate of
VEC-GFP observed in either FSK- or 007-stimulated cells was

cell contacts (Fukuhara et al., 2005; Kooistra et al.,, 2005;
Lorenowicz et al., 2008). Thus, we decided to investigate

partially inhibited by H89 (Supplemental Figure 2B; data not
shown). Thus, basal PKA activity may influence the mobility of
VE-cadherin at cell-cell contacts. Furthermore, overexpression
of RaplGAP, a GTPase-activating protein for Rapl, not only
prevented FSK-induced Rapl activation but also inhibited
FSK-decreased mobile fraction of junctional VEC-GFP and the
FSK-prolonged half-time of its fluorescent recovery (Figure 1]
and Supplemental Figure 2, C and D). Collectively, these re-
sults indicate that cAMP stabilizes VE-cadherin at cell-cell
contacts through Epac-Rap1 pathway, but not PKA pathway.

Circumferential Actin Bundles Induced by cAMP Are
Required for Stabilization of VE-Cadherin at the
Endothelial Cell-Cell Contacts

Previously, we and others have reported that cAMP induces
accumulation of polymerized actin at the endothelial cell~
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whether reorganization of actin cytoskeleton is required for
cAMP-mediated stabilization of VE-cadherin at cell-cell
contacts. In control HUVECs, VE-cadherin formed zipper-
like structures along the cell-cell junctions (Figure 2A).
Staining with rhodamine-phalloidin revealed that actin
stress fibers terminating at VE-cadherin-based cell-cell con-
tacts were distributed through the cytoplasm (Figure 24).
Stimulation with either FSK or 007 reduced the central stress
fibers and induced the formation of circumferential actin
bundles along the cell-cell junctions (Figure 2, A and B). In
these cells, VE-cadherin clearly concentrated along the cir-
cumferential actin bundles (Figure 2A). In contrast, PKA
activation induced by 6-Bnz did not affect the organization
of actin cytoskeleton and the localization of VE-cadherin
(Figure 2, A and B). Furthermore, H89 inhibited neither
FSK-induced formation of circumferential actin bundles nor

587

2 6Y

~J

~23



K. Noda et al.

A

VE-cadherin

BN
o
o

E-actin at celi-cell contact (%) w

F-actin at cell-cell contact (%) O

Ad

Ad-Rap1GAP

FSK-induced accumulation of VE-cadherin at the cell-cell
contacts (Supplemental Figure 3). However, overexpression
of Rap1GAP in HUVECs prevented FSK-induced circumfer-
ential actin bundling (Figure 2, C and D). Collectively, these
findings suggest that a cAMP—-Epac-Rap] pathway induces
circumnferential actin bundling and accumulation of VE-cad-
herin on the bundled actin filaments.

It has been reported that circumferential actin filament
networks are required for the maintenance of E-cadherin-
based cell-cell contacts in epithelial cells (Quinlan and
Hyatt, 1999; Kobielak and Fuchs, 2004; Mege et al., 2006).
Therefore, we investigated whether circumferential actin

588

Control

Control

tin bundle formation and accumulation of
VE-cadherin on the bundled actin filaments
through an Epac-Rap1 pathway. (A) Monolay-
er-cultured HUVECSs starved in 0.5% BSA-con-
taining medium 199 for 3 h were stimulated
with vehicle (top, control), 10 uM FSK (second
panel), 0.2 mM 007 (third panel}, and 0.2 mM
6-Bnz (bottom) for 30 min. After stimulation,
the cells were fixed, immunostained with anti-
VE-cadherin antibody and visualized with Al-
exa 488-conjugated secondary antibody. The
cells were also stained with rhodamine-phal-
loidin to visualize F-actin. Alexa 488 and
rhodamine images were obtained through a
confocal microscope. Alexa 488 (VE-cadherin,
green), rhodamine (F-actin, red) and the
merged (merge) images are shown as indicated
at the top of each column. The boxed areas
marked by dotted line in the images are en-
larged in the bottom right comer of each im-
age. (B) Levels of F-actin at cell-cell contacts
observed in A were quantified as described in
Materials and Methods. Values are expressed as
a percentage relative to that in the control cells
and shown as mean * SE of >80 contacts.
Similar results were obtained in three inde-
pendent experiments. (C) Confluent HUVECs
were infected with adenoviruses encoding
either LacZ (Ad-LacZ) or RaplGAP (Ad-
RaplGAP) as indicated at the left. After 24 h,
the cells were starved in 0.5% BSA-containing
medium 199 for 3 h and stimulated with vehi-
cle (control) or 10 uM FSK for 30 min, The cells
were then stained with anti-VE-cadherin anti-
body and visualized with Alexa 488-conju-
gated secondary antibody as described in A.
The cells were also stained with rhodamine-
phalloidin to visualize F-actin. Alexa 488 (VE-
cadherin, green), rhodamine (F-actin, red) and

FSK
007
6-Bnz

% £ ¥  themerged (merge) images are shown as indi-

- § ® cated at the top of each column. The boxed

O .9 areas marked by dotted line in the images are
LacZ Rap1GAP

enlarged in the bottom right cormer of each
image. (D) Levels of F-actin at cell-cell contacts
observed in C were quantified similarly to B.
Values are expressed as a percentage relative
to that in the control cells infected with adeno-
viruses encoding LacZ and are shown as
mean * SE of >100 contacts. Similar results
were obtained in three independent experi-
ments. Bars, 50 um (A and C). Significant dif-

ferences from the control (B) or between two -

groups (D) are indicated as *p < 0.05. n.s.
indicates no significance between two groups.

bundle formation is responsible for cAMP-induced accumu-
lation of VE-cadherin at the cell-cell contacts. Treatment
with 200 nM Lat.A, an inhibitor of actin polymerization
(Spector et al., 1989), resulted in not only disruption of
central stress fibers in the control HUVECs expressing VEC-
GFP but also in fragmentation of circumferential actin bun-
dles formed upon stimulation with either FSK or 007 (Figure
3A). In these cells, VEC-GFP could not accumulate at the
cell-cell junctions even when stimulated with FSK and 007
(Figure 3A). We further performed the FRAP analysis of
VEC-GFP in the presence or absence of Lat.A; 100 nM Lat. A
less suppressed FSK-induced circumferential actin bundling
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Figure 3. Circumferential actin bundle formation is responsible for cAMP-induced stabilization of junctional
VE-cadherin. (A) Confluent HUVECs transfected with the plasmid encoding VEC-GFP were starved in 0.5%
BSA-containing medium 199 for 3 h and incubated with vehicle [left, (~)] or 200 nM Lat.A (right, Lat.A) for 30 0
min. The cells were then stimulated with vehicle (control), 0.2 mM 007 (007), and 10 M FSK (FSK) for 30 min
as indicated at the top and stained with rhodamine-phalloidin as described in legend of Figure 2A. GFP and
rhodamine images were obtained through a confocal microscope. GFP (VEC-GFP), rhodamine (F-actin), and the
merged (merge) images are shown as indicated at the left. Bars, 30 pm. (B and C) Confluent HUVECs expressing
VEC-GFP were starved in medium 199 containing 1% BSA for 3 h, treated with or without 100 nM Lat.A for 30
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min, and stimulated with vehicle (control) or 10 uM FSK for 30 min as indicated at the bottom of each graph. The

cells were then subjected to FRAP analysis as described in the legend of Figure 1B. The mobile fraction of VEC-GFP (B) and its recovery
half-time (C) were calculated as described in the legend of Figure 1, D and E. Data are expressed as mean * SE of five to seven independent
experiments. Significant differences between two groups are indicated as *p < 0.05. n.s. indicates no significance between two groups.

and less decreased the junctional localization of VEC-GFP
than 200 nM Lat.A (Supplemental Figure 4). Therefore, we
tested the effect of Lat.A. on the stabilization of VE-cadherin
at the cell-cell contacts by using the cells treated with 100
nM Lat.A. FSK-decreased mobile fraction of VEC-GFP at the
cell-cell junctions and the FSK-prolonged half-time of its
fluorescent recovery were partially inhibited by 100 nM
Lat.A (Figure 3, B and C). These results suggest that the
circumferential actin bundles induced by cAMP-Epac-Rapl
signal are required for stabilization of VE-cadherin at the
cell-cell contacts.

The Circumferential Actin Bundling upon cAMP
Stimulation Does Not Need Homophilic
VE-Cadherin-based Cell-Cell Adhesions

The cytoplasmic region of cadherin binds B-catenin, which
in turn associates with a-catenin (Ozawa and Kemler, 1992;
Kemler, 1993). It has been shown that e-catenin coordinates
actin dynamics at the sites of cadherin-based cell-cell con-
tacts (Kobielak and Fuchs, 2004; Mege ef al., 2006; Weis and
Nelson, 2006). Cadherin associates with pl120-catenin through
its juxtamembrane domain as well as B-catenin (Reynolds et
al., 1994). p120-catenin regulates actin cytoskeleton by con-
trolling the activity of Rho family small GTPases (Reynolds,
2007). Thus, we hypothesized that a cAMP-Epac-Rap1 path-
way initially promotes VE-cadherin—based cell-cell adhe-
sions, which subsequently induce circumferential actin bun-
dling through catenins. To test this hypothesis, we examined
the effect of depletion of either VE-cadherin, a-catenin,
B-catenin, or p120-catenin on actin reorganization. Depletion
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of either of them resulted in the disruption of central stress
fibers and the induction of membrane ruffle formation close
to the cell~cell contacts (Figure 4, A-D). These results sug-
gest that central stress fiber formation depends on VE-cad-
herin/catenin complexes. However, unexpectedly FSK-in-
duced circumferential actin bundling was not affected by
depletion of VE-cadherin/catenin complexes (Figure 4,
A-D, and Supplemental Figure 5, A-D). Furthermore, we
examined the effect of extracellular Ca®* chelation on FSK-
induced circumferential actin bundling, because cadherin-
dependent cell adhesion requires extracellular Ca®*. FSK
apparently induced formation of circumferential actin bun-
dles even in the presence of EGTA (Supplemental Figure 6),
although VE-cadherin disappeared from the cell-cell border
in the presence of EGTA even when the cells were stimu-
lated with FSK (Supplemental Figure 6). These results
clearly indicate that cAMP-induced circumferential actin
bundling does not require VE-cadherin/catenin complex-
dependent reorganization of actin cytoskeleton.

a- and B-Catenins Are Required for cAMP-intduced

Accumulation of VE-Cadherin at Cell-Cell Contacts

It had been believed that cadherin-g-catenin complex is
physically linked with actin fibers via e-catenin, although
this model is recently challenged by the report that a-catenin
dose not bind simultaneously to both the cadherin-g-catnin
complex and the actin fibers (Yamada et al., 2005; Drees et al.,
2005; Gates and Peifer, 2005). To test the requirement of a-
and B-catenins in cAMP-induced accumulation of VE-cad-
herin at the cell-cell contacts, we examined the effect of
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Figure 4. cAMP-induced circumferential actin bundling does not depend upon VE-cadherin~based cell-cell adhesions. (A~D) HUVECs were
transfected with control siRNA (top panels of each figure} or with siRINAs targeting against VE-cadherin (A), a-catenin (B), B-catenin (C), and
pl120-catenin (D) (bottom panels of each figure), cultured for 48 h, and replated onto the collagen-coated glass-base dish. After 24 h, the cells were
starved in medium 199 containing 0.5% BSA for 3 h and stimulated with vehicle (control) or 10 uM FSK for 30 min as indicated at the left of each
figure. The cells were stained with anti-VE-cadherin (A), anti-a-catenin (B}, anti-g-catenin (C), and anti-p120-catenin (D) antibodies and visualized
with Alexa 488-conjugated secondary antibody as described in Figure 2A. The cells were also stained with rhodamine-phalloidin to visualize
F-actin. Alexa 488 and rhodamine images were obtained through a confocal microscope. Alexa 488 images for VE-cadherin (A), «-catenin (B),
B-catenin (C), and p120-catenin (D) are shown at the left column. Rhodamine (F-actin) and the merged (merge) images are shown at the middle
and right columns, respectively. The boxed areas marked by dotted line in the images are enlarged in the bottom right corner of each image. Bars,
50 pm.
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Figure 5. a- and B-Catenins are essential for
cAMP-induced accumulation of VE-cadherin
at cell-cell contacts. (A and B) HUVECs were
transfected with control siRNA (top panels of
each figure} or with siRNAs targeting against
a-catenin (A) and B-catenin (B) (bottom panels
of each figure) and stimulated with vehicle
(control) or FSK as described in the legend of
Figure 4. The cells were immunostained with
either anti-a-catenin {A) or anti-B-catenin (B)
antibody and with anti-VE-cadherin antibody
and then visualized with Alexa 488- and Alexa
546-conjugated secondary antibodies, respec-
tively. Phase contrast, Alexa 488 and Alexa 546
images were obtained using an IX81 inverted
microscope (Olympus). Phase contrast (bright
field), Alexa 488 (a-catenin in A and B-catenin
in B), Alexa 546 (VE-cadherin), and the merged
(merge) images are shown as indicated at the
top of each column. The boxed areas marked
by dotted line in the images are enlarged in the
lower right corner of each image. Bars, 30 um.
(C) HUVECs were transfected without [{(—)] or
with control siRNA. {negative control) or siR-
NAs targeting a-catenin, -catenin, pl20-cate-
nin, and VE-cadherin as indicated at the top
and cultured for 72 h. Cell lysates were sub-
jected to Western blot analysis with anti-a-
catenin, anti-B-catenin, anti-p120-catenin, anti-
VE-cadherin, and anti-B-actin antibodies as
indicated at the left.

Conirol siRNA

a-catenin SIRNA

vs)

Control sSiRNA

f-catenin siRNA

depletion of catenins on the accumulation of VE-cadherin.
Depletion of either «- or B-catenin weakened not only the
junctional localization of VE-cadherin in control HUVECs
but also the FSK-induced accumulation of VE-cadherin at
cell-cell contacts without affecting the expression level of
VE-cadherin (Figure 5, A-C, and Supplemental Figure 7, A
and B). Knockdown of p120-catenin by siRNA also resulted
in disappearance of VE-cadherin at cell-cell contacts in ei-
ther control- or FSK-stimulated cells but possibly due to the
primarily down-regulated expression of VE-cadherin (Fig-
ure 5C and Supplemental Figure 8). These results indicate
that o~ and (-catenins are responsible for cAMP-induced
accumulation of VE-cadherin at the cell-cell contacts and
suggest that o- and B-catenins mediate the physical link
between actin and VE-cadherin.

cAMP Induces Formation of Circumferential Actin
Bundles, Which Anchor Junctional VE-Cadherin through
- and B-Catenins

To confirm that «- and B-catenins mediate physical link
between actin and VE-cadherin in cAMP-Epac~Rap1 signal-
activated endothelial cells, we decided to examine the local-
ization and dynamics of the mutants of VE-cadherin in
which the cytoplasmic domain was modified. We also con-
structed the plasmids encoding the mutants of VEC-GFP
(Figure 6A and Supplemental Figure 9, A and B): VECAB-GFP
in which the p-catenin binding domain is deleted, VECAC-
GFP in which the cytoplasmic domain is deleted, VECAC-
a-GFP in which the cytoplasmic domain is replaced with
a-catenin, and VECAC-aAN-GFP in which the cytoplasmic
domain is replaced with a-catenin lacking N-terminal
B-catenin binding domain. When these expression plasmids
were transfected into HUVECs, all VEC-GFP mutants as
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well as wild type VEC-GFP localized at cell-cell contacts
(Figure 6B and Supplemental Figure 9C). FACS analysis
revealed that their expression levels are similar (Supplemental
Figure 9D). Stimulation with FSK resulted in accumulation
of wild-type VEC-GFP on the circumferential actin bundles
(Figure 6B). When the cells expressing either VECAB-GFP or
VECAC-GFP were stimulated with FSK, circumferential ac-
tin bundling occurred. However, neither of them could ac-
cumulate on the bundled actin filaments and was broadly
distributed around the cell-cell junctions (Figure 6B). In
contrast, VECAC-a-GFP clearly concentrated on the circum-
ferential actin bundles formed upon the stimulation with
FSK (Figure 6B). Similarly, VECAC-aAN-GFP also accumu-
lated on the bundled actin filaments in FSK-stimulated cells
(Figure 6B). Together with the evidence that VECAC-«AN-
GFP was incapable of associating with B-catenin (Supple-
mental Figure 9E), these results indicate that the ability of
VE-cadherin/a-catenin chimera to concentrate on’ the cir-
cumferential actin bundles is not due to a-catenin acting as
a f-catenin binding site. Consistently, VECAC-«-GFP, but
not VEC-GFP, could accumulate on the bundled actin fila-
ments even in the B-catenin-depleted cells (Supplemental
Figure 10, B and D). Furthermore, depletion of a-catenin by
siRNA did not affect the accumulation of VECAC-a-GEP on
the bundled actin filaments, although a-catenin was re-
quired for the localization of VEC-GEP on the actin bundles
(Supplemental Figure 10, A and C). Collectively, these re-
sults indicate that o- and B-catenins localize VE-cadherin to
the circumferential actin bundies.

Furthermore, we performed FRAP analyses of VEC-GFP
mutants. FSK significantly reduced the mobile fractions of
VEC-GFP, VECAC--GFP, and VECAC-aAN-GFP at the
cell-cell contacts and prolonged the half-time of their fluo-

591

o6 8

) - 23




K. Noda et al.

120 BD
| fCatBD
{GFP]

A
VEC-GFP
VECAB-GFP
VECAC-GFP
VECAC-u-GFP
VECAC-uaN-GFP

B

VEC-GFP VECAC-GFP

VECAR-GFP

VECAC-u-GFP

Figure 6. «- and g-Catenins locate and stabi-
lize VE-cadherin at the circumferential actin
bundles. (A} Schematic illustrations of VEC-
GFP and its mutants. VEC-GFP, VE-cadherin
carboxy-terminally tagged with GFP; VEC-
GFPAB-GFP, a VEC-GFP mutant lacking the
B-catenin binding domain of VE-cadherin;
VEC-AC-GFP, a VEC-GFP mutant lacking the
cytoplasmic region of VE-cadherin; VECAC-a-

VECAC-aAN-GEP GFP, a VEC-GFP mutant in which the cyto-
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g

plasmic region of VE-cadherin is replaced with
a-catenin; and VECAC-«AN-GFP, a VEC-GFP
mutant in which the cytoplasmic region of
VE-cadherin is replaced with e-catenin lacking
N-terminal B-catenin binding domain. (B)
HUVECs were transfected with the plasmid
encoding either VEC-GFP or its mutant as in-
dicated at the top. The cells were starved in
medium 199 containing 0.5% BSA for 3 h and
stimulated with vehicle (control) or 10 uM FSK
(FSK) for 30 min. The cells were stained with
rhodamine-phalloidin to visualize F-actin as
described in the legend of Figure 2A. GFP and
rhodamine images were obtained through a
confocal microscope. GFP, rhodamine (F-ac-
tin), and the merged (merge) images are
shown as indicated at the left. The border be-
tween the untransfected cell and the cell ex-
pressing GFP tagged-VE-cadhein is shown.
Bars, 5 pm. (C and D) Confluent HUVECs
plated on collagen-coated glass-base dish were
transfected with the plasmid encoding VEC-
GFP, VECAC-GFP, VECAC-a-GFP, or VECAC-
«AN-GFP as indicated at the bottom of each
figure. The cells were starved, stimulated with
vehicle {control) or 10 uM FSK for 30 min, and
subjected to FRAP analysis as described in the

Control FSK

legend of Figure 1B. The mobile fraction of VEC-GFP and its mutants (C) and their recovery half-time (D) were calculated as described in
the legend of Figure 1, D and E. Data are expressed as mean * SE of six to eight independent experiments. Significant differences between
bwo groups are indicated as *p < 0.05. n.s. indicates no significance between two groups.

rescence recovery (Figure 6, C and D). Effect of FSK on the
stability of VECAC-o-GFP as well as VEC-GFP at cell-cell
contacts was canceled by treatment with 100 nM Lat.A (Fig-
ure 3, B and C, and Supplemental Figure 11, A and B). In
clear contrast, the mobile fraction of junctional VECAC-GFP
and its recovery rate were unaffected by stimulation with
FSK (Figure 6, C and D). Collectively, these results strongly
suggest that anchoring of VE-cadherin to circumferential
actin bundles through «- and B-catenins results in the sta-
bilization of VE-cadherin at cell-cell junctions.

PECAMI is an immunoglobulin-family cell adhesion mol-
ecule expressed in endothelial cells and localized at cell-cell
junctions (Woodfin ef al., 2007). However, unlike VE-cad-
herin, localization of PECAM1 is not confined to the AJs
because it is incapable of associating with actin cytoskeleton.
Indeed, PECAMI did not accumulate on the circumferential
actin bundles in FSK-stimulated HUVECs (Figure 7A),
which is reminiscent of the localization of VECAC-GFP and
VECAB-GFP. Thus, we assumed that the importance of the
link between actin and VE-cadherin through o- and
B-catenins for the stabilization of VE-cadherin can be
claimed by comparing the localization and dynamics of
VE-cadherin to those of PECAMI. To this end, we con-
structed the plasmid encoding PECAMI carboxy-terminally
tagged with GFP (PECAMI-GFP) and those encoding its
mutants (Figure 7B and Supplemental Figure 9, A-D);
PECAMIAC-GFP in which the cytoplasmic region is de-
leted, PECAM1AC-a-GFP in which the cytoplasmic region is
replaced with a-catenin and PECAMIAC-VEC/C-GFP in
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which the cytoplasmic region is replaced with that of VE-
cadherin. As expected, PECAMI-GFP and PECAM1IAC-GFP
were broadly localized around the cell-cell junctions, irre-
spective of the presence or absence of circumferential actin
bundles upon stimulation with FSK (Figure 7C). Consis-
tently, FSK did not affect the mobile fractions of PECAM1-
GFP and PECAMI1AC-GEFP at the cell-cell contacts and their
recovery rate (Figure 7, D and E). In contrast, PECAM1AC-
a-GFP and PECAMIAC-VEC/C-GFP clearly accumulated
on the circumferential actin bundles in the FSK-stimu-
lated cells (Figure 7C). FSK-induced concentration of
PECAMIAC-a-GFP on the bundled actin filaments occurred
even in the B-catenin-depleted cells (Supplemental Figure
12). Furthermore, the mobile fraction of PECAMIAC-a-GFP
was significantly reduced by stimulation with FSK, although
FSK did not affect its recovery rate (Figure 7, D and E),
possibly due to the interaction with endogenous PECAMI.
These findings indicate that «- and B-catenins have potential
to locate VE-cadherin to the circumferential actin bundles
induced by a cAMP-Epac-Rap1 signal and to stabilize VE-
cadherin at the cell-cell contacts.

DISCUSSION

We found that a cAMP-Epac-Rap1 signal initially induces
civcumferential actin bundle formation independently of
VE-cadherin/catenin complexes and that a- and B-catenins
have potential to locate VE-cadherin to the bundled actin
and to stabilize VE-cadherin at the cell-cell contacts. cAMP
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Figure 7. PECAMI that is incapable of asso-
ciating with actin cytoskeleton is not stabilized
on the circumferential actin bundles. (A)
Monolayer-cultured HUVECs were stimulated
with vehicle (top, control} or 10 uM FSK (bot-
tom) for 30 min as described in the legend of
Figure 2A. After stimulation, the cells were
immunostained with anti-PECAM1 antibody
and visualized with Alexa 488-conjugated sec-
ondary antibody. The cells were also stained
with rhodamine-phalloidin to visualize F-ac-
Jtin. Alexa 488 and rhodamine images were C

F-actin

PECAM1-GFP

" Static Linkage of VE-Cadherin and Actin
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PECAM1AC-GFP

PECAMIAC-u-GFP

PECAM1AC-VEC/C-GFP

PECAM1AC-GFP

PECAM1AC-a-GFP PECAM1AC-VECIC-GFP

obtained through a confocal microscope. Al-
exa 488 (PECAM1), rhodamine (F-actin), and
the merged (merge) images are shown as in-
dicated at the top of each column. (B) Sche-
matic illustrations of PECAMI-GFP and its
mutants. PECAMI-GFP, PECAM1 carboxy-
terminally tagged with GFP; PECAMIAC-
GFP, a PECAMI-GFP mutant lacking the
cytoplasmic region of PECAM1; PECAM1AC-
«-GFP, a PECAMI1-GFP mutant in which the
cytoplasmic region of PECAMI is replaced
with e-catenin; and PECAMIAC-VEC/C-GFP,
a PECAM1-GFP mutant in which the cytoplas-
mic region of PECAM1 is replaced with that of
VE-cadherin. (C) HUVECs were transfected
with the plasmid encoding either PECAMI-
GFP or its mutant as indicated at the top. The
cells were stimulated with vehicle (control) or
10 M FSK and stained with rhodamine-phal-
loidin similarly to the legend of Figure 6B. GFP
and rhodamine images were obtained through
a confocal microscope. GFP, rhodamine (F-
actin), and, the merged (merge) images are
shown as indicated at the left. The border
between the untransfected cell and the cell
expressing GFP tagged-PECAM1 is shown.
(D and E) Confluent HUVECs plated on a
collagen-coated glass-base dish were trans-
fected with the plasmid encoding PECAM1-
GFP, PECAMIAC-CFP, or PECAMIAC-a-
GFP as indicated at the bottom of each

Fegelin GFP

Me

Control FSK

Control FSK

Control F8K

Conirot FSK

graph. The cells were starved, stimulated with vehicle {control) or 10 uM FSK for 30 min, and subjected to FRAP analysis as described
in the legend of Figure 1B. The mobile fraction of PECAM1-GFP and its mutants (D) and their recovery half-time (E) were calculated
as described in the legend of Figure 1, D and E. Data are expressed as mean & SE of five to six independent experiments. Significant
differences between two groups are indicated as *p < 0.05. n.s. indicates no significance between two groups. Bars, 30 um (A) and 5

um (C).

is a well-known intracellular second messenger that is capa-
ble of promoting endothelial barrier function through both
PKA and Epac (Yuan, 2002; Cullere et al., 2005; Fukuhara ¢t
al., 2005; Kooistra et al., 2005; Pannekoek et al., 2009). Previ-
ously, we and others have reported that cAMP potentiates
VE-cadherin-based cell-cell adhesions through an Epac—
Rapl pathway (Cullere et al., 2005; Fukuhara et al., 2005;
Kooistra et al., 2005). Thus, circamferential actin bundling
induced by cAMP-Epac-Rapl signal is essential for endo-
thelial barrier function mediated by VE-cadherin.

The mechanism how stabilization of VE-cadherin is reg-
ulated in cAMP-Epac-Rapl signal-activated endothelial
cells fits the classical static model: Catenin tethers cadherin
to actin cytoskeleton. The cadherin-B-catenin complex has
been believed to be physically linked with actin cytoskeleton
directly or indirectly through a-catenin, which is responsible
for maintenance of AJs (Nagafuchi ef al., 1994; Rimun et al.,
1995; Sako ef al., 1998; Watabe-Uchida ef al., 1998; Imamura
et al., 1999). However, the Weis and Nelson groups have
recently suggested a new dynamic model in which e-catenin
does not statically link cadherin to actin but directly regu-
lates actin dynamics at the cell-cell contacts by demonstrat-
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ing that a-catenin does not associate with the cadherin--
catenin complex and with cytoskeleton simultaneously
(Drees et al., 2005; Gates and Peifer, 2005; Yamada et al.,
2005). By performing FRAP analysis of GFP-tagged E-cad-
herin (E-cadherin-GFP), they showed that ~80% of E-cad-
herin-GFP is immobilized at cell-cell contacts in epithelial
cells. However, the mobility of junctional E-cadherin-GFP
was not affected by disruption of actin cytoskeleton. In ad-
dition, a mutant of E-cadherin-GFP lacking its cytoplasmic
domain had a mobility fraction similar to that of the full-
length E-cadherin-GFP. These observations suggest that an-
choring to actin cytoskeleton through «- and B-catenins does
not contribute to the stabilization of E-cadherin at cell-cell
junctions. In clear contrast to their findings, we found that
>70% of VE-cadherin is mobile at the cell-cell contacts in
unstimulated endothelial cells under confluent culture and
that elevation of intracellular cAMP level reduced the mo-
bile fraction of junctional VEC-GFP, which was significantly
inhibited by disruption of actin cytoskeleton. Furthermore,
elevation of intracellular cAMP level did not affect the
mobile fractions of VECAC-GFP but decreased that of
VECAC-a-GFP. These results indicate that a stable linkage
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between VE-cadherin and actin bundles mediated by «-
and p-catenins is responsible for cAMP-induced stabiliza-
tion of VE-cadherin at cell-cell contacts.

a- and B-Catenins might indirectly tether VE-cadherin to
bundled actin. a-catenin is known to interact with various
actin binding proteins including vinculin, e-actinin, spec-
trin, zonula occludins-1, and afadin (Kobielak and Fuchs,
2004). Therefore, these proteins may mediate linkage of the
cadherin—catenin complex to actin cytoskeleton. Consis-
tently, Abe and Takeichi (2007) have recently reported that
EPLIN binds a-catenin and actin filaments simultaneously,
thereby linking the cadherin—-catenin complex to the actin
cytoskeleton. Because EPLIN is expressed not only in epi-
thelial cells but also in endothelial cells (our unpublished
data), VE-cadherin-B-catenin-a-catenin complex may be an-
chored to circumferential actin bundles through EPLIN.

We noticed that homophilic VE-cadherin-based cell-cell
adhesion is not the trigger for promoting circumferential
actin bundling in cAMP-Epac-Rap1 signal-activated cells. It
has been reported that a-catenin directly regulates actin
dynamics instead of simply linking the cadherin—p-catenin
complex to actin cytoskeleton (Kobielak and Fuchs, 2004;
Mege et al., 2006; Weis and Nelson, 2006). The Weis and
Nelson groups have shown that a-catenin homodimer com-
petes with the Arp2/3 complex for binding to actin fila-
ments, thereby inhibiting branching nucleation of actin fila-
ments, instead promoting formation of linear actin bundles
(Drees et al., 2005; Gates and Peifer, 2005). EPLIN also acts
not only in linking the cadherin—catenin complex to actin
bundles but also in actively stabilizing these bundles (Abe
and Takeichi, 2007). Furthermore, it has been reported that
a-catenin locates several actin regulators such as formin-1,
vinculin and Ena/VASP to the nascent AJs, thereby induc-
ing formation of radial actin cables (Watabe-Uchida et al.,
1998; Weiss et al., 1998; Vasioukhin et al., 2001; Kobielak and
Fuchs, 2004; Kobielak et al., 2004). These results indicate that
cadherin-based cell-cell adhesions coordinate actin dynam-
ics at cell-cell junctions through «-catenin. Consistently, we
found that VE-cadherin-based cell~cell adhesions are re-

A Weak adhesion B

oo,

CAMP

sponsible for formation of central stress fibers in unstimu-
lated cells. However, FSK-induced circumferential actin
bundling was not inhibited by the depletion of either VE-
cadherin, B-catenin, a-catenin, or p120-catenin or by disrup-
tion of cadherin-dependent cell adhesions by extracellular
Ca** chelation. This result is consistent with the previous
report that VE-cadherin-specific blocking antibody does not
affect 007-induced actin remodeling in endothelial cells
(Kooistra et al., 2005). Thus, these findings demonstrate that
circumferential actin bundling induced by cAMP signal
does not require VE-cadherin-based cell-cell adhesions.

How does cAMP-Epac-Rap1 signal induce reorganization
of actin cytoskeleton at endothelial cell-cell contacts? It has
been reported that Rapl promotes cell spreading by localiz-
ing a subset of Rac guanine nucleotide exchange factors such
as Vav2 and Tiam1 to sites of active lamellipodia extension
(Arthur ef al., 2004). Consistently, Rac has been shown to be
involved in cAMP-induced endothelial barrier function
(Birukova ef al., 2007; Baumer et al., 2008). Thus, cAMP-
induced Rap1 activation at cell-cell contacts may lead to the
local activation of Rac, thereby inducing circumferential ac-
tin bundling. Indeed, our previous report revealed that Rapl
is activated at endothelial cell-cell contacts (Sakurai et al.,
2006). In addition, other Rap1 effectors such as K-Rev Inter-
action Trapped gene-1 and AF-6 may also be involved in
cAMP-induced actin bundling (Boettner et al., 2000, 2003;
Glading et al., 2007). Furthermore, it still remains unknown
how cAMP signal locally regulates actin dynamics at cell-
cell junctions. Because VE-cadherin-based cell~cell adhe-
sions are dispensable for cAMP-induced actin bundling,
other cell adhesion molecules may be involved in local reg-
ulation of actin dynamics. One of the candidates is nectin
that is involved in formation of AJs in epithelial cells (Takai
et al., 2008), although its function in endothelial cells is still
unknown. Thus, further studies are required to elucidate the
molecular mechanisms by which a cAMP-Epac-Rap1 path-
way induces circumferential actin bundling.

Intracellular cAMP activates two downstream effectors
Epac and PKA, both of which are known to enhance endo-

C Strong adhesion

LR e \JE-cadherin €&  o-catenin
e PR Foactin Bcatenin

Figure 8. Schematic representation of our proposed model that accounts for how VE-cadherin is stabilized at the cell-cell contacts in
cAMP-Epac—Rapl signal-activated endothelial cells. (A) In unstimulated endothelial cells, the majority of VE-cadherin molecules (~75%) is
mobile at cell-cell junctions, possibly due to the lack of circumferential actin bundles. VE-cadherin that does not associate with actin
cytoskeleton has weak cell-cell adhesion activity. (B) When cAMP-Epac-Rap1 signal is activated, circumferential actin bundling occurs
independently of VE-cadherin-based cell-cell adhesions. (C) Subsequently, e~ and B-catenins link VE-cadherin to the bundled actin filaments,
thereby stabilizing VE-cadherin at cell-cell contacts. Stabilization of VE-cadherin on the bundled actin filaments results in strong cell-cell
adhesions. VE-cadherin that associates with bundled actin filaments through a- and B-catenins is outlined. - and g-Catenins which link
VE-cadherin to the bundled actin filaments are also outlined.
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thelial barrier functions. In this study, we clearly indicate
that PKA activation by 6-Bnz does not induce circumferen-
tial actin bundling and does not enhance stability of VE-
cadherin at cell-cell contacts. Recently, Lorenowicz ef al.
(2008) have reported that Epac promotes the formation of
cortical actin bundles, whereas PKA induces formation of
stress fibers, although activation of either cAMP effector
decreases endothelial permeability. Therefore, Epac and
PKA may regulate endothelial barrier function through dis-
tinct signaling mechanisms.

In conclusion, we have demonstrated that circumferential
actin bundle formation and subsequent linkage between
actin bundles and VE-cadherin through «- and B-catenins
are responsible for the stabilization of VE-cadherin at the
cell-cell contacts in cAMP-Epac-Rapl signal-activated cells
(Figure 8). These findings strongly support the classical
model that a-catenin is required for statically linking cad-
herin-B-catenin complexes to bundled actin filaments to
maintain AJs.
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Abstract Histamine has a positive inotropic effect on
ventricular myocardium and stimulation of histamine H,
receptors increases the intracellular cAMP level via Gs
protein, as dose stimulation of S-adrenergic receptors, and
worsens heart failure. To test whether a histamine H,
receptor blocker had a beneficial effect in addition to
B-adrenergic receptor blockade, we investigated the car-
dioprotective effect of famotidine, a histamine H, receptor
blocker, in dogs receiving a f-blocker. We induced heart
failure in dogs by rapid ventricular pacing (230 beats/min).
Animals received no drugs (control group), famotidine
(1 mg/kg daily), carvedilol (0.1 mg/kg daily), or carvedilol
plus famotidine. Both cardiac catheterization and echo-
cardiography were performed before and 4 weeks after the
initiation of pacing. Immunochistochemical studies
showed the appearance of mast cells and histamine in the
myocardium after 4 weeks of pacing. In the control group,
the left ventricular ejection fraction (LVEF) was
decreased after 4 weeks compared with before pacing
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(11 £2 vs. 27 £ 2%, p <0.05) and mean pulmonary
capillary wedge pressure (PCWP) was increased (8 & 1 vs.
19 + 3 mmHg). Famotidine ameliorated the decrease of
LVEF and increase of PCWP, while the combination of
carvedilol plus famotidine further improved both parame-
ters'compared with the carvedilol groups. These beneficial
effects of famotidine were associated with a decrease of the
myocardial cAMP level. Histamine Hj, receptor blockade
preserves cardiac systolic function in dogs with pacing-
induced heart failure, even in the presence of S-adrenergic
receptor blockade. This finding strengthens the rationale
for using histamine H, blockers in the treatment of heart
failure.

Keywords Heart failure - Histamine - Histamine H,
receptor blocker - fi-Adrenergic receptor blocker

Introduction

Chronic heart failure (CHF) is one of the major causes of
morbidity and mortality worldwide, and is characterized by
neurohormonal imbalances that include activation of the
sympathetic nervous system [9, 15]. f-Adrenergic receptor
blockade is a established treatment of CHF because it
protects the heart from the harmful effects of the sympa-
thetic nervous system that are partly mediated via cyclic
adenosine monophosphate (cAMP)-dependent pathways
[2, 34]. Interestingly, histamine H, receptors are linked to
Gs proteins that facilitate the production of cAMP (as are
B-adrenergic receptors) and are expressed in the heart [18,
29, 33]. Histamine has a positive inotropic effect on human
ventricular myocardivm and chronotropic effects [3, 12],
and also autonomic control of the heart [21]. Indeed, we
previously reported that famotidine, a histamine H,
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