corded. The RF current applications were delivered from
the distal electrode of a 7-F 4-mm tip quadripolar thermo-
couple-equipped catheter (Cordis Webster, Baldwin Park,
CA, USA) for 60-90s. The target temperature was set at
45-50°C with a power limit of 30W.

PV disconnection, which was defined as the elimination
of PVPs recorded by the circular catheter (LA-to-PV
conduction block), and the loss of LA conduction during
intra-PV pacing using the circular catheter (PV-to-LA con-
duction block), was achieved in all targeted PVs. The total
number of applications was 32, including 13 right superior,
11 left superior, and 8 left inferior. The total energy was
524581]. After-the ablation, selective PV angiography was
performed again. PV stenosis was not observed.

Six months after the ablation, to evaluate the PV, en-
hanced ECG-gated MSCT was performed. Images were
acquired using MSCT with eight rows of a data acquisition
system (Light Speed Ultra, General Electronics, Milwau-
kee, WI, USA) with retrospective ECG-gated reconstruc-
tion and a 1.25-mm slice thickness with a helical pitch of
3.25. The acquisition was performed after injection of
100ml of iodinated contrast material (350mgl/ml) with a
2.0ml/s injection rate and 30s delay time. In the ECG-gated
acquisition, we extracted data during end-systole and end-
diastole. All data were transferred to a workstation (Zio
M900, Tokyo, Japan), and a coronal view of multiplanar

Fig. 1A,B. Axial source images
of enhanced multislice
computed tomography of non-
electrocardiogram ( ECG)-gated
acquisition images in a patient
with another disease but a
normal pulmonary vein (PV)
and retrospective ECG-gated
reconstruction images from end-
systole and end-diastole in a
patient after PV isolated
catheter ablation. A Left
superior PV level. B Left
inferior PV level. Stenosis of the
ostium of the left superior and
inferior PV is shown in both
ECG-gated images (arrow-
heads). Hyperplasia of the soft
tissue also could be observed
around the lumen of the ostium
of the left superior and inferior
OV (arrowheads) in both end-
systole and end-diastole.
Comparing the end-systolic and
end-diastolic images, the
stenosis of the ostium of the left
inferior PV could be evaluated
more clearly in end-diastole.
PA, RV, LA, and LAA indicate
pulmonary artery, right
ventricle, left atrium, and left
atrial appendage, respectively

Non ECG-gated

Left Inferior PV
Non ECG-gated

Left Superior PV
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reconstruction images and volume-rendering images were
generated. Also, non-ECG-gated MSCT images were ac-
quired with a 2-mm slice thickness with a helical pitch of 5.0
in another patient with another disease but normal PV, and
are presented for comparison.

In the axial source images represented in Fig. 1, both
non-ECG-gated and ECG-gated scanning showed the lu-
men of the PV clearly. ECG-gated images in both cardiac
phases revealed stenosis of the ostium of the left superior
and inferior PV (arrowheads). End-diastolic data showed
the stenosis and the surrounding soft tissue more clearly
than end-systolic data in the axial source images.

In the anterior coronal views of the multiplanar recon-
struction images represented in Fig. 2, there was a motion
artifact in the non-ECG-gated images (in this case, in the
LA), and this could affect the accuracy of the imaging of the
vessel lumen of the PV and the surrounding soft tissue
(arrowheads). But in the ECG-gated reconstruction images,
the resolution of the vessel to the through-plane was good
and there was no motion artifact, even in the LA. The
images of the vessel lumen and the surrounding soft tissue
(arrowheads) in the coronal view were of good quality. In
contrast to the axial source images, in the coronal images,
the stenosis of the ostium of the left superior PV could be
evaluated more clearly in end-systole than in end-diastole.
(The left inferior PV was the same in both cardiac phases in

Left Superior PV
End-gsystole ECG-gated End-diastole

Left Inferior PV
End-systole ECG-gated End-diastole

-159-

A



222

Fig. 2A,B. Anterior coronal
views of the multiplanar
reconstruction images of
enhanced multislice

computed tomography of
nonelectrocardiogram (ECG)-
gated acquisition images in a
patient with another disease but
a normal pulmonary vein (PV)
and retrospective ECG-gated
reconstruction images from end-
systole and end-diastole in a
patient after PV isolated
catheter ablation. A Left
superior PV level. B Left
inferior PV level. There was a
motion artifact in the non-ECG-
gated images (in this case, in the
left atrium (LA)) (arrowheads).
In the ECG-gated
reconstruction images, the
resolution of the vessel to the
through-plance was good an
there was no motion artifact,
allowing a clear image of the
vessel lumen and the soft tissue
around the vessel lumen
(arrowheads) in the coronal
view. In contrast to axial source
images, the stenosis of the
ostium of the left superior PV
could be evaluated more clearly
in end-systole than in end-
diastole (the left inferior PV was
almost the same in both cardiac
phases in the coronal images)

Non ECG-gated

.
Aorta

Non ECG-gated

the coronal images.) Therefore to evaluate the stenosis of
the PV, it would be better to use volumetric images in
several cardiac phases and several planes.

Figure 3 represents the three-dimensional volume ren-
dering images using enhanced MSCT from end-systole in
the same patient after PV isolation. The lumen of the vessel
filled with the contrast material with high CT intensity and
stenosis of the ostium of the left inferior PV could be ob-
served (arrowhead).

Discussion

Generally, DSA only shows the vessel lumen filled with
contrast material, while MSCT can evaluate hyperplasia of
the soft tissue around the lumen of the PV, indicating a
reaction to the PV isolation in addition to stenosis of the
lumen of the PV. Therefore, MSCT may provide important
indicators of this complication, or conversely, even the ef-
fectiveness of the PV isolation procedure. ECG-gated im-
ages, which have good resolution to the through-plane, may
be evaluated in any plane desired, and might be superior to
non-ECG-gated images with poor resolution and motion
artifacts.

MRI is a noninvasive diagnostic method with excellent
contrast resolution, which has no radiation exposure and
eliminates the necessity of contrast material to evaluate the

ft Inferd

ok

9,

or PV

End-systole ECG-gated End-diastole

vessel lumen,”” However, as the spatial resolution of MRI
is currently less than that of MSCT, MSCT is more suitable
for accurately detecting stenosis of the vessel. Furthermore,
MRI requires a long acquisition time, while MSCT can
achieve acquisition in a very short time and allow evalua-
tion of the vessel from any direction desired. It is also diffi-
cult to use MRI to examine patients with claustrophobia.

The difference between the non-ECG-gated and ECG-
gated reconstruction acquisition in MSCT is that the helical
pitch must be set in retrospective ECG-gated reconstruc-
tion approximately one third of that with non-ECG-gated
acquisition. This means that the total radiation dose of
ECG-gated reconstruction is approximately three times as
much as that of non-ECG-gated acquisition. But from the
actual images presented in Figs. 1 and 2, we believe that
ECG-gated reconstruction images may be justified in
spite of the high radiation dose since we can evaluate the
patient even in coronal views. Furthermore, using three-
dimensional volume-rendering images, we can recognize
the structure of the heart and great vessels, including the
PV, with excellent clarity.

MSCT also can achieve prospective ECG-gated scan-
ning. The total radiation dose of prospective ECG-gated
scanning is much less than retrospective ECG-gated recon-
struction scanning, so this method may be more advisable.
However, this acquisition method cannot be used in pa-
tients with irregular heartbeats such as in Af. Furthermore,
compared with retrospective ECG-gated reconstruction
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Fig. 3A,B. Three-dimensional volume-rendering images using en-
hanced multislice computed tomography (CT) from end-systole in a
patient after pulmonary vein (PV) isolated catheter ablation, A Left
anterior superior view. B Posterior view. Volume-rendering images
represented the lumen of the vessel filled with the contrast material

that can acquire volumetric data of any cardiac phase de-
sired, this technique can only obtain volumetric images at
one cardiac phase.

Conclusion

As PV isolation by catheter ablation to the ostium of the PV
in subjects with paroxysmal Af is sometimes accompanied
by complications, retrospective ECG-gated reconstruction
acquisition using MSCT may assist in the evaluation of
stenosis and hyperplasia of soft tissue around the lumen of
the PV, and we feel that ECG-gated MSCT is the
noninvasive diagnostic modality of choice. In the future,
quantitative comparisons of the degree of stenosis of the
lumen of the PV measured by DSA with that by MSCT will
be necessary.
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Ras Induces Vascular Smooth Muscle Cell Senescence and
Inflammation in Human Atherosclerosis

Tohru Minamino, MD, PhD*; Toshihiko Yoshida, MD, PhD*; Kaoru Tateno, MD;
Hideyuki Miyauchi, MD; Yonzeng Zou, MD; Haruhiro Toko, MD; Issei Komuro, MD, PhD

Background—Vascular cells have a finite cell lifespan and eventually enter an irreversible growth arrest, cellular
senescence. The functional changes associated with cellular senescence are thought to contribute to human aging and
age-related vascular disorders. Ras, an important signaling molecule involved in atherogenic stimuli, is known to
promote aging in yeast and cellular senescence in primary human fibroblasts. The aim of this study was to investigate
the role of Ras-induced vascular smooth muscle cell (VSMC) senescence in atherogenesis.

Methods and Results—We introduced an activated ras allele (H-rasV12) into human VSMCs using retroviral infection.
Introduction of H-rasV12 induced a growth arrest with phenotypic characteristics of cellular senescence, such as
enlarged cell shapes and increases in expression of cyclin-dependent kinase inhibitors and senescence-associated
B-galactosidase (SA-B-gal) activity. Activation of Ras drastically increased expression of proinflammatory cytokines,
in part through extracellular signal-regulated kinase activation. To determine whether Ras activation induces cellular
senescence in vivo, we transduced the adenoviral vector encoding H-rasV12 into rat carotid arteries injured by a balloon
catheter. Introduction of Ras into the arteries enhanced vascular inflammation and senescence compared with
mock-infected injured arteries. Moreover, SA-B-gal-positive VSMCs were detected in the intima of advanced human
atherosclerotic lesions and exhibited increased levels of extracellular signal-regulated kinase activity and proinflam-

matory cytokine expression.

Conclusions—Our results suggest that atherogenic stimuli mediated by Ras induce VSMC senescence and vascular
inflammation, thereby contributing to atherogenesis. This novel mechanism of atherogenesis may provide insights into
a new antisenescence treatment for atherosclerosis. (Circulation. 2003;108:©€6-6©@.)

Key Words: aging ® inflammation & atherosclerosis

Activation of Ras protein has been demonstrated to
promote cell proliferation and transformation in immor-
tal cell lines derived fi ious typas of mammalian cells

longevity, which 1idi
trols lifespan.? Rec
stitutive activatio
reported to provoke‘celularsenescence; originally defined as
a phenotype of arrested cells at the end of the replicative
lifespan,*-¢

Cellular senescence is accompanied by a specific set of
changes in cell function, morphology, and gene expression. A
number of studies have indicated that many of the changes in
senescent vascular cell behavior are consistent with known
changes seen in age-related vascular diseases including ath-
erosclerosis, which suggests that these changes in cell phe-

notype may contrib 7 In addition, it has
been reported™that "&nlargéd’ vascuilar cells that resemble
senescent cells;in vitro are frequently found in human

not in normal lesmns and that vascular cell senescence results
in endothelial dysfunction.'® Given that various atherogenic
stimuli, including growth factors and oxidative stress, are
mediated by Ras activity,!112 it is assumed that activation of
Ras promotes vascular cell senescence, thereby contributing
to the pathogenesis of human atherosclerosis.

In the present study, we provide evidence that activation of
Ras is involved in atherogenesis by inducing vascular smooth
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muscle cell (VSMC) senescence. Constitutive activation of
Ras promoted cellular senescence and drastically induced
expression of proinflammatory cytokines in the primary
cultures of human vascular cells, in part through extracellular
signal-regulated kinase (ERK) activation. Introduction of Ras
into the injured arteries enhanced vascular inflammation and
senescence. Furthermore, activation of ERK and vascular
inflammation were associated with VSMC senescence in
human atherosclerosis, which suggests that Ras activity plays
an important role in regulating VSMC lifespan and function
in vivo.

Methods

Tissue Specimens

Advanced human atherosclerotic samples were obtained during
surgery from 6 patients who had abdominal aortic aneurysm or
peripheral arterial disease with their permission and subjected to
senescence-associated (B-galactosidase (SA-fB-gal) staining within 3
hours after excision. Gastroepiploic arteries were obtained from 3
patients with an age range of 32 to 40 years who underwent gastric
resection because of gastric cancer and used as normal control
samples. The studies on human samples were approved by our
institutional review board.

Histology

SA-B-gal activity was examined in tissue as described previously.!?
Immunohistochemical analyses of the frozen sections (6 um) were
performed as described previously.!® Antibodies used were as
follows: antibodies to phospho-ERK and interleukin (IL)-18 (Santa
Cruz), anti-a-smooth muscle actin antibody for VSMCs (Pharmin-
gen), and anti-CD68 antibody for macrophages (DAKO).

Retroviral Infection

Primary cultures of human aortic VSMCs were purchased from
BioWhittaker and cultured according to the manufacturer’s instruc-
tions. Retroviral vector encoding H-rasV12 (pBabeH-rasV12) was
the kind gift of Dr S.W. Lowe (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY). stagks were generated by transient

manual for Adeno-X Exprewon System. Rat carotid injury model
was prepared as described previously.'® After denudation, the
H-rasV12 adenoviral vector or the empty adenoviral vector (5% 10°
pfu/mL) was introduced into injured arteries. Two weeks after
transduction, injured arteries were perfused with saline to remove
blood cells from the lumen and analyzed for vascular inflammation.
The experimental protocol for the present study was designed in
accordance with the “Guide for Animal Experimentation,” Chiba
University.

Methods for Western blot and Northern blot are available in the
Online Data Supplement.

Results

Activation of Ras Promotes VSMC Senescence

We first determined whether activation of Ras induces
cellular senescence in VSMCs. We introduced an activated
ras allele (H-rasV12) into human VSMCs using retroviral
infection and compared these with VSMCs infected with the
empty vector, pBabe (mock). Transduced cells were then

8w

£ &
p53 -0 ;
p21 IL-18
p16 L6
Ras MCP1 |
Actin = IL-8.

GAPDH |

Figure 1. Activation of Ras induces premature senescence and
proinflammatory molecules in human VSMCs. A, Cell morphol-
ogy and SA-B-gal activity. H-rasV12-transduced VSMCs
became flat and enlarged by day 3 (top, Ras) compared with
V8MCs infected with empty vector, pBabe (top, Mock), which
resulted in increased activity of SA-g-gal (bottom, g-gal). B,
Expression of cell-cycle regulatory proteins. Whole-cell lysates
were extracted from H-rasV12-transduced (Ras) or mock-
transduced (Mock) VSMCs on day 0 and examined for cell-cycle
regulatory proteins by Western blot analysgs. C and D, Expres-
sion of proinflam samples or
12-transduced

clease protef;ﬁon assay
levels of GAPDHVV

) and Western blotting (D). Expression
actin served as internal controls. Similar
d from 3 independent experiments.

ays. After selection,
-diameter dish on the
flfth day (designated day 0) and subjected to analyses for cell
pression. H-rasV12—
arged in morphology,
a characteristic of the senescent phenotype, and were appar-
ently growth arrested by day 3, whereas mock-infected
VSMCs exhibited normal morphology and growth (Figures
1A and 2A). To ascertain whether Ras activation results in
senescence, we examined SA-B-gal activity, a biomarker for
cellular senescence. Increased activity of SA-B-gal has been
reported in senescent human fibroblasts when assayed at pH
6, which is distinguishable from endogenous lysosomal B8-gal
activity that can be detected at pH 4. It has been shown that
when applied to human dermal tissues from donors with an
age range of 20 to 90 years, there is a clear correlation
between the number of senescent (SA-B-gal positive) cells
and the age of donor tissue.!? SA-B-gal activity was signifi-
cantly increased in H-rasV12-transduced VSMCs (P<0.005;
Figure 1A and Data Supplement Figure I), which indicates
that activation of Ras promoted cellular senescence in human
VSMCs. To characterize the nature of cell cycle arrest caused
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Figure 2. Role of ERK activation in Ras-induced VSMC senescence and vascular inflammation in vitro. A, Effects of kinase inhibitors on
cell growth after infection with H-rasV12. Human VSMCs infected with pBabe or pBabeH-rasV12 were purified with puromycin in
absence (Mock, Ras) or presence of PD98059 (Ras+PD, 50 umol/L), LY234002 (Ras+LY, 20 umol/L), or SB203580 (Ras+SB, 50

inhi d.2 d

until cells were harvested. Cell number was then counted at indicated time points (n=4).>Cé
1, and relative celt number was plotted in graph (*P<0.001 vs Mock, #P<0.001 vs Ras, n=4
cade by kinase inhibitor was verified by Western blotting analyses. B, Cell morpholos
kinase inhibitors. Original magnification was x40. G, Expression of cell -cycle regulat
pBabp or pBabeH- rasV12 were cultured i

Human VSMCs infected with

sion of proinflam|
cultured in absen
were extracted fr
assay. Similar result:

by H-rasV12, we sxamined expressio v 1
tory proteins. We found that Ras activation resulted in
elevated expression of p53 (2-fold, P<0.05) and p21 (17-
fold, P<<0.01) as well as p16 (5-fold, P<<0.01; Figure 1B and
Data Supplement Figure II), which suggests that Ras-induced
growth arrest is different from quiescence, because neither
p33 nor pl6 accumulates during quiescence.

Ras Activation Induces Proinflammatory Cytokines

Atherosclerosis is characterized by the recruitment of mono-
cytes into arterial walls, and this process involves various
proinflammatory molecules such as cytokines and chemo-
kines.’¢ To investigate the role of Ras-induced cellular
senescence in atherogenesis, we examined expression of
proinflammatory cytokines and chemokines in human
VSMCs. Introduction of H-rasV12 drastically induced ex-
pression levels of proinflammatory cytokines and chemo-
kines such as IL-la (11-fold, P<0.05), IL-18 (50-fold,
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extracted on day 0 and examined for cell-
t analyses. D, Expres-
£ pBabeH-rasV12 were
). Total RNA samples

8 (77-fold, P<0.01),
and monocyte chemoattractzmt protein (MCP)-1 (6-fold,
P<0.05) as demonstrated by ribonuclease protection assay
and Western blot analysis compared with mock-infected
VSMCs (Figures 1C and 1D and Data Supplement Figure
III). These results suggest that activation of Ras may induce
vascular inflammation in human atherosclerosis. Expression
of proinflammatory cytokines was also elevated in VSMCs
undergoing replicative senescence compared with young cell
populations, although the increased levels were <10-fold
(Data Supplement Figure I'V).

Role of ERK Activation in Ras-Induced VSMC
Senescence and Inflammation

We next investigated the potential downstream signaling
pathways that are activated by H-rasV12 to promote VSMC
senescence. A number of signaling cascades have been
implicated in cell survival and cell growth induced by Ras
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activation, including mitogen-activated protein kinase kinase
(MEK)/extracellular signal-regulated kinase (ERK), phospha-
tidylinositol 3-kinase (PI3K)/Akt, and p38.!2 H-rasVi2-
transduced VSMCs were analyzed for cell growth in the
presence of specific kinase inhibitors: PD98059 for MEK 1/
ERK, LY294002 for PI3K/Akt, or SB203580 for p38. Inhi-
bition of each signaling cascade by the kinase inhibitor was
verified by Western blot analyses for phospho-ERK
(PD98059), phospho-Akt (LY294002), and phospho-ATF-2,
which is known to be phosphorylated by p38 (SB203580;
Figure 2A). Introduction of H-rasV12 resulted in growth
arrest compared with mock-infected cells (P<<0.001), and
treatment with PD98059 but neither LY294002 or SB203580
significantly ameliorated the growth-inhibitory effects of Ras
activation in VSMCs (P<0.001 versus Ras; Figure 2A). In
addition, inhibition of the MEK/ERK signaling pathway
prevented morphological changes induced by Ras activation,
whereas inhibition of either the PI3K/Akt or p38 pathway had
no effect (Figure 2B), which suggests that the MEK/ERK
signaling pathway is involved in Ras-induced VSMC senes-
cence. This idea is further supported by Western blot analyses
for cell-cycle regulatory proteins. Increased expression of
p53, p21, and p16 by H-rasV12 transduction was effectively
inhibited by PD98059 (P<0.05 for p53 and p21, P<0.01 for
pl6 versus Ras) but not by either LY294002 or SB203580
(Figure 2C and Data Supplement Figure V). To elucidate the
signaling pathways that contribute to Ras-induced cytokine
expression, we performed ribonuclease protection assay in
H-rasV12-infected VSMCs treated with the kinase inhibi-
tors. Treatment with either PD98059 or SB203580 but not
LY294002 significantly reduced expression levels of IL-183
(P<<0.01 versus Ras) in Ras-infected VSMCs (Figure 2D,
upper panel, and Data Supplement Figure VI). In contrast, all
kinase inhibitors exammed had no effect on expression of

elicited by Ras activitie

Activation of
Inflammation In Vive
To determine whether Ras activation induces cellular senes-
cence and inflammation in vivo, we transduced the adenoviral
vector encoding H-rasV12 (AdenoRas) or the empty vector
(mock) into rat carotid arteries injured by a balloon catheter.
We chose a rat carotid injury model for analysis of vascular
inflammation because it is known that accumulation of
macrophages is minimally involved in lesion formation in
this model. Two weeks after transduction, injured arteries
were analyzed for SA-B-gal activity. Whereas only a little
SA-B-gal activity was found in mock-infected injured arter-
ies, transduction of AdenoRas into injured arteries increased
SA-B-gal activity (Figure 3A, left). Immunohistochemical
analyses indicated that these SA-B-gal-positive cells were
VSMCs in the outer layer of the intima and the media (Figure
3A, right), which suggests that activation of Ras induced
VSMC senescence in vivo as well. We also observed a weak
SA-(-gal staining in the inner layer of the intimal VSMCs

A a-SMA / p-gal
Mock

Ras

Mock Ras

Figure 3. Activation of Ras induces VSMC senescence and vas-
cular inflammation in vivo. A, SA-B-gal activity in injured arteries.
Left panel shows photograph of injured arteries stained with
B-gal staining. Whereas only a little SA-g-gal activity was found
in injured arteries infected with empty vector (Mock), transduc-
tion of AdenoRas into injured arteries increased SA-g-gal activ-
ity (Ras). Double staining for a-smooth muscle actin (brown) and
SA-p-gal activity (blue) of AdenoRas-infected injured arteries
indicates that these B-gal-positive cells were VSMCs in outer
layer of intima (l) and media (M; right). Original magnification
was X1000. Scale bar=10 um. B, Immunohistochemistry for
macrophages in injured arteries. Two weeks after vascular injury
and infection with empty vector or AdenoRas, arteries were per-
fused with saline to remove blood cells from lumen and ana-
lyzed for vascular inflammatio Accumu n of macrophages
(brown) was marketl y nfected injured
arteries (Ras) compar ected with empty
vector (Mock). Arrowh ption of media in
AdenoRas-infétted: artériés»Otigirial ‘fiaghification was x100.
Scale bar=100 um.

R : | ascttlar inflammation. Disrup-
tion of medial layers one of the pathological features of
human atheroma, was observed frequently in AdenoRas-
infected injured arteries, whereas it was never detected in
mock-infected injured arteries, further implicating a critical
role of Ras activation in atherogenesis.

Senescent VSMCs in Advanced Human
Atherosclerotic Plaque

To investigate the possible role of Ras-induced VSMC
senescence in human atherosclerosis, we first examined
SA-B-gal activity to locate senescent VSMCs in advanced
human atherosclerotic plaque. Many of the intimal cells
exhibited granular blue stainings in the cytoplasm that were
quite similar to those of senescent cells in culture reported
previously (Figure 4A).'* Double staining for a-smooth
muscle actin and SA-B-gal activity identified SA-B-gal-
positive cells as VSMCs in the intima (Figure 4A). No signal
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Intima Intima

" Media

Intima

Figure 4. Senescent VSMCs in advanced human atherosclero-
sis. A, Double staining for a-smooth muscle actin (brown) and
SA-B-gal activity (blue) in intima and media. Many intimal cells
exhibited granular biue stainings in cytoplasm that are colocal-
ized with immunoreactivity of a-smooth muscle actin {Intima). In
contrast, few SA-g-gal-positive VSMCs were observed in media
(Media). Nuclei were counterstained with hematoxylin and are
shown in purple. Original magnification was X1000. Scale
bars=10 pm. All samples examined provided similar results. B,
Activation of ERK in senescent VSMCs in human atherosciero-
sis. Cross sections of atherosclerotic samples were double
stained with B-gal activity and anti-phospho-ERK. Activated
ERK (brown) was detected in nucleus of g-gal-positive VSMCs
in intima (Intima), whereas few medial VSMCs exhibited ERK
activation (Media). Original magnification was X1000. Scale
bars=10 um. Insets show immunostaining for a-smooth muscle
actin of serial sections.

was detected in a control staining with nonimmune IgG (data
not shown). To ascertain whether SA-B-gal-positive cells in
the intima were senescent VSMCs, we performed a double
staining for p53 and SA-B-gal activity. Whereas neither
SA-B-gal activity nor p53 expressmn was observed in medial
VSMCs SA- B gal ; n the intima revealed p53

human atheros
with anti-phospho-Ek
sclerotic plaque. Activated ERK was found in the nucleus and
to a lesser extent in the cytoplasm of intimal VSMCs,
whereas few medial VSMCs exhibited ERK activation (Fig-
ure 4B). No signal was observed in control staining with
nonimmune IgG (data not shown). More importantly, acti-
vated ERK was often colocalized with SA-$-gal activity in
intimal VSMCs (Figure 4B), which implies a critical role of
the Ras/MEK/ERK signaling pathway in VSMC senescence
in human atherosclerotic plaque. SA-B-gal-positive VSMCs
were frequently found in the regions adjacent to infiltrated
macrophages, which indicates a possible role of VSMC
senescence in vascular inflammation.

Senescent VSMCs Express Proinflammatory
Molecules in Human Atherosclerosis

To ascertain whether VSMC senescence induces vascular
inflammation in human atherosclerosis, we performed an
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Media

Figure 5. Senescent VSMCs express proinflammatory cytokines
in human atherosclerosis. Cross sections of atherosclerotic
samples were immunostained with anti-IL-18 antibody. Expres-
sion of IL-18 (brown) was colocalized with SA-B-gal activity
(blue) in intimal VSMCs (intima), whereas SA-B-gal-negative
VSMGCs in media did not express IL-18 (Media). Insets show im-
munostaining for a-smooth muscle actin of serial sections. Orig-
inal magnification was X 1000. Scale bars=10 pm.

Intima

immunostaining for IL-18 in human advanced atherosclero-
sis. IL-13 expression was detected in the intima of advanced
lesions but not in normal lesions (Figure 5 and data not
shown). No signal was detected in a control staining with
nonimmune IgG (data not shown). Furthermore, expression
of IL-183 was colocalized with SA-B-gal activity in intimal
VSMCs, whereas VSMCs negative for SA-B-gal activity in
the media did not express IL-18 (Figure 5), which suggests
that VSMC senescence may induce expression of proinflam-
matory cytokines in human atherosclerotic lesions.

Discussion
It has been demonstrated that various molecules including
growth factors, vasoactive peptides, and oxidative stress are
mduced during lesion formation and regulate numerous
ions; .to atherogenesis.!?

fold more than that of
ay after infection (T.
002). However, Ras-

ck-infected cells were
it is likely that intro-
duction of Ras initially promotes VSMC proliferation, and
when constitutively activated, Ras induces VSMC senes-
cence. This notion was further supported by the fact that
senescent VSMCs were detected in advanced human athero-
ma but not in early lesions of atherosclerosis.!®

The present data provide evidence that constitutive activa-
tion of Ras induces vascular inflammation and senescence in
vitro and in vivo. Consistent with our findings, functional
inhibition of Ras has been demonstrated to suppress expres-
sion of proinflammatory molecules, thereby reducing lesion
formation in apolipoprotein E-deficient mice.!® Moreover,
angiotensin II, an important atherogenic molecule that acti-
vates the Ras signaling pathway, has been demonstrated to
promote VSMC senescence and vascular inflammation.? We
found that treatment of human VSMCs with proinflammatory
cytokines did not induce premature senescence (T. Minamino,
unpublished observation). Thus, it is likely that increased
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ABSTRACT

A mouse mutation (p’%%/p’0H) has been identified
that is associated with cardioskeletal myopathy,
heart block, delayed growth and early postnatal
death. The gene that is disrupted in this mutation
encodes the transcription factor Sox6. P19CL6 cells
were used as an in vitro cardiomyocyte differenti-
ation system and revealed that Sox6 is expressed
exclusively when the cells are committed to differ-
entiate to beating cardiac myocytes. We used the
yeast two-hybrid system to identify the Prib
(Proline-rich transcript of the brain) protein as a
Sox6 interactor, and subsequently confirmed the
interaction by co-immunoprecipitation. Prib expres-
sion in P19CL6 cells increased with differentiation
to beating cardiomyocytes. Using the P19CL6 cells
stably transfected with noggin, an antagonist of
BMP (Bone Morphogenic Protein), we found that
BMP expression is required for Sox6 expression
in cardiomyocyte differentiation. Surprisingly, the
expression of the oy.-subunit gene of the L-type
Ca?+ channel decreased in P19CL6 cells as they dif-
ferentiated to beating cardiac cells. Ectopic expres-
sion of Sox6 or Prtb alone in P19CL6 cells caused
down-regulation of L-type Ca? oy, expression, but
when Sox6 and Prtb were co-transfected to the
cells, L-type Ca®>* oy, remained at basal levels. A
similar relationship of Sox6 and L-type Ca? oy
expression was seen in vivo (comparing wild-type
and p'00H/p100H mutant mice). Thus, Sox6 s
within the BMP pathway in cardiac differentiation,
interacts with Prtb and may play a critical role in the
regulation of a cardiac L-type Ca?* channel.

INTRODUCTION

In distinct muscle cell lineages, individual muscle-specific
genes exhibit unique temporal-spatial patterns of expression.

Regulatory programs for myocyte transcription result from
developmental cues and positional information that are
mediated by specific transcription factors. The transcriptional
expression pattern of muscle-specific genes is ultimately
dependent on combinatorial interactions among the
transcription factors that bind different regulatory proteins (1).

The Sox (Sry related HMG box) gene family encodes an
important group of transcription factors that are key regulators
of embryonic development and cell fate determination (2).
Mutations of Sox6, a member of this family, are associated
with neonatal lethality in the mouse (3,4). Sox6 was initially
isolated from an adult mouse testis cDNA library (5), but its
functional significance in this tissue is unknown. Sox6 has
been suggested to play a role in the development of the central
nervous system (5), chondrogenesis (4,6-8) and cardiac and
skeletal muscle cell maintenance (3). Mice homozygous for a
Sox6 null mutation, p’%H, show delayed growth and die within
2 weeks after birth (3). Analysis of the p/%%" phenotype
revealed that the p/%" mutant develops myopathy and
arterioventricular (AV) heart block, a cardiac conduction
defect associated with lethality in human cardiac myopathies
(9). Thus, among its diverse functions, the Sox6 protein is
likely to be involved in maintaining the normal physiological
function of muscle tissue, including the heart (3). We have
recently cloned and sequenced the human SOX6 cDNA,
isolated from a myoblast ¢cDNA library (10). The human
SOX6 protein shows 94.3% amino acid identity to mouse
Sox6 throughout the gene, and 100% identity in the critical
HMG box and coiled-coil domains. Northern blot analysis
revealed that human SOXG6, like mouse Sox6, is expressed in a
wide variety of tissues, and is most abundantly expressed in
skeletal muscle (3,10).

The muscle cell-specific effects of the Sox6 protein may be
achieved by its interactions with other transcription factors. To
identify Sox6 interactors in muscle cells and elucidate how the
Sox6 protein achieves such remarkable cell type specificity, a
yeast two-hybrid screening was performed. This identified the
Prtb (Proline-rich transcript of the brain) protein as an
interactor of the Sox6 protein.

To understand the role of Sox6 in cardiac muscle develop-
ment, we utilized P19CL6, a cell line that differentiates
exclusively to beating cardiomyocytes in the presence of
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DMSO (11). Sox6 is not expressed in untreated P19CL6 cells,
but is up-regulated following DMSO exposure, reaching
maximum levels when the cells have fully differentiated into
beating cardiomyocytes. In addition, we found that Sox6 is
downstream of the BMP (Bone Morphogenetic Protein)
pathway in the cardiac system, using P19CL6noggin, a
P19CL6 cell line stably transfected with noggin that
antagonizes the BMP pathway (12).

To assess the effect of Sox6 in cardiac differentiation, we
characterized the expression of the L-type Ca?* channel o
gene, encoding a subunit normally expressed in the heart (13).
We found that the mRNA levels of the L-type Ca?* channel
o gene decreased when the P19L6 cells terminally differen-
tiate or when they are transfected with Sox6. Moreover, in
Sox6 null mutant mice (p!9%/p’%H) (3), the expression level of
this calcium channel gene is ~1.5-fold higher, correlating with
the in vitro analysis. The Sox6 interactor, Prtb, also down-
regulated the expression levels of the L-type Ca?* channel o
gene, whereas Prtb co-expressed with Sox6 did not.

MATERIALS AND METHODS
Plasmid construction

DNA fragments for plasmid constructs were generated by
PCR or RT-PCR and confirmed by sequence analysis. To
construct the plasmid pGBKT7 (Clontech) as bait for the yeast
two-hybrid screen and for the co-immunoprecipitation (Co-
IP), an amplified PCR fragment encoding amino acids 139-
304 (including the coiled-coil domain) of mouse Sox6
(GenBank accession no. U32614) was cloned in-frame into
EcoRI-Sall sites. To generate the plasmid pGADT7
(Clontech) for the Co-IP, the amplified PCR fragment
encoding the first 108 amino acids of the Prtb gene
(GenBank accession no. AF085348), and RT-PCR of the
entire gene (168 amino acids), were cloned in-frame into
EcoRI-Xhol sites. For transient transfection, complete
c¢DNAs of the mouse Sox6 and Prtb genes were cloned into
EcoRI, and EcoRI-Xhol, respectively, to pCDNA3.1/Zeo
vector (Invitrogen) driven by the CMV promoter.

Yeast two-hybrid screening

The MATCHMAKER two-hybrid system 3 (Clontech) was
used according to the supplier’s protocol with the Sox6 bait
plasmid, detailed above. The screened library was mouse 11
day embryo MATCHMAKER cDNA (Clontech) that was
pre-transformed to the Y187 yeast strain. The two-hybrid
screening of the pre-transformed library was accomplished by
yeast mating using the AH109 strain containing the bait
plasmid. The screening was preformed for growth on minimal
medium lacking histidine (His") and in the presence of 2.5 mM
3-amino-1,2,4-triazole. Of 2.3 X 106 cDNAs, approximately
300 positive colonies grew on His~. To exclude false positive
clones, the 300 colonies were replicated to high stringency
plates, with simultaneous selection for three reporter genes
(lacking histidine and adenine and containing X-oi-Gal as
substrate that employs blue/white screening directly on the
plate). Approximately 200 of these clones grew under high
stringency. These were sequenced and evaluated by BLAST
search for being in frame with the activation domain, for the
potential as a transcription factor and for expression in the

developing heart. Of these, one, partially encoding Prtb, was
selected for further analysis.

In vitro protein—protein interaction assay

To confirm true protein interactions, we used the
MATCHMAKER Co-IP kit (Clontech) for in vitro Co-IP,
according to the supplier’s protocol. The Co-IP contains two
vectors: pGBKT7 (includes the mouse Sox6 coiled-coil
domain), and pGADT7 (includes a library protein isolated
from the yeast two-hybrid screening). These vectors contain a
T7 RNA polymerase promoter and either a c-Myc or HA
epitope tag, so they can be used directly in an in vitro
transcription/translation reaction.

RNA isolation and northern blot analysis

At varying times and treatments, cells were harvested for total
RNA isolation using the UltraSpec RNA Isolation kit
(Biotecx). For northern blot hybridization, equal amounts of
total RNA (10 pg/lane) were subjected to electrophoresis on a
1.2% agarose gel in the presence of 5.5% formaldehyde and
transferred by the alkaline method to a nylon membrane
(Hybond N+; Amersham). The membranes were hybridized
with distinct cDNA probes obtained by PCR or RT—-PCR and
confirmed by sequencing. The Sox6 probe is a mouse cDNA
fragment of 575 bp including nucleotides 1353-1927
(GenBank accession no. U32614). The Prtb probe is a
mouse cDNA fragment of 562 bp including nucleotides 15—
576 (GenBank accession no. AF085348). The Sox9 probe is a
mouse cDNA fragment of 278 bp including nucleotides 1049—
1326 (GenBank accession no. BC034264). The L-type
Ca0;. probes are mouse cDNA fragments of 548 and
540 bp including nucleotides 6294-6841 and 3072-3611,
respectively (GenBank accession no. NM_009781). Probes
were labeled with [*?P]dCTP, by random primer labeling
(Rediprimell; Amersham Pharmacia Biotech). The hybridiz-
ation was performed in phosphate buffered 7% SDS
hybridization solution (14). Blots were washed with 0.2X
SSC, 1% SDS at 60°C prior to exposure to X-ray film (Kodak)
at ~80°C from 3 h to 6 days. Human and mouse multiple tissue
northern filters were purchased from Clontech. The filters
were hybridized with mouse Prtb ¢cDNA nucleotides 15-576
(GenBank accession no. AF085348) following the manufac-
turer’s protocols and exposed to X-ray film (Kodak) at ~80°C
for 19 h.

Cell culture and differentiation

P19CL6 and P19CL6noggin cell lines were cultured as
described previously (11). To stimulate differentiation under
adherent conditions, the P19CL6 and P19CL6noggin cells
were plated at a density of 3.7 X 10° cells in a 60 mm tissue
culture dish with medium including 1% DMSO. The medium
was changed every 2 days. The P19CL6 cells started to beat
after 11 days, and virtually all of the cells on the plate were
beating after 14 days. Days of differentiation were numbered
consecutively (i.e. day 0, no DMSO treatment; day 1, 24 h
after DMSO added).

Transient transfection assay

Transient transfections were performed in a 6-well dish using
FuGENESG reagent (Roche), according to the manufacturer’s
protocol. Bluescript I SK(-) plasmid was used as a control. To
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evaluate transfection efficiency, cells were co-transfected with
areporter vector containing the B-gal gene driven by the CMV
promoter (pbCMV SPORT-fgal; Invitrogen). In each well of a
6-well plate, 3.5 X 105 cells were transfected with 1 pg of
pCDNA3.1/Zeo harboring Sox6 or Prtb or both plasmids, and
0.5 pg of pCMV SPORT-fgal. Cells were harvested after 24 h
post-transfection for RNA for northern blot analysis (as
described above). The band intensities were determined with
Quantity One software (GS-700 densitometer; Bio-Rad,
Hercules, CA). Also at this point protein extracts were used
for the B-gal assay using the B galactosidase enzyme assay kit
(Promega). The experiment was repeated three times, and the
statistical analysis was done using r-test.

RT-PCR analysis of L-type Ca?* o gene

Total RNA from embryonic day 18.5 heart was isolated from
littermate wild-type and p/%%/p!%H mutant mice. One micro-
gram of RNA, Oligo (dT);,_;5 primer and reverse transcript-
ase were used for cDNA production. L-type Ca*? o, cDNA
analysis was performed by PCR amplification of a fragment of
548 bp using the primers: MHB1401, 5-TATCAGAGTGA-
CAGCAGGGGCAAC-3%'; and MHB1402, 5-AGAGAGGC-
AGAGCGAAGGAAAC-3". PCRs were carried out with
several dilutions of cDNAs and/or over a range of amplifying
cycles to insure a linear range of amplification. A fragment of
the mouse GPDH gene was amplified as internal control.
Amplified products were electrophoresed on a 2% agarose gel,
visualized under UV light and analyzed using a densitometer
(Gel Doc 1000; Bio-Rad).

RESULTS

Screening for a candidate protein that interacts with
Sox6

To identify factors that interact with Sox6, we employed the
yeast two-hybrid system. As bait, we used the coiled-coil
domain including amino acids 139-304 of the mouse Sox6
protein. The leucine zipper motif and the Q-box create a
coiled-coil domain (6) that is 100% conserved between the
mouse and human SOX6, and has a 91% identity to L-Sox5
(10). This domain mediates homodimerization and hetero-
dimerization. We screened a cDNA library from an 11-day
mouse embryo, at a stage when the Sox6 gene is already
expressed (3). One cDNA clone was selected for detailed
analysis based on numerous criteria (see Materials and
Methods). A BLAST search revealed that this clone contained
two-thirds of the Prtb gene, including 108 amino acids (of 168
total) at the N-terminal (15). The full size cDNA of Prtb was
subsequently isolated by RT-PCR. Although the two-hybrid
system in yeast provides an in vivo analysis, it does not
necessarily demonstrate direct interaction between these two
proteins. To verify protein—protein interaction, we applied the
Co-IP technique (Fig. 1). A c-Myc epitope tag was attached to
the Sox6 bait, and an HA epitope tag was attached to both the
isolated Prtb fragment (108 amino acids) and the full-length
protein. The tagged proteins were expressed in vitro and non-
denatured proteins and complexes were precipitated by anti-
Myc or anti-HA. The proteins and complexes were then
denatured and resolved by PAGE, verifying the interaction
between the Sox6 and Prtb proteins. Both the 108 amino acid
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Figure 1. Protein~protein interaction assay. To verify interactions, we
applied the Co-IP technique. The Sox6 bait was tagged with the a c-Myc
epitope and each of the two Prtb proteins were tagged with an HA epitope,
The first three lanes assay each protein by itself precipitated with an anti-
body to the corresponding tag. Lanes 4 and 5 assay a mix of two proteins,
the Sox6 bait and one of two Prtb proteins (168 or 108 aa, lanes 4 and 5,
respectively) allowed to associate prior to precipitation with the HA anti-
body. The antibody pulled down HA-tagged Prtb proteins and Sox6.
Standard marker fragments in kDa are indicated at the left.

Prtb peptide and the full-length protein were co-precipitated
with Sox6, confirming the yeast two-hybrid system results
(data not shown).

The Prtb protein has no known function. An analysis using
the PROSITE motif search showed a possible ‘paired box’
domain (16) that may function in sequence-specific DNA
recognition (17). There is a 92% sequence identity between
the human and mouse Prtb genes. This high conservation
between the two species may suggest a shared, and perhaps
crucial, function of this protein. Prtb is expressed in various
levels in a variety of tissues. The expression patterns of Prtb in
human and in mouse are shown in Figure 2A and B,
respectively. In both organisms Prtb is expressed at high
levels in the heart, and at lower levels in skeletal muscle (when
compared with Sox6) (3,10).

Sox6 and Prth expression during differentiation of
P19CL6 cells and P19CL6noggin cells

Cardiomyocyte differentiation can be studied in vitro using
P19CL6 cells (11), a clonal derivative of P19 murine
embryonal carcinoma cells (18). Unlike the parental P19
cells, this subline efficiently differentiates into beating
cardiomyocytes under adherent conditions when treated with
DMSO. This cell line expresses BMPs that have been shown
to play a pivotal role in the induction of the cardiac cell lineage
(19,20). To further investigate the functions of BMP in cardiac
development, Monzen et al. (12) established a variant P19CL6
cell line, P19CL6noggin, that constitutively over-expresses
noggin, an antagonist of BMP. Because of the continual
presence of noggin in P19CL6noggin cells, myogenic induc-
tion is suppressed and neither cardiac transcription factors nor
contractile protein genes are expressed. To understand where
in the cardiomyocyte developmental pathway Sox6 and Prtb
may be acting, we used P19CL6 and P19CL6noggin to
analyze the expression of these genes. The mRNA of Sox6 is
only detected when the cells are beating (Fig. 3) or committed
to differentiate (Fig. 4). Sox6 mRNA was not detected in
untreated or DMSO treated P19CL6noggin cells that do not
differentiate into cardiomyocytes (Fig. 3). These results
indicate that the expression of Sox6 in P19CLG6 is associated
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Figure 2. Human (A) and mouse (B) multiple tissue northern blots. Each
lane contains 2 pg of poly(A)* RNA from the tissues indicated above. The
filters were hybridized with a *P-labeled 562 bp mouse Prtb cDNA frag-
ment (nucleotides 15-576). Control hybridization with B-actin was per-
formed to confirm equal loading of RNAs (data not shown). Abbreviations
used: sm. intestine, small intestine; per. blood leuk., peripheral blood leuko-
cyte; sk, muscle, skeletal muscle; colon (mucosal lining). Standard marker
fragments in kb are indicated at the left.
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Figure 3. The expression of Sox6 and Pr1b in P19CL6 and P19CL6noggin
cells, with or without DMSO induction. Each lane contains 10 pg of total
RNA from the cells treated as labeled (above). The same filter was serially
hybridized with the probes indicated on the right. Hybridization with GPDH
is presented to show that the same amount of intact RNA was loaded in
each lane. Standard marker fragments in kb are indicated at the left.

with the initiation of the cardiomyogenic program and not
with the DMSO treatment itself. In contrast to the Sox6
expression in P19CL6, the expression of Prib is less affected
by the presence of noggin, since Prtb is expressed in both
PI9CL6 and P19CL6noggin cells (Fig. 3). The highest
expression of Prtb was observed when the P19CL6 cells are
beating. In P19CL6noggin cells, DMSO treatment increased
the Prtb mRNA level, but not to the level observed in beating
P19CL6 cells (Fig. 3). It is, therefore, possible that DMSO

days

Sox6
Pty

: “Soxy

GRDH

Figure 4. Northern blot analysis of Sox6, Prtb and Sox9 expression in
PI9CLS6 cells treated with DMSO over a time course. Each lane contains
10 g of total RNA. Numbers above refer to days of DMSO exposure: 0
(before adding DMSO), 2, 4, 6, 8, 10, 11, 12, 14 and 16 days. The cells
started to beat on day 11. Hybridization with GPDH is presented to show
that the same amount of intact RNA was loaded in each lane.

treatment itself may have a partial effect on the expression of
the Prtb gene.

The temporal expression of Sox6 and Prtb in DMSO-treated
P19CL6 cells was also analyzed by northern hybridization.
The expression of Sox9 was also analyzed, because Sox9 has
been shown to be required for the expression of Sox6 in
chondrogenesis (21). The expression of Sox6 was faintly
detectable at day 6, with highest expression on day 11 (Fig. 4),
the first day that we could see beating cells. Prtb was faintly
detected on day 0, with highest expression on day 6 (Fig. 4).
Sox9 expression did not show any significant changes as
DMSO-treated P19CL6 cells differentiated into cardiomyo-
cytes (Fig. 4).

Regulation of L-type Ca?* ¢y, in the P19CL6 cell line

Ca?* channels play a crucial role in maintaining muscle
contraction in response to depolarization of the plasma
membrane (22). At least five types of Ca?* channels have
been identified and characterized. The L-type channel is the
predominant type in heart and vascular tissues. There are four
subunits of the L-type Ca®* channel present in the heart: o,
O, O and B, and there are also distinct isoforms of the o
subunit, each with a unique gene product present in various
tissues. The o subunit is expressed in cardiac and vascular
smooth muscle, as well as in the brain (23). The L-type Ca2*
channel is critical for cardiomyocyte contraction (24).
Expression of L-type Ca?* o in P19CL6 cells is dramatically
down-regulated following DMSO induction to beating cardiac
cells (Fig. 5). However, expression of L-type Ca?* o, in
P19CL6noggin cells was the same as in P19CL6 cells (with
and without DMSO, data not shown).

It is possible that the expression of Sox6 and Prtb may have
a significant effect on the transcription of the L-type Ca2* o,
gene, as it has been reported that the upstream sequence of the
rat L-type Ca®* oy, gene contains a repressor sequence
between —1000 and -2000 bp relative to the transcription
initiation site (25). This region contains seven consensus
binding sites for Sox proteins (the potential binding sites of
Prtb are unknown). We analyzed 4.1 kb of the regulatory
region upstream of the L-type Ca?* 0. cDNA in mouse

-171-



DMEQ.
Beating

Figure 5. The L-type Ca®* channel 0., (0;c) is down-regulated in P19CL6
cells treated with DMSO. The expression levels of the o subunit were
determined by northern blot analysis. Each lane contains 10 pg of total
RNA from the cells treated as labeled (above). 185 rRNA is presented to
show that the same amount of intact RNA was Joaded in each lane.

(accession no. NM_009781), and detected eight perfect
consensus binding sites for Sox proteins within a 1650 bp
fragment located 1270 bp upstream of the published cDNA
(data not shown).

To examine the direct effect of Sox6 on the expression level
of L-type Ca®* iy, we performed transient transfections using
P19CL6 cells (Fig. 6A). We introduced Sox6 and Prtb cDNA
individually, or together, under the control of a CMV
promoter, and analyzed the mRNA levels of the L-type Ca*
o). gene by northern blot analysis. To determine the
transfection efficiency, we co-transfected the cells with
B-gal, driven by the CMV promoter (Fig. 6B). When
transfected individually, both Sox6 and Prtb down-regulated
the expression of L-type Ca?* o (Fig. 6A and B). In contrast,
when Prtb was co-transfected with Sox6, the expression of
L-type Ca?* o, remained the same as the control level.

It has been shown previously that the L-type Ca?* o,
transcript undergoes alternative splicing and produces three
different transcripts in heart, ~15.5, 8.9 and 20 kb (26). To
confirm that we were assaying gene expression and not
alternative splicing, we used two different probes for L-type
Ca?* o, (see Materials and Methods). One probe encom-
passed the 5" region of the cDNA spanning three exons and the
other probe encompassed the 3’ region of the cDNA spanning
four exons. We detected only the ~15.5 kb transcript in the
P19CL6 and P19CL6noggin cells using either the 5 (data not
shown) or 3’ (Figs 5 and 6) probes. Thus, the different
expression levels are not due to alternative splicing.

Regulation of L-type Ca?* ¢, in p!%H/pl00H mytant mice

Next, we analyzed the expression of the L-type Ca%*al;, gene
in the p/%9H/pI%0H mutant mouse, which is a Sox6 null mutation
that develops significant changes in the ultrastructure of
cardiac and skeletal muscle, AV heart block and a cardiac
conduction defect (3). RT-PCR was performed to analyze
mRNA levels of the L-type Ca**a;. gene in wild type and
plO0H[pI00/ hearts (Fig. 7A). Primers were selected to amplify
a 548-bp fragment corresponding to nucleotides 6294-6841 of
the o, subunit. Total RNA of the samples was calibrated to
insure amplification in the linear range. Expression of the
mouse GPDH gene was used as an internal control. In this
in vivo assay, normal expression of Sox6 is associated with
~1.5-fold down-regulation of the L-type Ca*? o, channel
(Fig. 7B), which is consistent with our in vitro studies (Fig. 6).
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Figure 6. (A) Northern blot analysis of L-type Ca?* channel oy, (0;c)
expression in P19CL6 cells transiently transfected with Sox6 and Prib (as
described in Materials and Methods). 18S rRNA is presented to show that
the same amount of intact RNA was loaded in each lane. This panel shows
one of three independent northern experiments. (B) The expression
level values of ., normalized for transfection efficiency by the corres-
ponding B-Gal value. Three independent transfection experiments were
done. Asterisk denotes P < 0.02 when compared with both control and
co-transfection.

DISCUSSION

Sox proteins distinguish their regulatory targets in a cell type-
specific fashion via co-factor binding. They recognize a motif
of only 6-7 bp of DNA with considerable degeneracy.
However, they appear to regulate different sets of target
genes, depending on the cell type in which they are expressed.
Cooperative interactions between Sox proteins and their
partner factors may allow stable associations with their
specific target sequences (2). To identify an interactor of the
Sox6 protein we used the yeast two-hybrid system. Screening
a cDNA library prepared from an embryonic day-11 mouse,
we identified the Prtb gene (15) as an interactor with the Sox6
coiled-coil domain. The interaction was confirmed by Co-IP,
demonstrating a physical interaction between the two proteins.
Sequence analysis of the Prth gene indicated a possible ‘pair
box’ domain (16), suggesting that Prtb may function as a
transcription factor. Prtb is expressed in embryonic and adult
stages in multiple tissues at different levels.

P19CLS6 cells provide an in vitro model for cardiac myocyte
differentiation (11). Sox6 is expressed exclusively when these
cells are committed to differentiate to cardiac beating cells
(Figs 3 and 4). Sox6 is expressed at day 6 following DMSO
induction in P19CL6 cells (Fig. 4). A minimum exposure time
of 4 days of DMSQO is required for differentiation of P19CL6
cells to beating myocytes (27). These findings correlate with
the fact that Sox6 is not expressed unless the cells are
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Figure 7. The expression of the L-type Ca®* channel o, (o) is up-
regulated by ~1.5-fold in Sox6 null mice (p!%¥/p!00H) (Ay RT-PCR pro-
ducts amplified from embryonic day 18.5 cardiac tissue of wild-type (WT)
and p/®H homozygous mice (p’%°#/p!%H), The numbers on the bottom indi-
cate cycle numbers of the PCR. Sizes of the marker standards (M) are: 622,
527 and 404 bp. Amplification of the GPDH fragment was used as an
internal control. (B) The amplified L-type Ca®* channel &, fragment was
quantified and normalized with the GPDH fragment using densitometry, and
each bar represents the SD of three independent experiments.

committed to beating, with the highest expression of Sox6 on
day 11, at which point rhythmic contractions begin. The
temporal expression of Sox6 in P19CL6 cells (and the mutant
phenotype p'%F/p!®H mice) suggests that Sox6 plays a
significant role in cardiogenesis.

It has been shown that Sox6, together with L-Sox5 and Sox9,
undergoes up-regulation by BMP-2 during murine fracture
healing (28). On the other hand, it has been shown that Sox6 is
an important downstream mediator of BMP-2 signaling in
chondrogenesis, whereas other signals control the expression
and function of Sox9 as a chondrogenic transcription factor
(8). BMPs are members of the transforming growth factor-f
super family and play a crucial role in chondrogenesis as well
as in cardiomyocyte differentiation (reviewed in 29). In the
present study, we have shown that Sox6 is regulated through
the BMP pathway in the differentiation of cardiomyocytes
(Fig. 3) using P19CL6 cells stably transfected with noggin, an
antagonist of BMP (12). In addition, we have shown that Sox9
expression was high and equal through the DMSO time course
assay (Fig. 4). Thus, we suggest that Sox6 is a downstream
mediator of BMP signaling in cardiogenesis as well as in
chondrogenesis, and Sox6 and Sox9 are probably regulated
differently in the cardiac system. Another study showed that
Sox9 is required for the expression of Sox6 in chondrocyte
differentiation (21). In cardiomycyte differentiation, the
expression of Sox9 may be required for the expression of
Sox6, but it is clearly not sufficient. Hence, the inducible

P19CL6 cells may make it possible to define additional factors
that are upstream of Sox6.

Expression analysis of the Prtb gene in P19CL6 and
P19CL6noggin cell lines showed that Prtb is up-regulated
when the cells differentiate to beating cardiac cells. Although
DMSO, by itself, has a moderate effect on the expression of
this gene, its maximum expression is observed 11 days after
DMSO treatment when the cardiomyocytes are beating (Figs 3
and 4). Thus, Prtb function might be specified by the
cooperation of other genes such as Sox6.

In addition to playing a role in cardiac myocyte develop-
ment, Prtb and Sox6 may also be involved in bone formation.
It has been shown that Prtb is a serum-responsive gene in
osteoblasts and is up-regulated during adhesion and possibly
involved in processes such as cell cycle control and prolifer-
ation as a participant in the extracellular matrix (16). L-Sox5
and Sox6 are essential for cartilage formation (4) and are
required for notochord extracellular matrix (30). Thus, it is
possible that Sox6 and Prtb cooperate in bone formation.

Elucidation of the target genes of Sox6 and Prth will be
important to understand the process of cardiac myocyte
differentiation. The correlation between beating cardiomyo-
cytes and Sox6 expression allows us to evaluate proteins
important in contraction as potential targets of Sox6 regula-
tion. For example, cardiac contraction is highly dependent on
the gating function of the L-type calcium channel (31). The
o) subunit of the calcium channel provides the pore structure
for Ca?* ion entry. It has clinical relevance, since it contains
the binding sites for multiple classes of drugs, collectively
known as the calcium antagonists (13). To gain insights into
the regulation of this channel, we analyzed its expression in
P19CL6 cells. L-type Ca’* o, expression in these cells is
dramatically down-regulated following DMSO induction to
beating cardiac cells (Fig. 5), opposite the expectation of a
direct correlation between beating cells and calcium channel
expression. The reduced expression of this gene might result
from aberrant regulation by DMSO, as expression of L-type
Ca?* o, was also down-regulated in P19CL6noggin cells
treated with DMSO. Another possible explanation for this
reduction is that the proliferation of the cells has an impact on
expression of the L-type Ca?* channel. The cells beat when
they grow in multilayers. In smooth muscle cells of the rat
aorta it was shown that transcription of the L-type Ca2*
channel ;. is down-regulated in the proliferative state and
itis closely linked to cell growth (32). Qur in vitre transfection
data (Fig. 6A and B) suggest that the Sox6 or Prtb proteins
might at least partially down-regulate the o, channel in the
P19CL6 cells treated with DMSO.

The regulatory region of the L-type Ca®* o, gene contains
eight consensus binding sites for Sox proteins. Multiple Sox
binding sites have been reported previously in several other
genes regulated by Sox factors (33-35), suggesting that the
L-type Ca* oy, gene might be similarly regulated. Sox6
heterodimerized with Sox5, and in the presence of Sox9,
cooperatively activates the expression of col2a (a chondrocyte
differentiation marker) (6). On the other hand, Sox6 interacts
with CtBP2 (C-terminal binding protein) and causes repres-
sion of Fgf-3 expression (36). Thus, Sox6 can function as
activator or as a repressor. The transient transfection analysis
showed that Sox6 and Prtb (each one by itself) down-regulated
the expression level of the L-type Ca®* o, channel gene
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(Fig. 6A and B). However, when Sox6 and Prtb are both over-
expressed, they appear to antagonize the effects of each. Prtb
might antagonize Sox6 repression (or vice versa) by interact-
ing with Sox6 and creating a complex that can no longer
interact with its DNA target (37), or a Prtb-associated complex
might change the chromatin structure and abrogate Sox6
function (38). It is known that Sox transcription factors bind to
the minor groove of DNA causing a 70-85° bend of the DNA,
consequently introducing local conformational changes
(39,40). Therefore, Sox proteins may perform part of their
function as architectural proteins by organizing local chroma-
tin structure and assembling other DNA-bound transcription
factors into biologically active, sterically defined, multiprotein
complexes (41,42).

The p/%H[p!%H mutant mouse is a Sox6 null mutant
characterized by early postnatal lethality, associated with
progressive atrioventricular heart block and myopathy (3).
The cardiac expression of L-type Ca?* o, is up-regulated by
~1.5-fold in the p/%H/p!9H mutant mouse (Fig. 7). This in vivo
result correlates with our cell line observations (Fig. 6).
Interestingly, knockout mice for the L-type Ca?* oy, die
before embryonic day 14.5 (43,44). Deletion of this channel
leads to a selective perturbation of cardiac morphogenesis and
function in early embryonic development. Further investiga-
tion will be required to understand the role of L-type Ca?* 0
in the arrhythmia of the Sox6 mutant homozygote.

In conclusion, Sox6 is within the BMP pathway in the
cardiac system, interacts with Prtb, and may regulate down-
strearmn genes in the heart such as the ¢(;.-subunit of the L-type
Ca?* channel. The inducible P19CL6 cardiac cell lines and the
plO0H[R100H mytant mice represent useful models for studying
cardiac development, with important implications for under-
standing congenital heart disease and therapeutic intervention.
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Endoluminal Perspective Volume Rendering of Coronary
Arteries Using Electron-Beam Computed Tomography
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Remarkable progress has been made in the treatment of coronary heart diseases because of a variety of new
interventional devices, but as each new device or procedure has suitability for a particular type of patient or
purpose, patient selection is increasingly important. Endoluminal perspective volume renderings of the coronary
arteries of a 70-year-old male with old myocardial infarction and recurrent chest pain were carried out using
electron-beam computed tomography. Conventional coronary angiography had revealed significant stenosis of
the distal portion of the left anterior descending branch, and subsequent conventional balloon angioplasty had
failed to expand the stenotic site. Perspective volume rendering images can distinguish differences in objects and
evaluate the cross sectional area of the lumen and the morphology of calcification. In the present patient, a huge
mass of calcified plaque occupied most of the lJumen at a site corresponding to the angiographic site of stenosis.
According to this finding, rotational atherectomy was indicated and had a good outcome. The qualitative infor-
mation for characterizing and determining the morphology of atherosclerotic plaque provided by perspective

volume rendering may be useful in selecting the appropriate intervention. (Circ J 2003; 67: 1064-1067)

Key Words: Coronary arteries; Electron-beam computed tomography; Perspective volume rendering

arteries using non-invasive modalities such as

computed tomography (CT) or magnetic reso-
nance imaging!-? In addition, perspective rendering of the
coronary arteries using electron-beam CT (EBCT), which
has the capability of electrocardiogram triggering and has
excellent temporal and spatial resolution, has been reported
in conjunction with the shaded surface display technique?
Qualitative information on the characterization and mor-
phology of atherosclerotic plaque would be useful in
selecting the appropriate device or procedure as interven-
tion in coronary heart disease for individual patients. We
report our experience with endoluminal perspective volume
rendering (PVR) of the coronary arteries using EBCT.

Recently it has become possible to evaluate coronary

Case Report

Both conventional coronary angiography and EBCT
were performed on a 70-year-old male within a period of
24h. He had an old myocardial infarction, and balloon
angioplasty without stenting had been performed 2 years
previously because of stenosis of the distal portion of the
left anterior descending coronary artery (LAD). However,
it had failed to expand the stenotic site and the patient had
experienced recurrent chest pain for 1 month prior to this
study. Conventional coronary angiograms revealed signifi-
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Figl. Conventional coronary angiogram. The right anterior oblique
projection shows significant stenosis in the distal portion of the left
anterior descending coronary artery (arrow).

Fig2. One thin slab maximum intensity projection image of the
coronary arteries using routine electron-beam computed tomography.
Much calcification is evident in the left main (LM), left anterior
descending coronary artery (LAD), left circumfiex branch (LCx), and
right coronary arteries (RCA).
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Perspective Volume Rendering of Coronary Arteries

Fig3. Schema of the concept of endoluminal perspective volume rendering (PVR) images. Axial source image of
enhanced electron-beam computed tomography (EBCT) and endoluminal PVR images of the coronary arteries using
EBCT. The curved line and circle in the axial source image show the route of the series of endoluminal PVR images and
the site of the endoluminal PVR images in (A-D), respectively. The endoluminal PVR images show the inside of the
lumen of the coronary arteries. All PVR images (A-D) were of the same view and site, but with different shapes of
opacity and color curves. (A) The shape of the opacity curves was set to eliminate visualization of the calcification,
contrast medium from the lumen, and vessel wall, and was set to represent fatty tissue. As a result, epicardial fat was rep-
resented. The shape of the color curves was set to represent the fatty tissue as yellow. (B) The shape of the opacity curves
was set to eliminate visualization of the calcifications, contrast medium from the lumen, and epicardial fat, and was set to
represent the vessel wall as semitransparent. The shape of the color curves was set to represent the vessel wall as white.
(C) The shape of the opacity curves was set to eliminate visualization of the contrast medium from the lumen, vessel wall
and fatty tissue, and was set to represent calcified plaque with CT numbers well above those of the contrast-enhanced
coronary artery lumen. The shape of the color curves was set to represent calcified plaque as red. (D) The shapes of the
opacity and color curves were combined with those of A, B, and C. Epicardial fat could be observed through the semi-
transparent vessel wall. The form of the calcified plaque and the spatial relationship of the calcified plaque, vessel wall,
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and epicardial fat could be recognized.

cant stenosis of the distal portion of the LAD (Fig 1).

Next day, a routine EBCT scan (ImatronC-150XP,
Imatron, South San Francisco, CA, USA) was performed to
evaluate calcification of the coronary arteries. While the
patient held his breath, the scan was performed in the step
volume scan (SVS) mode using 3mm collimation, 3 mm
table incrementation, 100ms scanning time and triggered
to 80% of the R-to-R interval. The thin slab maximum
intensity projection image indicated severe calcification on
the left main, LAD, left circumflex branch, and right coro-
nary arteries (Fig2). Next, to evaluate the coronary arterial
lumen and to make endoluminal PVR, enhanced EBCT
was performed using the SVS mode with 3 mm collimation
and 2mm table incrementation and was coupled to a 150 ml
intravenous injection of iodinated contrast medium
(300mgl/ml) at 2.5ml/s with a delay time of 25s. These
data were sent to a workstation (M-900, Zio, Tokyo, Japan)
and 3-dimensional (D) images were reconstructed. The
endoluminal PVR images showed the inside of the lumen
of the coronary arteries and we could represent the struc-
ture surrounding the lumen (vessel walls and fatty tissue)
and the calcification by selecting the appropriate shape of
the opacity and color curves. The shape of the opacity
curves was set to eliminate visualization of the contrast
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medium from the lumen to show the inside of the vessel
lumen, and was set as semitransparent to represent the
vessel walls. Fatty tissue and calcifications were represented
as completely opaque. The shape of the color curves was
set to represent fatty tissue, vessel walls, and calcifications -
as yellow, white, and red, respectively (Fig3). Calcified
plaque with CT numbers well above those of the contrast-
enhanced coronary artery lumen could be distinguished by
PVR. There was a huge mass of calcified plaque occupying
most of the lumen at a site approximately equal to the pre-
viously identified site of stenosis (Fig4E,F), so high-speed
rotational atherectomy of the LAD was selected as the
interventional procedure and had a good result.

Discussion

EBCT obtains ultrafast scans by sweeping a steered elec-
tron beam on a fixed tungsten target ring, thereby providing
a moving X-ray source without mechanical motion. The
100-ms mode is used for high-resolution cross-sectional
imaging in the SVS mode with ECG gating. Therefore,
EBCT is a suitable modality for cardiac imaging because of
its high spatial resolution and the ability to perform ECG
triggering. The spatial resolution for in-plane in EBCT is
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Fig4. Endoluminal perspective volume renderings of the coronary arteries using electron-beam computed tomography
(EBCT) show the inside of the lumen of the coronary arteries. The shapes of the opacity curves and color curves were the
same as in Fig3D. Calcified plague with CT numbers well above those of the contrast-enhanced coronary artery lumen
could be distinguished by perspective volume rendering. (A) The left main (LM) ostium is shown. Calcified plaque as
represented in red is inside the LM (arrow). (B) Bifurcation of the left anterior descending coronary artery (LAD) and the
left circumflex branch (LCx) is shown. Calcified plaque in the bifurcation of the LAD artery and LCx and LAD ostium
can be noted. (C) Bifurcation of the LAD and the first diagonal branch (1st Diagonal) is shown. (D) The lumen of the
LAD is shown. The right lower part of the vessel wall was eliminated by an inappropriate setting of the opacity curves
artificially. (E,F) The lumen of the distal part of the LAD is evident. There was a huge mass of calcified plaque (arrow)
and that site was approximately equal to the corresponding site of stenosis as revealed by conventional coronary
angiograms. (G,H) The lumen of the further distal part of the LAD is shown. Calcified plaque was not observed, possibly

because of the limits of capability of the spatial resolution of the EBCT scanner and partial volume effects.

approximately 0.71 mm.

Perspective rendering of the colon, bronchus, and aorta
using helical CT data has been reported*5 and its advantage
is that it is non-invasive compared with endoscopy and
intravascular ultrasound (IVUS). In addition, the distal site
can be observed by virtual passage through the stenotic site,
which is difficult using real endoscopy?$ and after acquisi-
tion, the images can be reviewed from any direction
desired.

With conventional angiograms and 3-D images obtained
by CT and magnetic resonance angiography, the vessel
lumen is observed from the outside and redundant objects,
such as bone, vessels, internal organs, and muscles, must be
eliminated. For coronary arteries, for example, this can take
approximately 20min even by experienced technicians;
more commonly it takes approximately 1h7 Such time-
consuming elimination of redundant objects is unnecessary
with PVR because it observes the target subject from the
inside as a cross sectional area.

One problem with 3-D images using CT and magnetic
resonance image data is that if a fixed threshold is adopted
the vessel diameter or the cross-sectional area of one part
may be overestimated and those of another part underesti-
mated because of differences in the degree of enhancement
during imaging, in addition to the partial volume effect?
Adoption of a segmented threshold using line density pro-
file curves can provide more accurate results than the use of
a fixed threshold? To make endoluminal PVR of coronary
arteries using EBCT, we can set any threshold or opacity
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and color curve for each key frame to achieve a segmented
threshold or opacity and color curves? but this methodolo-
gy cannot provide information on the essential color of an
atherosclerotic atheroma, such as white or yellow.

Much of the remarkable progress in the treatment of
coronary heart diseases has been through advances in
percutaneous transluminal coronary angioplasty, especially
with regard to the variety of new interventional devices.
Each new device or procedure has suitability for a particu-
lar type of patient or purpose, so patient selection is very
important. Calcification is a principal factor in determining
the intervention; for example, suitable sites for rotational
atherectomy are those that have extensive calcification!0
diffuse lesions, ostial lesions, or lesions that are difficult to
expand.

Endoluminal PVR of coronary arteries using EBCT
makes it possitifeto distinguish differences in objects, such
as calcification, smooth muscle cells, and fatty tissuell
Compared with axial source images obtained by routine
EBCT scanning, which has been the gold standard for
detecting and quantifying coronary arterial calcification}?
PVR images enable the clinician to evaluate the configura-
tion of the calcification against the cross-section of the
vessel lumen; for example, how closely the angle of the
calcium against the lumen reaches 360° or whether the
calcification is eccentric. Thus, this information, previously
only available from IVUS, can be obtained non-invasively
and support the selection of the appropriate intervention. A
case—control study need to be performed to determine the
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