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chi S. Postinfarction gene therapy with adenoviral vector expressing
decorin mitigates cardiac remodeling and dysfunction. Am J Physiol
Heart Circ Physiol 297: H1504-H1513, 2009. First published August
14, 2009; doi:10.1152/ajpheart.00194.2009.—The small leucine-rich
proteoglycan decorin is a natural inhibitor of transforming growth
factor-B (TGF-B) and exerts antifibrotic effects in heart and to
stimulate skeletal muscle regeneration. We investigated decorin’s
chronic effects on postinfarction cardiac remodeling and dysfunction.
Myocardial infarction (MI) was induced in ‘mice by left coronary
artery ligation. An adenoviral vector encoding human decorin (Ad.
CAG-decorin) was then injected into the hindlimbs on day 3 post-MI
(control, Ad.CAG-LacZ). Four weeks post-MI; the decorin-treated
mice showed significant mitigation of the left ventricular dilatation
and dysfunction seen in control mice. Although infarct size did not
differ between the two groups, the infarcted wall thickness was greater
and the segmental length of the infarct was smaller in decorin-treated
mice. In addition; cellular components, including myofibroblasts and
blood vessels, were more abundant within the infarcted area in
decorin-treated mice, and fibrosis was significantly reduced in both
the infarcted and noninfarcted areas of the left ventricular wall. Ten
days post-MI, there was greater cell proliferation and less apoptosis
among granulation tissue cells in the infarcted areas of decorin-treated
mice. The treatment, however, did not affect proliferation and apop-
tosis of salvaged cardiomyocytes. Although decorin gene therapy did
not affect TGF-B1 expression in the infarcted heart, it inhibited
Smad2/3 activation (downstream mediators of TGF- signaling). In
summary, postinfarction decorin gene therapy mitigated cardiac re-
modeling and dysfunction by altering infarct tissue noncardiomyocyte
dynamics and preventing cardiac fibrosis, accompanying inhibition of
Smad?2/3 activation.

heart failure; myocardial infarction; transforming growth factor-8

CHRONIC HEART FAILURE HAS emerged as a leading cause of
mortality and morbidity worldwide. At present, patients with
chronic heart failure have a poor prognosis (26) and a high
likelihood that they will have to be readmitted to hospital,
despite treatment (16, 26). The most common cause of heart
failure is myocardial infarction (MI)-induced remodeling of the
left ventricle (LV), which is characterized by LV dilatation and

Address for reprint requests and other correspondence: G. Takemura, Divi-
sion of Cardiology, Gifu Univ. Graduate School of Medicine, 1-1 Yanagido,
Gifu 501-1194, Japan (e-mail: gt@gifu-u.acjp).

H1504

0363-6135/09 $8.00 Copyright © 2009 the American Physiological Society

diminished cardiac performance (3, 13, 14, 39). Therefore, to
improve clinical outcomes among patients with M1, it will be
essential to develop therapies that effectively inhibit the result-
ant LV remodeling.

The most critical determinant of subsequent LV remodeling
and eventual heart failure is the magnitude of the acute MI,
which can be determined within several hours of an attack (41).
The process of cardiac remodeling is complicated, however,
and many other factors, including late death or hypertrophy of
cardiomyocytes, fibrosis, and the expression of various cyto-
kines, are associated with the continued disease progression
during the chronic stage (5, 32, 47, 53). Several lines of
evidence point to the critical role played by transforming
growth factor-B (TGF-B) during the progression of myocardial
fibrosis, suggesting that TGF-$ plays a critical role during the
healing process following MI and thus affects cardiac remod-
eling and function during the chronic stage (10, 17, 29).
Soluble TGF-8 type II receptor (STBRII) inhibits the action of
TGF-B, most likely by adsorbing TGF-B or by acting as a
dominant-negative receptor (20). Our laboratory previously
reported that the postinfarction gene therapy with adenoviral
vector encoding sTBRII mitigated cardiac remodeling and
dysfunction at the chronic stage of MI by affecting cardiac
fibrosis and infarct tissue dynamics (37). It was thus suggested
that a therapy aimed at suppressing TGF-f signaling might
represent a new approach to the treatment of post-MI heart
failure, applicable during the subacute stage.

Decorin is a small chondroitin-dermatan sulfate proteogly-
can, consisting of a core protein and a single glycosaminogly-
can chain (25, 43). Importantly, decorin negatively regulates
TGF-B by binding it and neutralizing its biological activity,
i.e., a natural inhibitor of TGE-B (54). Levels of decorin are
reportedly increased in.myocardial tissue from patients who
have undergone implantation of an LV assist device, which
induces regression  of fibrosis (21). The most recent study
suggests that in vivo transfer of decorin gene promotes skeletal
muscle regeneration after injury (28). In the present study,
therefore, we hypothesized that postinfarction treatment with
decorin may mitigate chronic heart failure by affecting the LV
remodeling process. Decorin protein, when intravenously ad-
ministered, rapidly disappears from the circulation, and ~70%
of the dose is trapped by the liver within 10 min (31). Thus a
continuous protein supply is necessary to maintain the plasma
level of decorin sufficient to display the effect on the target
organ, and a gene therapy is appropriate for that purpose.
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However, a virus-mediated gene delivery directly into the
systemic circulation is potentially harmful, occasionally lethal,
through viremia or immune reaction (24, 30). Thus a local gene
delivery is more preferable; at the site, decorin is continuously
produced and released to the systemic circulation, reaching the
heart. Direct injection of therapeutic genes into the heart may
be more effective, but we selected less invasive and more
feasible method (injection into hindlimb muscles) for gene
delivery in the present study. Adenoviruses and adeno-associ-
ated viruses are currently the most effective vectors for deliv-
ering therapeutic genes in the cardiovascular system (42). In
the present study, we initiated adenovirus-mediated transduc-
tion of the decorin gene into mouse hindlimb muscles on day
3 of MI, times at which the therapy does not affect acute
ischemic death of cardiomyocytes, and examined its effects on
post-MI heart failure at the chronic stage.

MATERIALS AND METHODS

Recombinant adenoviral vectors. The adenoviral vector plasmid
pAd-decorin, which harbors the cytomegalovirus immediate-early
enhancer, a modified chicken B-actin promoter and human decorin
cDNA (Ad.CAG-decorin), was constructed using the in vitro
ligation method, as previously described (33). Control adenovirus
harboring the LacZ gene (Ad.CAG-LacZ) was prepared as previ-
ously described (6).

Evaluation of decorin expression in vitro.. HeLa cells were trans-
fected with pHMS5-CAG-decorin plasmid using Lipofectamine 2000
(Invitrogen) and cultured for 48 h at 37°C. Levels of human decorin
in culture supernatants and in cell lysates were evaluated by Western
blotting. In addition, levels of decorin in cultured cells were assessed
immunohistochemically using anti-human decorin (R&D Systems) as
the primary antibody and Alexa Fluor 488 anti-goat 1gG (Invitrogen)
as the secondary antibody. Nuclei were stained with 4’,6-diamidino-
2-phenylindole. The cells were observed under a laser scanning
confocal microscope (LSM510, Zeiss).

Animal experimental protocols. This study was approved by our
institutional animal research committee and conformed to the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (National Institutes of Health publication
no. 85-23, revised 1996). Ml was induced in 10-wk-old male
C57BL/6J mice (Japan SLC, Shizuoka, Japan) by ligating the left
coronary artery, as previously described (36, 38). Ad.CAG-decorin
(1 X 10! particles per mouse) was then injected into the hindlimb
muscles of the mice. As a control, Ad.CAG-LacZ was injected in the
same manner. In sham-operated mice, the suture was passed but not
tied.

MI was induced in 50 mice. Of those, 34 remained alive on day 3
post-MI and were entered into the study, randomly assigned to the
decorin (n = 16) or LacZ (n = 18) treatment group, and followed up
for 4 wk. Sham-operated mice (n = 8) were injected with the same
volume of saline in a similar manner and examined 4 wk later. In
another experiment, 14 mice were divided into decorin and LacZ
treatment groups (n = 7 each) on day 3 post-MI, and the survivors
(n = 5 in the decorin group and n = 4 in the LacZ group) were
examined on day 10 post-MI.

Physiological studies. Echocardiography and cardiac catheteriza-
tion were performed before death, as previously described (36, 38).
Animals were anesthetized with halothane (induction, 2%; mainte-
nance, 0.5%) in a mixture of N>O and O, (0.5 I/min each) via a nasal
mask. Echocardiograms were recorded 4 wk post-MI using an echo-
cardiographic system (Vevo770, Visualsonics) equipped with a 45-
MHz imaging transducer. The right carotid artery was then cannulated
with a micromanometer-tipped catheter (SPR 671, Millar Instrument)
that was advanced into the LV via the aorta to record pressures and
change in pressure over time.
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Histological analysis. After the physiological studies were com-
plete, all surviving mice were euthanized, and their hearts removed.
The excised hearts were cut into two transverse slices. The basal
specimens were fixed in 10% buffered formalin and embedded in
paraffin, after which 4-pm-thick sections were stained with hematox-
ylin-eosin, Masson’s trichrome, and Sirius red F3BA (0.1% solution
in saturated aqueous picric acid) (Aldrich). Quantitative assessments
of cardiomyocyte size (as the transverse diameter), cell population,
and fibrotic area were made using a LUZEX F multipurpose color
image processor (Nireco) with 20 randomly chosen high-power fields
in each section.

Immunohistochemical analysis. Deparaffinized 4-pm-thick sec-
tions were incubated with a primary antibody against human decorin
(R&D Systems), complement 9 (C9; Novo Castra) at a dilution of
1:100, a-smooth muscle actin (a-SMA; 1A4) at 1:100, von Wille-
brand factor (vWF) at 1:100, Ki-67 at 1:25 (all from Dako), or CD45
at 1:100 (Pharmingen), after which they were immunostained using an
ABC kit (Vector) with the chromogen diaminobenzidine HCl or
immunolabeled with Alexa Fluor 488 or 568 at 1:500 (Molecular
Probes). Nuclei were stained with hematoxylin or Hoechst 33342.

Apoptosis was evaluated using the terminal deoxynucleotidyl
transferase-mediated in situ nick-end labeling (TUNEL) method with
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Fig. 1. Expression of decorin in vitro and in vivo through human decorin gene
transfer. A: Western analysis of human decorin (40 kDa) in Hela cells: M,
molecular weight markers; lane I, recombinant decorin (a positive control);
lanes 2 and 3, total cell lysate from HeLa cells transfected with LacZ (Jane 2)
or decorin (lane 3) plasmid; lanes 4 and 5, supemnatant from Hela cells
transfected with LacZ (lane 4) or decorin (lane 5). B: immunohistochemical
analysis of human decorin expressed in Hela cells transfected with decorin
plasmid. DIC, differential interference contrast image; DAPI, 4’ 6-diamidino-
2-phenylindole. Scale bars, 20 pm. C: Western analysis of human decorin in
hindlimb muscle and heart tissue from mice bearing 10-day- or 4-wk-old
myocardial infarctions (MIs) following transduction with Ad.CAG-LacZ or
Ad.CAG-decorin on day 3 post-MI.
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an ApopTag kit (Chemicon) according to the supplier’s instructions.
Mouse mammary tissue served as a positive control. For doubie
immunofluorescent labeling, tissue sections were first stained with
Fluorescein-FragEL (Oncogene) and then labeled with anti-a-SMA or
anti-vWF, followed by Alexa Fluor 568. In addition, to evaluate cell
proliferative activity and apoptosis of the salvaged cardiomyocytes,
we performed double immunofluorescence for myoglobin (1:1,000),
combined with Ki-67 (1:25) or TUNEL. Tissue sections were first
stained with anti-Ki-67 followed by Alexa 488 or Fluorescein-FragEL
and then labeled with anti-myoglobin antibody (DAKO) followed by
Alexa 568. Nuclei were stained with Hoechst 33342. Immunofluores-
cence preparations were observed under a confocal microscope
(LSM510, Zeiss).

Western blotting. Proteins extracted from cultured cells, whole
ventricles of hearts, or hindlimb muscles were subjected to 14%
polyacrylamide gel electrophoresis and then transferred to polyvinyli-
dene difluoride membranes. The membranes were then probed with a
primary antibody against human decorin, mouse decorin (both from
R&D Systems), TGF-B, Smad2, the phosphorylated form of Smad2
(p-Smad2), Smad3, p-Smad3 (all from Cell Signaling), or plasmino-
gen activator inhibitor type 1 (PAI-1; Santa Cruz). Three to five hearts
or hindlimb muscles from each group were subjected to the blotting.
The blots were visualized using enhanced chemiluminescence (Am-
ersham), and the signals were quantified by densitometry. a-Tubulin
(Santa Cruz) served as the loading control.

Electron microscopy.: After the hearts were excised, cardiac tissue
was quickly cut into 1-mm cubes, immersion fixed in 2.5% glutaral-
dehyde in 0.1 mol/l phosphate buffer (pH 7.4) overnight at 4°C, and
postfixed in 1% buffered osmium tetroxide. The specimens were then
dehydrated through a graded ethanol series and embedded in epoxy
resin. Ultrathin sections (90 nm), double-stained with uranyl acetate
and lead citrate, were examined under an electron microscope (H:800,
Hitachi).
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Statistical analysis. Values are shown as means *= SE. Survival
was analyzed using the Kaplan-Meier method with the log-rank
Cox-Mantel method. The significance of differences was evaluated
using t-tests or one-way ANOVA followed by the Newman-Keul’s
multiple-comparison test. Values of P < 0.05 were considered sig-
nificant.

RESULTS

Expression of human decorin in vitro and in vivo. Human
decorin was strongly expressed on Hela cells transfected with
the human decorin gene (Fig. 1, A and B). In MI mice
administered the gene via intramuscular injection into hind-
limbs, human decorin was expressed not only in hindlimb
muscles, but also in hearts 1 wk after administration (Fig. 1C),
indicating that the gene product reached the hearts. However,
we failed in immunohistochemical detection of human decorin
in the heart (photographs not shown), suggesting that the
amount of decorin fixed in the cardiac tissue was too small to
be detected by the immunohistochemical assay, and that the
decorin protein detected by Western blots was mostly the
circulating one within the heart. Four weeks later, the expres-
sion was markedly reduced but still detectable in both the
hindlimb muscles and hearts. No human decorin was detected
in the LacZ-treated (control) mice at any time.

Effect of decorin gene treatment on MI at the chronic stage.
Within 10 days after induction of MI, six (34%) of the controls
and . five. (31%)- of the decorin-treated mice had died. The
remaining mice all survived to the end of the observation
period (4 wk post-MI). In total, the survival rate was 66% in
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Fig. 2. Left ventricular (LV) geometry and
function at the chronic stage (4 wk post-MI)
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the control group and 69% in the decorin-treated group 4 wk
post-MI (P = nonsignificant).

Echocardiography and cardiac catheterization carried out 4
wk post-MI revealed that, compared with the sham-operated
mice, control MI mice had marked enlargement of the LV
cavity and reduced cardiac function, as indicated by increased
LV end-diastolic diameter, increased diastolic thickness of
both noninfarct and infarct walls, reduced LV percent frac-
tional shortening, increased LV peak systolic pressure, and
increased change in pressure over time (Fig. 2). All of these
structural and functional parameters were attenuated in
decorin-treated mice, suggesting decorin in some way mili-
gates post-MI remodeling and cardiac dysfunction. However,
the systolic thickening of infarct wall was not increased by the
decorin treatment (Fig. 2).

Hearts from control mice showed marked LV dilatation with
a thin infarcted segment, while those from decorin-treated mice

LacZ Decorin
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showed substantially smaller LV cavities and thicker infarcted
segments, with shorter circumferential lengths (Fig. 3A and
Table 1). On the other hand, both the absolute area of the
infarct and the percentage of the LV taken up by the infarct
were comparable between the two groups (Table 1).

By 4 wk post-MI, the infarct area had been replaced by
fibrous scar tissue in the control mice (Fig. 3B). In the decorin-
treated mice, by contrast, not only collagen fibers but also
abundant cellular components were present. As a result, the
population of noncardiomyocyte interstitial cells within the
infarct area was significantly greater, and the percentage of
fibrotic tissue was significantly smaller in decorin-treated mice
(Table 1). The number of vWF-positive blood vessels within
the infarct area and the percent area of extravascular a-SMA-
positive cells were also greater in decorin-treated mice than
control mice (Fig. 3, C and D, and Table 1). On the other hand,
there was no significant difference in the populations of CD45-

LacZ

Decorin

Decorin

T

Fig. 3. Gross morphology, histology, immunohistochemistry. and ultrastructure of hearts with 4-wk-old MIs. A: transverse ventricular sections of hearts collected
from LacZ- and decorin-treated mice. Sections were stained with Masson’s trichrome. Note the smaller LV cavity, shorter infarct segments, and thicker infarct
walls in the decorin-treated heart. Scale bars;: 1. mm. B-E: infarcted areas in hearts stained with Masson’s trichrome (B), anti-von Willebrand factor (vWF; C),
anti-a-smooth muscle actin (-SMA; D), or Sirius red (E). F: noninfarcted areas stained with Sirius red. Scale bars, 20 pm. G and H: electron photomicrographs
of collagen fibrils in the infarcted (G) and noninfarcted areas (H) of the hearts collected from LacZ- and decorin-treated mice. CM, cardiomyocyte. Scale bars,

1 pm.
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Table 1. Effects of treatment with the indicated gene on the
morphometry and histology of hearts bearing 4-wk-old MI

LacZ Decorin
n 12 11
Infarcted area
MI wall thickness, X 10? pm 29+04 4.7+04%
MI segmental length, mm 142*1.1 10.5%0.7*
%M1 segment in LV 50.9*39 3316:=E2/1%
%M1 area in LV 29+8.4 26*6.1
Cell population, no./HPF 1,102+105 1,521+133*
VWF* vessels, no./HPF 48*14 9.8+1.3*
a-SMA™ area, % 27+04 5.1x£0.7*
CD45* leukocytes, no./HPF 23+03 2.4*0.5
%eFibrosis 62+1.3 51+2.9*%
Noninfarcted area
Myocyte size, pm 17.6%0.8 15.0%0.7*
%Fibrosis 7.1x0.5 4.4+0.5*

Values are means * SE; n, no. of mice. MI, myocardial infarction; LV, left
ventricular; HPF, high-power field; «-SMA, a-smooth muscle actin; vWF, von
Willebrand factor. *P < 0.05 vs. LacZ-treated MI mice.

positive leukocytes between the control and decorin-treated
hearts (Table 1). Sirius red staining revealed significantly less
fibrosis in both the infracted and noninfarcted LV walls of the
decorin-treated mice than the control mice (Fig. 3, E and F, and
Table 1). In addition, the transverse diameter of the cardiomy-
ocytes in the noninfarcted area was significantly greater in the
control group than in the decorin-treated group (Table 1),
suggesting that compensatory hypertrophy of cardiomyocytes
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Fig. 4. Cell proliferation within granulation tis-
sue 10 days post-MI. A: photomicrographs
showing Ki-67-positive cells (lefr) and a graph
comparing the incidences of proliferating cells
in each group (right). B and C, left: confocal
photomicrographs of tissue sections from a
decorin-treated heart immunolabeled with anti-
bodies against Ki-67 (green fluorescence) plus
a-SMA (B) or VWF (C) (red fluorescence).
Scale bars, 20 pwm. Right: graphs showing the
incidences of Ki-67 positivity separately evalu-
ated in myofibroblasts and endothelial cells.
HPF, high-powered field. Values in graphs are
means *= SE. #P < 0.05 vs. LacZ-treated MI
mice.
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was less developed in the latter. Finally, electron microscopic
examination confirmed that collagen fibrils were less devel-
oped and scantier in both the infarcted and noninfarcted areas
of decorin-treated hearts than control hearts 4 wk post-MI (Fig.
3, G and H).

Subacute stage of MI. As mentioned above, we observed
greater numbers of cells, especially a-SMA-positive myo-
fibroblasts and vWF-positive endothelial cells (in blood
vessels), within the infarcted areas of decorin-treated hearts
during the chronic stage of MI (4 wk post-MI). To clarify
the mechanisms responsible for the difference in the com-
position of infarct tissue during the chronic stage, we next
evaluated cell proliferation and apoptosis among granula-
tion tissue cells in the hearts 10 days post-MI (subacute
stage), i.e., | wk after gene transfection. Immunohistochemical
detection of Ki-67 antigen showed that the incidence of Ki-67
positivity was markedly greater in cardiac tissue from decorin-
treated mice than in that from control mice (Fig. 4A). Double
immunofluorescent staining also revealed that decorin treatment
significantly enhanced proliferation of both myofibroblasts and
endothelial cells (Fig. 4, B and C). Conversely, the incidence of
TUNEL positivity was significantly smaller in the decorin-treated
group than in the control group, suggesting decorin treatment
reduced the incidence of apoptosis among granulation tissue cells
(Fig. 5A). According to Western blot analysis, the cleaved (active)
form of caspase-3 was detected, not in the sham-operated mouse
hearts, but in the hearts with 10-day-old MI. However, the signal
was apparently attenuated in the hearts treated with the decorin
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Fig. 5. Apoptosis within granulation tissue 10
days post-MI. A: photomicrographs showing
terminal deoxynucleotidyl transferase-mediated
in situ nick-end labeling (TUNEL)-positive
cells (lefry with a graph comparing the inci-
dences of TUNEL positivity in each group
(right). B: Western blot for the cleaved (acti-
vated) caspase-3. C and D, left: confocal pho-
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tomicrographs of tissue sections from a LacZ-
treated heart subjected to TUNEL (green fluo-
rescence) and immunolabeled with antibody
against a-SMA (C) or VWF (D) (red fluores-
cence). Scale bars, 20 p.m. Right: graphs show-
ing the incidences of TUNEL positivity sepa-
rately evaluated in myofibroblasts and endothe-
lial cells. Bars in graphs are means + SE. #P <
0.05 vs. LacZ-treated MI mice.
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gene (Fig. 5B). Further analysis using double immunofluorescent
labeling revealed that decorin treatment significantly reduced the
incidence of TUNEL positivity among myofibroblasts, but not
endothelial cells (Fig. 5, C and D). Next, we investigated necrosis
by immunohistochemistry for C9, which is a part of the mem-
brane attacking complex C5b-9 (11). No C9-immunopositive
necrotic cell was found in granulation tissue cells of any groups
(photographs not shown). This finding is consistent with previous
electron microscopic studies showing that the dying mode of
postinfarct granulation tissue cells is not necrosis, but apoptosis
9, 37, 51).

To check whether the treatment promoted viable cardio-
myocytes to replace the function of the infarcted area, we
examined cell proliferation activity and apoptosis in the
salvaged myocardium. Double immunofluorescence for
myoglobin and Ki-67 revealed no proliferating cardiomyo-
cyte in viable myocardium 10 days post-MI (Fig. 6A). We
noted TUNEL-positive nuclei of cardiomyocytes in viable
myocardium. However, they were extremely rare in each
group, and there was no significant difference in the prev-
alence between the groups (10 days post-MI: sham operated

AJP-Heart Circ Physiol « VOL 297
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group, 0.012 = 0.007%; LacZ-treated MI group, 0.010 =
0.008%; decorin-treated MI group, 0.013 = 0.011%). These
findings do not support the possibility that the present
treatments increased regeneration or reduced cell loss due to
apoptosis of viable cardiomyocytes to replace the infarcted
area.

Western blot analysis showed that expression of TGF-3
was significantly upregulated in heart tissues collected on
day 10 post-MI (Fig. 7). Moreover, we observed marked
activation (phosphorylation) of Smad2 and Smad3, two
downstream mediators of TGF-B. Although decorin treat-
ment did not affect TGF-3 or endogenous (mouse) decorin
expression, it significantly suppressed Smad2 and Smad3
activation (Fig. 7), which implies that inhibition of signaling
in the TGF-B/Smad2/Smad3 pathway contributes substan-
tially to the beneficial effects exerted by decorin against
post-MI cardiac remodeling and heart failure. PAI-1 is one
of the other important team players in fibrosis (56). Myo-
cardial PAI-1 expression was unchanged in the heart 10
days post-MI, which was not influenced by the decorin gene
therapy either (Fig. 7).
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Fig. 6. Cell proliferation and TUNEL positivity of the
salvaged cardiomyocytes 10 days post-MI. A: confocal
photomicrographs of tissue sections from a decorin-treated
heart subjected to double immunofluorescence for Ki-67
(green fluorescence) and myoglobin (red fluorescence).
There was no Ki-67-positive cardiomyocyte on the prepa-
ration where some Ki-67-positive granulation tissue cells
or interstitial cells were noted. B: confocal photomicro-
graphs of tissue sections from a LacZ-treated heart sub-
jected to double immunofluorescence for TUNEL (green
fluorescence) and myoglobin (red fluorescence). TUNEL-
positive nuclei of cardiomyocytes were noted, although
very rarely. Graph shows the incidences of TUNEL-posi-
tive nuclei in cardiomyocytes. Scale bars, 20 pm. Values in
graphs are means *= SE.

(=3} Myoglobin

DECORIN GENE THERAPY TO POSTINFARCTION HEART FAILURE

%TUNEL* Cardiomyocyte Nuclei

0.03

0.02

p=NS

0.01

0

Sham LacZ Decorin

DISCUSSION

Our findings provide the first evidence that postinfarction
decorin gene therapy, started on day 3 post-MI, mitigates the
adverse effects on LV geometry and function during the
chronic stage.

Pathophysiological mechanisms for the beneficial effects of
decorin gene therapy on postinfarction heart failure. One
remarkable finding of the present study is that decorin alters
the geometry of the infarct scar without affecting its abso-
lute area, i.e., the infarcted segment was thicker and had a
smaller circumferential length in decorin-treated hearts dur-
ing the chronic stage than in control hearts. This is note-
worthy because wall stress is directly proportional to cavity
diameter and inversely proportional to wall thickness
(Laplace’s law) (55) and because wall stress and LV remod-
eling (dilatation) have a vicious relationship and exacerbate
one another. It is thus conceivable that the observed change
in infarct geometry would greatly improve the hemody-
namic state of the heart.

Our findings also suggest that infarct scar tissue is qual-
itatively altered by treatment with decorin gene. We ob-
served greater numbers of cells, including abundant myofi-
broblasts and vascular cells, within the infarct scar in
decorin-treated hearts. These cells are normally destined to
disappear via apoptosis during the natural course of healing
after MI (9, 51), but we found that apoptosis was signifi-
cantly inhibited in decorin-treated hearts during the sub-
acute stage (10 days post-MI). Moreover, decorin gene
therapy also significantly increased cardiac proliferation of
both myofibroblasts and vascular endothelial cells. These

findings have two important implications. First, both dimin-
ished apoptosis and enhanced proliferation among granula-
tion tissue cells during the subacute stage appear to contrib-
ute to the observed increase in the cell population within the
scar tissue during the chronic stage, which likely preserves
the infarct wall thickness. Second, myofibroblasts, which
are known to play an important role in wound contraction
during the healing process (12), could mediate contraction-
induced reduction in the length of the infarct segment,
thereby increasing infarct wall thickness. That, in turn,
would alter the infarct tissue geometry, reducing wall stress
and mitigating LV dilatation and dysfunction.

Vascular endothelial cells also proliferated during the
granulation tissue phase in hearts treated with decorin,
suggesting an angiogenic effect of decorin. Decorin sup-
presses malignant tumor cell-mediated angiogenesis (15),
whereas it promotes angiogenesis in normal tissue during
the healing stage or when ectopically expressed (45, 46).
Our finding was well consistent with the latter reports on the
role of decorin in angiogenesis. The function of proliferated
vascular endothelial cells during the chronic stage of MI
remains unclear, although it has been shown that, by sup-
plying blood, newly formed vessels help sustain the cellular
components within the infarct area (50). Recently, we re-
ported that blood flow into the infarct area by late reperfu-
sion promotes proliferation and inhibits apoptosis among
granulation tissue cells (35). On the other hand, leukocytes
continued to die. We suggest that leukocytes may have a
higher sensitivity to apoptotic stimuli than other preserved
cells, because inflammatory cells generally show very active
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proapoptotic interactions through death ligands and recep-
tors (34).

We also observed that decorin gene therapy significantly
reduces cardiac fibrosis, confirming the previously reported
antifibrotic effect of decorin in hearts (21). Because myocardial
fibrosis contributes to both systolic and diastolic dysfunction
(5, 22), its reduction is likely another important way in which
decorin may mitigate LV remodeling and heart failure.

In contrast to granulation tissue cells, TUNEL positivity in
salvaged cardiomyocytes was not affected by the decorin gene
therapy, suggesting no contribution of cardiomyocyte death via
apoptosis to the beneficial effects of the therapy. The preva-
lence of TUNEL-positive cardiomyocyte nuclei was very rare
(~0.01%). Although the value is consistent with the previous
reports, including ours (38, 44), the discrepancy of the values
reported is surprisingly great, ranging from 0.02 to 12% among
the studies using mouse model of subacute to chronic stage MI:
maximally 600-fold difference (38, 44, 49). It may be prob-
lematic that such a critical discrepancy. in the TUNEL-positive
cardiomyocyte rates remains not yet reconciled, the reason of
which should be elucidated in the future.

Ki-67-positive nuclei were not immunohistochemically de-
tected in cardiomyocytes under the present staining conditions.
However, immunohistochemical negativity does not always
deny the slight expression of an antigen, because the sensitivity
depends on the staining conditions. On the other hand, too
much sensitivity may violate specificity. Beltrami et al. (2)
previously reported cardiomyocyte proliferation by immuno-
histochemistry in human hearts with ML It is possible that our
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immunostaining method for Ki-67 is relatively less sensitive
compared with that of the previous report. Notwithstanding, we
did detect Ki-67 expression in the granulation tissue cells on
the same immunohistochemical preparations, suggesting that
our immunohistochemistry was not too insensitive. Difference
in immunohistochemical sensitivity and difference in species
might have yielded the discrepancy between the studies. The
infarct wall did not show a significant systolic thickening, even
in the decorin-treated groups, unlikely supporting a possible
increase of cardiomyocyte population through increased regen-
eration and/or.reduced apoptosis by the treatment.

Molecular mechanisms involved in the beneficial effects of
decorin gene therapy. TGF-f. signaling controls a diverse set
of cellular processes, including cell apoptosis, differentiation,
and proliferation (19, 23, 48). It has also been suggested that
TGF-B signaling has both proapoptotic and profibrotic effects
on the heart (29, 37). SMAD proteins are important down-
stream mediators of TGF- signaling (8, 18), and their absence
reportedly impairs local inflammatory responses and acceler-
ates wound healing (1). The most recent findings indicate that
loss of Smad3 (in Smad3-null mice) significantly increases
myofibroblast density in healing infarcts and prevents myocar-
dial fibrosis (4). In the present study, we observed that cardiac
expression of TGF-B, p-Smad2, and p-Smad3 was strongly
upregulated in control mice during the granulation tissue
phase, 10 days post-MI. Notably, mice receiving the decorin
gene expressed high levels of human decorin in the heart 10
days post-MI. Although decorin treatment had no effect on
TGF-PB expression, it largely blocked the activation of Smad2
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and Smad3. This finding, together with those of the aforemen-
tioned studies by others, suggests that inhibition of the TGF-
/Smad2/Smad3 pathway contributes substantially to the re-
duction in cardiac fibrosis, as well as the reduced apoptosis and
increased proliferation seen among granulation tissue cells in
decorin-treated mice. Collectively, these effects would be ex-
pected to alter infarct tissue geometry to reduce wall stress and
suppress myocardial fibrosis, thereby mitigating post-MI car-
diac remodeling and dysfunction.

Hao et al. (17) previously reported increased protein expres-
sion levels of Smad2 and 3 in the rat MI model, which may
appear to be inconsistent with our results that revealed activa-
tion of Smad2 and Smad3, but not upregulation of them. The
most important difference may be the timing of examination, as
well as difference in species (rat vs. mouse), which caused
apparent conflict between the studies; Hao et al. examined MI
at 8 wk after the onset, while we used 10-day-old MI. Hao et al.
actually found that endogenous decorin expression was stron-
ger in the hearts with older infarction.

It was not unexpected that the decorin gene therapy showed
beneficial effects on postinfarction hearts in a strikingly similar
manner as the previously reported sSTBRII gene therapy, be-
cause decorin is a natural inhibitor of TGF-8, while sTBRII
competitively inhibits binding of TGF-B with the TGF-f
receptor (37). Pathophysiological mechanisms were very sim-
ilar between these two gene therapies, as discussed above. In
the present study, however, we found that decorin ‘could
increase cell proliferation in postinfarction granulation tissue
and elucidated the inhibitory effect of decorin on TGF-§
downstream signaling activation.

Possible clinical implications and limitations. Rapid recan-
alization of the occluded coronary artery, which salvages
ischemic myocardial cells, is the best clinical approach at
present to treating acute MI. Unfortunately, most patients
actually lose their chance for coronary reperfusion therapy
because it is only effective if performed within hours after the
onset of infarction (41). The present findings suggest a novel
therapeutic strategy, applicable during the subacute stage of
M1, that may mitigate chronic progressive heart failure in Ml
patients who missed their chance for coronary reperfusion
during the acute stage. In addition, treatment with decorin may
be more promising than the use of sTRRII, which simply
inhibits TGF-B signaling, when considering its additive bene-
ficial effects, such as anti-tumor metastasis actions (15, 40, 52).

However, safety of anti-decorin strategies has not been
confirmed in humans. In addition, ethical consensus has not
been established at all in the safety of a virus-mediated gene
therapy. These issues should be resolved before clinical appli-
cation of the anti-decorin gene therapy.
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The knock-down of overexpressed EZH2 and
BMI-1 does not prevent osteosarcoma growth
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Abstract. Polycomb group proteins control the transcriptional
memory of cells by maintaining the stable silencing of specific
sets of genes through chromatin modifications. Polycomb
group protein complexes control gene repression through
recruitment of histone deacetylase. This recruitment leads to
trimethylation of Lys,; of histone H3 (H3K27). Histone H3K27
trimethylation is a property of stably silenced heterochromatin.
EZH2 and BMI-1 are pivotal components of polycomb group
protein complexes. Increased EZH2 levels have been found
in several malignancies and reported as a molecular biomarker
of poor prognosis. Similarly, BMI-] has also been found to
be associated with malignant transformation. In addition,
inhibition of EZH2 or BMI-I inhibits the growth of various
types of malignancies. The expression of BMI-1 and EZH2 in
human osteosarcoma has not been clearly determined. We
examined the potential involvement of aberrant polycomb
group protein expression in the pathogenesis of osteosarcoma.
Real-time PCR revealed that expression of EZH2 in 143B,
HOS, NOS-1 and Saos2 was increased compared to normal
osteoblasts. BMI-I was also up-regulated in 143B, HOS and
NOS-1. Expression of EZH2 and BMI-1 were up-regulated in
osteosarcoma patient biopsy specimens compared to normal
bone. Immunohistochemical ‘examinations showed that
EZH2 and BMI-1 were up-regulated in osteosarcoma cells
and that trimethylation of histone H3K27 was increased. We
examined the effects of knock down of EZH2 and BMI-1 by
shRNA. Unexpectedly, the knock-down of EZH2 and BMI-1
did not prevent osteosarcoma growth either in vitro or in vivo.
Our findings suggest that EZH2 and BMI-1 may be tumor-
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associated antigens of osteosarcoma, but are not useful
molecular targets of osteosarcoma treatment.

Introduction

Osteosarcoma is the most common primary bone cancer
occurring mainly in children (1). Standard treatment involves
the use of ‘up-front’ multi-agent chemotherapy, definitive
surgery of the primary tumor and postoperative chemotherapy.
In recent years, great effort has been made aiming at
elucidating the molecular events underpinning the biology of
osteosarcoma including dysregulation of cell division and
apoptotic processes. Although such dysregulation may
constitute a potent source of new therapeutic targets, the
molecular mechanisms of regulation of osteosarcoma cell
proliferation are largely unknown.

Polycomb group (PcG) proteins control the transcriptional
memory of cells by maintaining the stable silencing of specific
sets of genes through chromatin modifications (2). Two distinct
and evolutionarily conserved PcG complexes have been
identified, consisting ‘of various PcG proteins and non-PcG
proteins. The polycomb repressive complex 1 (PRC1) contains
the BMI-1, MEL-18, RING1, HPH and HPC PcG proteins,
while the polycomb repressive complex 2 (PRC2) contains the
EZH2, EED, YY1 and SUZ PcG proteins (3-15). EZH2 is a
histone methyltransferase associated with transcriptional
repression. EZH2 catalyzes trimethylation of histone H3 at
lysine 27 (H3K27) (16-19).

Recent findings have linked deregulated expression of
human PcG genes to malignant transformation, loss of
differentiation in tumor cells, and metastatic behavior (20).
Increased EZH2 levels have been found in several epithelial
tumors (21-26) and in various hematological malignancies
(27-29). Similarly, BMI-] has also been associated with
malignant transformation (23,27,30-38). The expression of
BMI-1 and EZH2? in human osteosarcoma cell lines and
osteosarcoma patient specimens have not been well defined.
To explore the potential involvement of aberrant PcG
expression in the pathogenesis of osteosarcoma, we
investigated the expression of EZH2 and BMI-1 in osteo-
sarcoma cell lines and patient samples. We next examined
the status of trimethylation of H3K27. In addition, we
examined the effect of the knock-down of EZH2 and BMI-]
by shRNA in vitro and in vivo.
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Materials and methods

Cell culture. HOS, 143B and Saos2 cells were purchased
from the American Type Culture Collection (ATCC). NOS-1
was purchased from RIKEN cell bank (39). Cells were
grown in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% FBS, penicillin (100 U/m}) and
streptomycin (100 pg/ml). Human osteoblast cells (NHOst)
were purchased from Sanko Junyaku (Tokyo, Japan). Cells
were cultured with OBM™ (Cambrex, NJ, USA) or DMEM
supplemented with 10% FBS. All cells were grown in a
humidified atmosphere containing 5% CO, at 37°C.

Patient osteosarcoma biopsy specimens. All human
osteosarcoma biopsy specimens were obtained from primary
lesions. Biopsy was performed before chemotherapy or radio
therapy to make the diagnosis.

RT-PCR. Each sample was run minimally at three
concentrations in triplicate. All primer sets amplified 100- to
200-bp fragments. Total RNA was extracted using the miR-
Vana RNA isolation system (Ambion, TX, USA) or TRIzol
(Invitrogen, CA, USA). Reactions were run using SYBR-
Green (Bio-Rad, CA, USA) on a MiniOpticon™ machine
(Bio-Rad). The comparative Ct (AACt) method was used to
determine fold change in expression using $II-microglobulin.
Each sample was run minimally at three concentrations in
triplicate. The following primers were used. EZH2: 5-TTCA
TGCAACACCCAACACT-3, 5S-GAGAGCAGCAGCAAAC
TCCT-3; BMI-1: 5-TTCATTGATGCCACAACCAT-3,5-GTA
CTGGGGCTAGGCAAACA,; BlI-microglobulin: 5-TCAATG
TCGGATGGATGAAA-3, 5-GTGCTCGCGCTACTCTC
TCT-3.

Cell proliferation assay. MTT assay: Cells were incubated
with substrate with MTT . [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide] for 4 h and washed with PBS
and lysed to release formazan from cells. Then cells were
analyzed in a Safire microplate reader (Bio-Rad) at 562 nm.
shRNAs were purchased from (SABiosciences, MD, USA).
Lipofection of siRNA was performed every other day as
recommended in the supplier's protocol using FuGENE 6
(Roche, Dascl, Switzerland).

Immunohistochemistry. The following primary antibodies
were used: anti-EZH2 (diluted 1:200 Zymed Laboratories,
CA, USA), anti-BMI-1 (diluted 1:200 R&D Systems, MN,
USA), and anti-trimethylated H3K27 (diluted 1:200 Abcam,
Cambridge, UK). The following secondary antibodies were
used; fluorescein-conjugated goat anti-mouse IgG antibody
(diluted 1:200; Jackson ImmunoResearch, PA, USA) and
rhodamine-conjugated donkey anti-rabbit IgG antibody
(diluted 1:200; Chemicon, CA, USA). The cells were
counterstained with Hoechst 33258 to identify nuclei.
Immunohistochemistry with each second antibody alone
without primary antibody was performed as a control.

Animal experiments. shRNA-transfected 143B cells (1x10%)
were mixed with collagen gel in a 1:1 volume and inoculated
subcutaneously in 5-week-old nude mice. Tumor size was
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measured, and tumor volume was calculated using the formula
LW¥2 (with L and W representing the length and width of
tumors). All experimental procedures were performed in
compliance with the guiding principles for the Care and Use
of Animals described in the American Journal of Physiology
and with the Guidelines established by the Institute of
Laboratory Animal Sciences, Faculty of Medicine,
Kagoshima University. All efforts were made to minimize
animal suffering, to reduce the number of animals used and
to utilize possible alternatives to in vivo techniques.

Data analysis. Each sample was analyzed in triplicate and
experiments were repeated three times. In figures the error
bar means standard error. Data were analyzed by the
STASTISCA (StatSoft, OK, USA). Differences between mean
values were evaluated by the unpaired t-test and differences
in frequencies were evaluated by Fisher's exact test. Results
were considered statistically significant at P<0.05.

Results

Overexpression of EZH2 and BMI-1 in osteosarcoma. RT-PCR
was performed to examine the expression of EZH2 and BMI-1
in osteosarcoma cell lines. RT-PCR revealed that NOS-1, HOS
and 143B osteosarcoma cell lines expressed EZH2 more
strongly than normal human osteoblasts (NHOst) (Fig. 1A).
More sensitive real-time PCR analyses revealed that expression
of EZH?2 in 143B, HOS, NOS-1 and Saos? was increased 13-,
11-,4.9- and 4.4-fold, respectively (Fig. IB). RT-PCR revealed
that NOS-1, HOS and 143B osteosarcoma cell lines expressed
BMI-1 more strongly than NHOst (Fig. 1C). Real-time PCR
revealed that expression of BMI-/ in 143B, HOS and NOS-1
was increased 6.7-, 3.7- and 3.7-fold, respectively, while that
in Saos?2 did not change appreciably (Fig. 1D). We next
examined the expression of EZH2 and BMI-] in osteo-
sarcoma patient biopsy samples. RT-PCR revealed that 3
osteosarcoma patient samples expressed EZH2 more strongly
than normal bone tissue (Fig. 1E). Real-time PCR revealed
that expression of EZH2 in patient samples was increased
1.4- to 4.2-fold (Fig. 1F). RT-PCR revealed that 3 osteo-
sarcoma patient samples expressed BMI-I more strongly
than normal bone (Fig. 1G). Real-time PCR revealed that
expression of BMI-1 in paticnt samples increased 4.5- to 9.4-
fold (Fig. 1H). To extend these findings, we performed
immunohistochemistry for EZH2 and BMI-1 examination
revealed that osteosarcoma cell lines and osteosarcoma
patient samples expressed EZH2 and BMI-1 more strongly
than normal bone tissue (Fig. 2A and B). EZH2 and BMI-1
were localized in the nucleus of osteosarcoma cells (Fig. 2A
and B). These findings showed that EZH2 and BMI-1 are
overexpressed in osteosarcomas.

Histone H3-K27 is trimethylated in osteosarcoma. To
determine if overexpression of polycomb proteins promoted
histone H3K27 trimethylation, we performed immuno-
histochemical examination using trimethylated histone
H3K27-specific antibody. Histone H3K27 was found to be
trimethylated more strongly in osteosarcoma cells lines and
osteosarcoma patient samples than in normal osteoblasts and
bone tissue (Fig. 2C).
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Figure 1. Overexpression of EZH2 and BMI-1 in osteosarcoma. (A) RT-PCR revealed that 3 osteosarcoma cell lines including NOS-1, 143B and HOS
expressed EZH2 more strongly than NHOst (normal osteoblasts). (B) Real-time PCR revealed that expression of EZH2 in 143B, HOS, NOS-1 and Saos2 was
increased 13-, 11-, 4.9- and 4 .4-fold, respectively. (C) RT-PCR revealed that 3 osteosarcoma cell lines including NOS-1, 143B and HOS expressed BMI-1
more strongly than NHOst. (D) Real-time PCR revealed that expression of BMI-1 in 143B, HOS and NOS-1 was increased 6.7-, 3.7- and 3.7-fold,
respectively, while that in Saos2 did not change appreciably. (E) Total RNA extracted from osteosarcoma biopsy samples were used for RT-PCR. RT-PCR
revealed that osteosarcoma biopsy sample 1 (OS1), OS2 and OS3 expressed EZH2 more strongly than normal bone. (F) Real-time PCR revealed that
expression of EZH2 in patient samples was increased 1.2- (0 4.2-fold. (G) RT-PCR revealed that 3 osteosarcoma samples expressed BMI-/ more strongly than
normal bone. (H) Real time PCR revealed that expression of BMI I in patient samples increased 4.5 to 9.4 fold.

Knock-down of overexpressed EZH2 and BMI-1 does not
prevent osteosarcoma growth in vitro or in vivo. It has been
reported that overexpression of EZH2 or BMI-1 promotes
malignant transformation (21,36,38,40-47). In addition,
inhibition of EZH2 or BMI-1 inhibits growth of various types
of malignancies (38,41,43,45,46). To determine whether
knock-down of EZH2 and BMI-1 prevents osteosarcoma
growth, we examined the effects of EZH2 and BMI-1
shRNA. We used 143B and HOS, which strongly express
EZH2 and BMI-1. Real-time PCR revealed that shRNA
effectively knocked-down EZH2 and BMI-1 (Fig. 3A). 143B
and HOS were transfected with EZH2 shRNA, BMI-1
shRNA and EZH2 shRNA plus BMI-1 shRNA. Unexpectedly,
MTT assay revealed that the knock-down of EZH2, BMI-1
and EZH?2 plus BMI-1 did not prevent osteosarcoma growth

in vitro (Fig. 3B-D). To confirm the effects of EZH2 and
BMI-1 knock-down, we examined xenograft models. Nude
mice were inoculated with control shRNA-transfected 143B
cells, EZH2 shRNA-transfected 143B cells and BMI-1-
shRNA-transfected cells intradermally and tumor sizes were
measured. Tumor sizes did not significantly differ among
these three groups (Fig. 4).

Discussion

The PcG genes encode a family of evolutionarily conserved
regulators that were discovered in Drosophila as repressors
of homoeotic genes, which are involved in establishing body
segmentation patterns during development. In mammalian
systems, PcG proteins regulate genes involved in development
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and differentiation via epigenetic mechanisms. Transcriptional
profiling of human tumor samples holds significant promise
for the advancement of cancer therapy, both in terms of
improving diagnosis as well as predicting patient responses to
treatment. Recently, an RNA expression signature associated
with ‘stem-cell-ness’, based partly on PcGs-driven trans-
criptional changes, was postulated to predict poor therapeutic
outcome in patients with various types of cancers (48).
Although these claims await further validation, they suggest
that levels of PcGs expression might prove valuable as
prognostic markers, particularly because EZH2 and BMI-1
overexpression appears to be tightly correlated with poor
prognosis in various types of cancers (49,50). BMI-1 was
originally identified as an oncogene (8). BMI-1 up-regulation
induces development of B- and T-cell lymphomas (7.41.42).
In this study, we found that EZH2 and BMI-1 RNAs are
up-regulated in osteosarcoma cell lines and patient samples,
following the study of overexpression of EZH2 in the U20S
human osteosarcoma cell line (51). Steele et al reported that
CDB8+ T-cell epitopes derived from EZH2 and BMI-1 elicited
T-cell responses as assessed by IFN-y release confirming the
presence of CD8 responses against these proteins in patients
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Figure 2. Histone H3-K27 is trimethylated in osteosarcoma which over-
expressed EZH2 and BMI-1. (A) Immunohistochemical examination revealed
that osteosarcoma cells lines and osteosarcoma biopsy samples expressed
EZH2 more strongly than NHOst and normal bone tissue (red, EZH2; blue,
Hoechst 33258). (B) Immunohistochemical examination revealed that
osteosarcoma cells lines and osteosarcoma biopsy samples expressed BMI-1
more strongly than NHOst and normal bone tissue (red, BMI-1; blue, Hoechst
33258). (C) To determine if overexpression of polycomb proteins promoted
histone H3K27 trimethylation, we performed immunohistochemistry using
trimethylated histone H3K27-specific antibody. Histone H3K27 was found
to be trimethylated more strongly in osteosarcoma cells lines and osteosarcoma
biopsy samples than in normal osteoblasts and bone tissue (green, trimethy-
lated histon H3K27; blue, Hoechst 33258).

with cancer (52). These findings suggest that EZH2 and
BMI-1 may be usefultargets for cancer immunotherapy of
osteosarcoma.

The PRC2 containing EZH2 controls gene repression
through recruitment of histone deacetylase. Thig recruitment
leads to local chromatin deacetylation and subsequent
trimethylation of Lys,; of histone H3 (H3K27). Histone H3K27
trimethylation is a property of stably silenced heterochromatin.
The PRC1 complex containing BMI-1 subsequently binds to
histone H3K27, suppresses gene expression and contributes
to the maintenance of epigenetic memory (53). In this study,
we found that histone H3K27 was trimethylated both in
osteosarcoma cell lines and patient samples. These findings
suggest the possibility that overexpressed EZH2 and BMI-1
are functionally active and promote histone H3K27 trimethy-
lation in osteosarcoma as in stem cells and other types of
cancer cells (45,54,55). In addition, trimethylated histone
H3K27 suppresses target gene expression via epigenetic
regulation (45,55,56). The gene suppression may contribute
to the pathogenesis of osteosarcoma. BMI-1 represses the
transcription of cell cycle repressors encoded by the ink4a
locus (41,57-59). Although PcG proteins are generally
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Figure 3. the knock-down of EZH2 and BMI-1 does not inhibit osteosarcoma growth in vitro. (A) 143B cells were transfected with EZH2 shRNA and BMI-1
shRNA. Real-time PCR revealed the knock-down effect by EZH2 shRNA or BMI-1 shRNA. (B) MTT assay showed that knock down of EZH2 and BMI-/ did
not prevent 143B growth in vitro. (C) MTT assay showed that knock down of EZH2 and BMI-/ did not prevent HOS growth in vitro. (D) Double knock-down

of EZH2 plus BMI-1 did not prevent HOS and 143B growth in vitro.

recognized as suppressors of target gene transcription, Shi ef al
reported that EZH2 enhances the transcription of ¢-myc and
cyclin D1 (60). We previously found that transcription of
c-myc is activated and expression of the ink4a locus are
suppressed in osteosarcoma (61). These findings suggest
that these genes may be targets of EZH2 and BMI-1 in
osteosarcoma.

It has been reported that overexpression of EZH2 or BMI-1
promotes malignant transformation (21,36,38,40-47 49). In
addition, inhibition of EZH2 or BMI-I inhibits growth of
various types of malignancies (38,41-43,45,46,49). These
findings suggest that EZH2 and BMI-1 play roles in regulating
cell proliferation and survival and that EZH2 or BMI-1 may be
useful as molecular targets in various types of malignancies.
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Figure 4. The knock-down of EZH2 and BMI-] does not inhibit
osteosarcoma growth in vivo. (A) Control shRNA-transfected 143B cells,
EZH2-shRNA-transfected 143B cells and BMI-1-shRNA-transfected cells
(1x10%) were inoculated subcutaneously. Established 143B tumors were
measured. The tumor volume was evaluated 5 weeks after transplantation
(n=3, each group. Error bar, mean standard division).

In fact, pharmacologic interference of EZH2 function induces
selective apoptosis of cancer cells but not normal cells (62).
In the present study, we examined the effect of EZH2 and
BMI-1 knock-down in osteosarcoma and found unexpectedly
that EZH?2 or BMI-1 knock-down by shRNA did not prevent
osteosarcoma growth in vitro or in vivo. These findings are
contrary to those reported in previous studies. Two groups
reported that although PcG protein overexpression appeared
to be correlated with poor prognosis for some types of
malignancies, low BMI-1 expression was correlated with
poor prognosis of endometrial carcinomas and malignant
melanocytic lesion (63,64). These studies suggest that osteo-
sarcoma may be included among these types of malignancies.
In addition, Mc¢Garvey et al reported that EZH2 knock-down
results in increased expression of unmethylated and basally
expressing genes but not of completely silenced and hyper-
methylated tumor suppressor genes (65). These findings
suggest that important regulator genes for osteosarcoma growth
may be hypermethylated. BMI-1 co-overexpression with
other inducers, such as H-RAS, hTERT and pl6™%# shRNA,
resulted in efficient malignant transformation (36,40.41.44).
These findings in turn suggest that other factors might be
regulated in addition to BMI-1 to suppress osteosarcoma
growth. Taken together, these findings suggest that inhibition
of PcG proteins may not be useful for treatment of some other
malignancies in addition to osteosarcoma.
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In conclusion, we found that EZH2 and BMI-1 are up-
regulated in osteosarcoma. EZH2 and BMI-1 may be useful
targets for cancer immunotherapy of osteosarcoma, although
knock-down of EZH2 and BMI-I could not prevent osteo-
sarcoma growth. Further investigation of the functions of
EZH?2 and BMI-1 in osteosarcoma is needed.
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Abstract

Background: The Hedgehog signaling pathway functions as an organizer in embryonic development. Recent
studies have demonstrated constitutive activation of Hedgehog pathway in various types of malignancies.
However, it remains unclear how Hedgehog pathway is involved in the pathogenesis of osteosarcoma. To explore
the involvement of aberrant Hedgehog pathway in the pathogenesis of osteosarcoma, we investigated the
expression and activation of Hedgehog pathway in osteosarcoma and examined the effect of SMOOTHENED (SMO)
inhibition.

Results: To evaluate the expression of genes of Hedgehog pathway, we performed real-time PCR and
immunohistochemistry using osteosarcoma cell lines and osteosarcoma biopsy specimens. To evaluate the effect of
SMO inhibition, we did cell viability, colony formation, cell cycle in vitro and xenograft model in vivo. Real-time PCR
revealed that osteosarcoma cell lines over-expressed Sonic hedgehog, Indian hedgehog, PTCH1, SMO, and GLI. Real-

patients with osteosarcoma.

time PCR revealed over-expression of SMO, PTCH1, and GLI2 in osteosarcoma biopsy specimens. These findings
showed that Hedgehog pathway is activated in osteosarcomas. Inhibition of SMO by cyclopamine, a specific
inhibitor of SMO, slowed the growth of osteosarcoma in vitro. Cell cycle analysis revealed that cyclopamine
promoted G1 arrest. Cyclopamine reduced the expression of accelerators of the cell cycle including cyclin D1,
cyclin E1, SKP2, and pRb. On the other hand, p219P" wprotein was up-regulated by cyclopamine treatment. In
addition, knockdown of SMO by SMO shRNA prevents osteosarcoma growth in vitro and in vivo.

Conclusions: These findings suggest that inactivation of SMO may be a useful approach to the treatment of

Background

Osteosarcoma is the most common primary bone malig-
nant tumor occurring mainly in children [1]. After
initial diagnosis is made by biopsy, treatment consists of
preoperative chemotherapy, followed by definitive sur-
gery and postoperative chemotherapy. Survival has
improved over the past several decades. Indeed, patients
with non-metastatic disease have a 70% chance of long-
term survival, Unfortunately, patients with metastatic
disease at diagnosis and those who have recurrent dis-
ease have a poor: prognosis, with only 20% surviving at 5
years, indicating that new therapeutic options for them
need to be actively explored. In cancer cells,
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dysregulation of cell division and apoptotic processes
contribute to both drug resistance and metastatic poten-
tial [2,3]. It has been reported that inactivation of the
cell cycle regulatory pathway centered around the Rb
gene is a critical step in the pathogenesis of osteosar-
coma [4]. Although such dysregulation may constitute a
potent source of new therapeutic targets, the molecular
mechanisms of regulation of osteosarcoma cell prolifera-
tion are largely unknown.

Hedgehog (Hh) pathway has been implicated in differ-
ent aspects of animal development, acting through sev-
eral components, including the transmembrane proteins
PATCHED (PTCH1) and SMOOTHENED (SMO), to
activate the GLI zinc-finger transcription factors {5,6].
Hh pathway is critical for many processes during
embryonic and postnatal development, including prolif-
eration, differentiation, specification of cell fate,

© 2010 Hirotsu et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Cornmons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is propedy cited.
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left-right asymmetry, and morphogenesis [7]. Sporadic
and familial mutations in the Hh pathway genes,
PTCH1, suppressor-of-fused, and SMO, leading to ele-
vated expression of downstream target genes including
GLI, have been reported in basal cell carcinoma and the
pediatric brain tumor medulloblastoma [8,9]. In addi-
tion, the growth of many cancers has been suggested to
depend on continuous Hh pathway even in the absence
of activating mutations in the pathway (reviewed in
ref. [10]).

To explore the involvement of Hh pathway in the
pathogenesis of osteosarcoma, we investigated the
expression and activation of the Hh pathway genes in
osteosarcoma and examined the effect of inhibition of
SMO by cyclopamine, a specific inhibitor of SMO [11]
or SMO shRNA.

Results

Over-expression of Hh-GLI pathway molecules in
osteosarcoma

To examine the role of Hhi;4GLI pathway in osteosar-
coma, we tested for the expression of Hh in osteosar-
coma cell lines. Real-time PCR revealed that 4 of 5
human osteosarcoma cell lines increased Sonic Hedgehog
(SHH) 2.1- to 18.8-fold (Fig. 1). In addition, 5 of 5
osteosarcoma cell lines increased Desert Hedgehog 1.3-
to 24.4-fold (Fig. 1). To further examine Hh pathway
molecules expression, we performed real-time PCR for
Hh receptors and Hh target genes. PTCHI was up-regu-
lated 2.7-to 65.8-fold in 5 of 5 human osteosarcoma cell
lines. SMO was up-regulated 2.1-to 5.8-fold in 4 of 5
human osteosarcoma cell lines. SMO was up-regulated
2.1-to 5.8-fold in 4 of 5 human osteosarcoma cell lines.
GLII was up-regulated 2.5-to 8.9-fold in 5 of 5 human
osteosarcoma cell lines. GLI2 was up-regulated 1.2-to
9.9-fold in 5 of 5 human osteosarcoma cell lines. To
extend these findings, we performed immunocytochem-
istry for SMO and GLI2, and found that only osteosar-
coma cells expressed detectable levels of SMO and
GLI2. GLI2 was located in the nuclei of osteosarcoma
cells (see additional file 1). We next examined SMO
expression in osteosarcoma patient’ biopsy specimens.
Real-time PCR revealed that 9 of 9 human biopsy speci-
mens of osteosarcoma increased SMO 1.44- to 55.5-fold
(Fig. 2). In addition, real-time PCR revealed that expres-
sion of PTCH1 was increased in 8 of 9 patients’ biopsy
samples 2.44- to 29.4-fold (Fig. 2). GLI2 was up-regu-
lated 2.5-to 58.4-fold in 9 of 9 human biopsy specimens
of osteosarcoma (Fig. 2). Of most importance was the
finding that markers of active Hhi;4GLI signaling, GLI2
and PTCHI were consistently up-regulated in the exam-
ined osteosarcoma cells, demonstrating the aberrant
Hh-GLI pathway activation [12-14]. Our findings sug-
gest that Hh-GLI signaling is active in osteosarcomas.
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Inhibition of SMO prevents osteosarcoma growth in vitro

To determine whether activation of Hh-GLI signaling is
required for osteosarcoma cell growth, we used cyclopa-
mine, a pharmacological agent known to effectively
block Hh-GLI signaling by inhibiting SMO activation
[11]. We performed real-time PCR to determine
whether cyclopamine effectively inhibited the expression
of the GLI target gene PTCH1 and GLI2 [14]. Cyclopa-
mine at 20 pM reduced mRNA levels of PTCHI and
GLI2 in osteosarcoma cells by more than 60%, consis-
tent with the expected down-regulation of Hh-GLI sig-
naling (Fig. 3A). As cyclopamine was used to prevent
cancer cells growth at 10 to 20 pM [15-17] we decided
20 uM was appropriate concentration for osteosarcoma.
MTT assay showed that cyclopamine slowed the growth
of HOS and 143B in dose-dependent fashion (Fig. 3B).
On the other hand, MTT assay showed that prolifera-
tion of osteosarcoma cells was enhanced by SHH. We
next used a clonogenic assay to determine whether cells
capable of forming anchorage-independent colonies
were depleted by cyclopamine. This assay revealed
cyclopamine reduced colony formation in soft agar (Fig.
3C). These findings suggest that inhibition of SMO
inhibited osteosarcoma growth in vitro.

Hh signaling regulates cell cycle of osteosarcoma

We examined cell cycle characteristics by flow cytometry.
Of 143B cells cultured without cyclopamine, 39.8% of
cells were in G1 phase, while 56.6% of cells were in G1
phase following treatment with cyclopamine. In the case
of HOS cells were cultured without cyclopamine, 55.4%
cells were in G1 phase. On the other hand, when cul-
tured with cyclopamine, 72.3% of cells were in G1 phase
(Fig. 4A). These findings suggested that cyclopamine pro-
moted G1 arrest. We then examined the transcription of
cell cycle-related genes. Real-time PCR revealed that
cyclopamine prevented the transcription of accelerators
of the cell cycle including cyclin D1, cyclin EI, SKP2, and
NMYC (Fig. 4B). In mammalian cells, cyclin D, cyclin E,
and p21°P! are short-lived proteins that are controlled by
ubiquitin-dependent proteolysis. We performed western
blot analysis to determine protein levels, and found that
cyclopamine reduced the levels of expression of cyclin D1
and cyclin E1 proteins. Cyclopamine also reduced the
levels of expression of cyclin D1, cyclin E1, pRb, and
SKP2 proteins (Fig. 4C). We next examined the expres-
sion of p21°P}, and found that p21°P! protein was up-
regulated by cyclopamine treatment (Fig. 4C). These find-
ings suggested that cyclopamine promoted G1 arrest by
inhibition of G1-S phase progression. These findings sug-
gest that inhibition of SMO inhibited osteosarcoma
growth via cell cycle regulation.

Knock down of SMO prevents osteosarcoma growth in vivo

To confirm the effect of SMO suppression, we examined
the effect of SMO shRNA. 143B was transfected with



