Osteopontin mRNA Is Expressed by Smooth Muscle-derived Foam Cells in
Human Atherosclerotic Lesions of the Aorta
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Abstract

Osteopontin is a phosphorylated, sialic acid-rich, noncollagen-
ous bone matrix protein containing the Arg-Gly-Asp-Ser amino
acid sequence responsible for cell adhesion. The protein
strongly binds to hydroxyapatite and play an important role in
calcification. Expression of osteopontin mRNA was analyzed in
human aortic atherosclerotic lesion by Northern blot hybridiza-
tion, as well as by in situ hybridization. The expression of os-
teopontin mRNA was detected in 24 out of 25 samples of aorta
obtained from 17 autopsy cases, but not in one normal aortic
sample. The magnitude of expression was proportional to the
stage of atherosclerosis. In situ hybridization revealed that the
cells expressing osteopontin mRNA were detected in the wall
surrounding atheroma and closely associated with calcification.
They were morphologically identified as foam cells and immu-
nohistologically positive with HHF35, appearing to be derived
from smooth muscle cells. These findings have suggested that
smooth muscle cell-derived foam cells express osteopontin
mRNA and play an important role in calcification of the athero-
sclerotic lesions. (J. Clin. Invest. 1993. 92:2814-2820.) Key
words: osteopontin « atherosclerosis * aorta « foam cells « human

Introduction

Osteopontin is a 44-kD acidic, sialated, phosphorylated glyco-
protein purified from bone (1, 2), and it is known to be one of
several noncollagenous bone matrix proteins. The cDNA has
been cloned from a rat osteosarcoma cell line, ROS17/2.8 (3).
Sequence analysis has revealed that it contains the Arg-Gly-
Asp-Ser amino acid sequence found in fibronectin and a num-
ber of other extracellular proteins recognized by the integrin
superfamily (4). Subsequently, cDNA for a protein called 2ar
was cloned from the mouse JB6 epidermal cell line C122 after
treatment with 12-O-tetradecanoyl-phorbol-13-acetate (5). It
was subsequently established that 2ar is the murine homologue
of rat osteopontin (5, 6).

Osteopontin mRNA was detected in several organs, and its
presence was especially strong in developing bones, kidney,
and gall bladder (7-13). In developing bones, osteopontin
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mRNA is expressed in osteoblastic cells (10), and we found
recently that in adult rat bones, osteopontin mRNA was ex-
pressed in osteocytes, osteoclasts, and acid phosphatase—posi-
tive mononuclear cells on the bone resorption surface, but not
in osteoblasts (12). In the kidney, osteopontin is expressed in
the tubules of the cortex and in loops of Henle (10).

Atherosclerosis is a common arterial disease in the middle
aged and elderly, and most of advanced atherosclerotic lesions
are accompanied by calcification. The mechanism of calcifica-
tion in the atherosclerotic lesions remains unclear. However,
some noncollagenous bone matrix proteins may be associated
with the induction of aortic calcification because they are
thought to influence the local mechanism of calcification (14).
In fact, mRNA of osteopontin (one of bone matrix proteins) is
detected in the kidney, where calcification often occurs. Thus,
in the present study, the expression of osteopontin mRNA in
atherosclerotic lesions of the human aorta was surveyed by in
situ hybridization and Northern blot hybridization, and im-
munohistological analysis was performed to characterize the
cells expressing osteopontin mRNA.

Methods

Tissue samples. For in situ hybridization, 17 samples were obtained
from aortic arch, thoracic and abdominal aorta of 13 autopsy cases
ranging in age from 62 to 90 yr. Postmortem intervals ranged from 1 to
18 h. All the samples excised were fixed for 24 h at 4°C with 4% para-
formaldehyde in 0.1 M phosphate buffer containing 0.1% diethyl pyro-
carbonate (Sigma Immunochemicals, St. Louis, MO) and processed
for paraffin section. For Northern blot analysis, aortic specimens were
obtained from four additional autopsy cases ranging in age from 76 to
83 yr with clearly demarcated atherosclerotic lesions. A segment of
thoracic or abdominal aorta was divided into two portions, putatively
normal aorta and atherosclerotic lesion, and they were separately fro-
zen in liquid nitrogen.

Microscopic analysis. Paraffin sections were stained with hematox-
ylin eosin and atherosclerotic lesions were classified into fibro-fatty
lesions, fibrous plaques, and advanced plaques according to the report
by Gown, Tsukada, and Ross (15). In 17 samples, there were 12 fibro-
fatty lesions, 5 fibrous plaques, and 5 advanced plaques, and all these
lesions were examined by in situ hybridization.

In situ hybridization. [*S]UTP-labeled single-stranded antisense
and sense riboprobes for rat and human osteopontin (3, 16) cloned
into pSPT18 were transcribed by SP6 or T7 RNA polymerase using a
transcription kit (SP6/T7 Boehringer Mannheim GmbH, Mannheim,
Germany). The [3*S]UTP-labeled probes were used for hybridization
at a concentration of 1 X 10* cmp/ul in 50% formamide, 10% dextran
sulfate, 0.6 M NaCl, 10 mM Tris-HCI (pH 7.6), 1| mM EDTA, 1Xx
Denhardt’s solution, 0.25% SDS, 10 mM DTT, and 0.2 mg/ml transfer
RNA. Treatment of the slides and hybridization conditions were the
same as described previously (10, 12, 17). Briefly, after dewaxing with
xylene, the sections were rehydrated, fixed again for 15 min with the
same fixative as described above, treated with 0.25% acetic anhydride
in 0.1 M triethanolamine HCI1 (pH 8.0) for 10 min, dehydrated in
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Figure 1. Northern blot hybridization of osteopontin mRNA in hu-
man aorta. Osteopontin mRNA expression in advanced calcified
atherosclerotic lesions or early atherosclerotic lesions of the aorta. 20
ug of RNAs isolated from calcified atherosclerotic lesions (C), early
atherosclerotic lesion ( E), or putatively normal part (E*) of the aorta
in four autopsy cases were separated in 1.2% formaldehyde-agarose
gel, transferred to Hybond N membranes, hybridized with rat osteo-
pontin cDNA probe (upper panel) or human g-tubulin probe (lower
panel) for control hybridization.

B-tubulin -

Figure 2. In situ hybridization of osteopontin mRNA in atherosclerotic lesions of human aorta. (a) Scattered presence of cells expressing osteo-
pontin mRNA in the diffusely thickened intima. X75. (b) A fibrous plaque surrounded by osteopontin mRNA positive cells. X40. (¢) Dense
accumulation of positive cells in the wall covering an advanced atheromatous plaque. X20. (d) Higher magnification of (¢) showing many posi-
tive cells in the wall, but a few in the atheromatous debris. X75.
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ethanol, and dried in air. The hybridization solution was spread over
the sections, and the slides were incubated overnight at 50°C in plastic
humidified boxes. After hybridization, the sections were washed twice
in 50% formamide solution containing 2X SSC and 50 mM DTT at
50°C for 30 min. Then, the sections were washed twice in 2X SSC and
twice in 0.2X SSC at 50°C for 30 min. They were then dehydrated in
ethanol and dipped in NTB-3 emulsion (Eastman Kodak, Rochester,
NY) diluted 1:1 with 2% glycerol solution. The dipped slides were
placed on ice-cold plate for 15 min, dried at room temperature for 3 h,
and exposed at 4°C in desiccated slide boxes for 3 wk. The exposed
slides were developed in D-19 developer at 20°C for 10 min. They were
counterstained with hematoxylin and eosin.

Northern blot hybridization. Northern blot analysis: total RNAs
were isolated from frozen aortic tissues by single-step acid quanidine
phenol chloroform method (18). 20 ug of the isolated RNAs were
electrophoresed in a 1.2% agarose-formaldehyde gel, and blotted onto
membranes (Hybond N; Amersham International, Amersham, United
Kingdom). The membranes were hybridized with 32P-labeled cDNA
probe at 65°C in a rapid hybridization buffer (Amersham Interna-
tional), washed in 0.2X SSC buffer containing 0.1% SDS at 65°C, and
exposed to Kodak XRP-5 film with lightening (Cronex; DuPont Phar-
maceutical, Inc., Wilmington, DE) plus intensifying screen. cDNA
probes used were those for human osteopontin (16) and human g-tu-
bulin.

Immunohistology. Monoclonal antibodies used in the present
study were HHF35 against muscle actin (Enzo Biochem, Inc., NY),
and anti-human macrophages, CD68 (Dakopatts, Copenhagen, Den-
mark ). They were used as primary antibody at the dilution of 1:40 with
PBS and detected by Histofine Sappo kit (Nichirei Co., Tokyo, Japan)
with 3,3’-diaminobenzidine tetrahydrochloride.

Results

Expression of osteopontin mRNA in atherosclerotic lesions.
Aortic samples from four autopsy cases were examined for the
expression of osteopontin mRNA by Northern blot analysis. In
these selected four cases, atherosclerotic lesions and putatively

normal portions were rather easily distinguishable by naked
eyes, and could be separately examined and compared in the
same individual. Histological examination revealed that the
putatively normal aortic portion of the case numbers 1, 2, and
3 contained diffuse intimal thickening, fibro-fatty lesions, and
fibrous plaques, but that of the case number 4 appeared almost
normal, just showing slight intimal thickening. The atheroscle-
rotic lesions of all four cases were composed of advanced
plaques with ulcer and calcification in places. To clarify the
association between the pathological changes of atherosclerosis
and the expression of osteopontin, RNAs extracted from four
pairs of samples were examined for the expression of osteopon-
tin. As shown in Fig. 1, single species of mRNA was detected by
rat osteopontin probe in both atherosclerotic lesions (desig-
nated as C in Fig. 1) and putatively normal portions (desig-
nated as E), but not in RNA prepared from normal aortic wall
of case 4 (E* in Fig. 1). It is interesting to note that the expres-
sion of osteopontin mRNA was always greater in the atheroscle-
rotic lesions with calcification (C) than in the putatively nor-
mal portions (E), although the extent of expression varied
from case to case. Above all, in case 4, the expression of osteo-
pontin mRNA was very strong in the atherosclerotic lesion,
while almost negligible in the normal aortic portion. These
findings suggest two following implications: (a) osteopontin
mRNA is not expressed in the aortic wall of normal physiologic
condition; and (b) the expression of osteopontin mRNA is
already observed in the aortic wall having earlier atheroscle-
rotic lesions such as diffuse intimal thickening and fibro-fatty
lesions, and the magnitude of expression appears to be propor-
tional to the stage of atherosclerosis.

Distribution of osteopontin mRNA in atherosclerotic le-
sions. The expression of osteopontin mRNA by in situ hybrid-
ization was examined in 17 atherosclerotic lesions, 12 fibro-

in the wall covering atheromatous plaque (a), and many of them expressing osteopontin mRNA (b). X240.
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fatty lesions, 5 fibrous plaques, and 5 advanced plaques. The
expression was observed in all 22 lesions analyzed. The hybrid-
ization signal for osteopontin mRNA was closely associated
with the stage of atherosclerosis. Osteopontin mRNA positive
cells were scattered in the thickened intimal layer of fibro-fatty
lesions of the aorta (Fig. 2 a). In fibrous plaques, hybridization
signals were detected around the fibrous mass (Fig. 2 b). In
advanced plaques, hybridization signals were seen in the wall
around atheromatous debris (Fig. 2, ¢ and d), apparently in-
creasing in number and intensity as compared with atheroscle-
rotic lesions of earlier stage. At higher magnification of serial
neighboring sections, the cells expressing osteopontin mRNA
were identified to be foam cells (Fig. 3 a and b). ‘

To see the relationship between the expression of osteopon-
tin mRNA and deposition of calcium, the adjacent section of
that used for in situ hybridization was stained with von Kossa
method. It was revealed that deposition of calcium and hybrid-
ization signals were not seen in exactly the same site, but seen
side by side, closely associated with each other (Fig. 4, aand b).

Immunohistological identification of the cells expressing
osteopontin mRNA. Foam cells in atheromatous lesions could
be either macrophages or smooth muscle-derived cells. To
identify which type of cells were expressing osteopontin
mRNA, two serial adjacent sections were immunohistologi-
cally stained with either HHF35 recognizing smooth muscle
antigen or anti-CD68 antibody recognizing human macro-
phage. Generally, two types of cells were intermingled in many
places so that it was not easy to determine which types of cells,
HHF35- or CD68-positive cells, were expressing osteopontin
mRNA. Nevertheless, there were several places where they
were distributed in different places, or only one type of cells
was seen. Fig. 5 a-c are a set of three serial sections, where
HHF35-positive cells (Fig. 5 a) and CD68-positive cells (Fig. 5
¢) are distributed in different layers of the thickened intima; the
former are in the upper and middle layers, and the latter are in
the bottom layer. The cells expressing osteopontin mRNA are
distributed in the middle layer (Fig. 5 b), and the pattern of
distribution is almost identical to that of HHF35-positive cells.
Fig. 5 d-fare another set of three serial sections including ath-
eroma, where only HHF35-positive cells (Fig. 5 d, arrows),
but a few CD68-positive cells (Fig. 5 f), are seen in the wall of
atheroma. In this case also, the cells expressing osteopontin
mRNA (Fig. 5 ¢) are seen in the same place where HHF35-posi-
tive cells are present. Fig. 6 a shows one place where only
CD68-positive foam cells are present in atheromatous debris,
but no HHF35-positive cells (data, not shown ). In an adjacent
section examined by in situ hybridization, however, there are
no cells expressing osteopontin mRNA (Fig. 6 b). In this re-
gard, we could not rule out the possibility that the absence of
HHF35 staining in the atheromatous debris is caused by the
alteration of its epitope beyond antibody recognition in the
unusual physicochemical microenvironment of the necrotic
core.

These findings taken together have suggested that foam
cells expressing osteopontin mRNA in the atherosclerotic le-
sions are smooth muscle—derived cells.

Discussion

The present study has indicated that smooth muscle-derived
foam cells express osteopontin mRNA in the atherosclerotic
lesions of the aorta, and the magnitude of expression increases

Figure 4. Comparison of in situ hybridization of osteopontin mRNA
and von Kossa staining. (a) Strong expression of hybridization signals
is seen in the tissue covering an atheromatous debris. (5) An adjacent
section of (b) stained with von Kossa methods to see the distribution
of calcium deposits. The calcium deposits are seen in close association
with the sites where hybridization signals are present, but not in the
same place. X75.

in proportion to the stage of atherosclerosis. Regarding the ex-
pression of osteopontin mRNA in the aorta, Giachelli et al.
(19) investigated rat aorta and reported that osteopontin
mRNA was detected in the aorta and carotid, and the expres-
sion in the latter was enhanced after injury. In the human
aorta, however, we have shown that osteopontin mRNA is not
detected in an almost normal aorta by Northern blot analysis,
and that by in situ hybridization, the expression of osteopontin
mRNA was not seen in normal smooth muscle cells in the
media. In this respect, Brown et al. (13) reported that there was
no evidence of osteopontin transcript in association with
smooth muscle of the various organs, and this report is consis-
tent with ours. The enhanced expression of osteopontin
mRNA in rat carotid after injury may be consistent with the
present finding that the osteopontin expression is detected in
the atherosclerotic lesions, but not in normal portion.
Osteopontin is one of the noncollagenous proteins in bone
matrix, and is known to be produced in osteoblasts in develop-
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Figure 5. Immunobhistological staining of HHF35 (anti-smooth muscle antigen) and CD68 (anti-human macrophages), and in situ hybridiza-
tion of osteopontin mRNA in three serial sections (a-c and d-f). (a) HHF35 staining of an atherosclerotic lesion. Zonal distribution of positive
cells in the subendothelial layer and the middle layer: The cells in the middle layer are larger than those in the subendothelial layer. () In situ
hybridization of osteopontin mRNA. Positive cells are seen in the middle layer. (¢) CD68 staining, showing positive cells in the bottom layer
and a few in the middle layer. (d) HHF35 staining of an atheromatous plaque. Positive cells are scattered in the wall covering atheromatous
debris. (¢) Focal accumulation of the cells expressing osteopontin mRNA. () A few CD68-positive cells in the lower part of the photomicro-
graph. Arrows indicate the corresponding site where cells expressing osteopontin mRNA are present. X100.
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Figure 6. In situ hybridization of osteopontin mRNA. (a) Presence of
numerous CD68-positive cells in atheromatous lesion in the upper
half. The lower half is the media. X100. (b) In situ hybridization of
osteopontin mRNA performed on an adjacent section. Positive cells
are not seen. X100.

ing bone (7). The function of osteopontin is still not fully un-
derstood in the bone tissue, although it contains the Arg-Gly-
Asp-Ser adhesion molecule identical to that of fibronectin (4),
which is suggested to be involved in cell attachment (7, 20).
However, the findings in the present study have suggested that
the expression of osteopontin is associated with the calcifica-
tion that frequently occurs in advanced stages of atherosclero-
sis of the aorta. In bone tissue, calcification is known to initiate
in small vesicular structures termed “matrix vesicles,” where
hydroxyapatite crystals are detected (21). It is interesting to
note that the same “matrix vesicles” were found in the athero-
sclerotic lesions (22). Furthermore, Tanimura et al. (23) re-
ported that matrix vesicles found in the atherosclerotic lesions
were derived from smooth muscle cells. Therefore, it is sug-
gested that calcium deposition in atherosclerotic lesions is initi-
ated in matrix vesicle derived from smooth muscle cells. This
hypothesis is strongly supported by our present findings that
osteopontin mRNA was detected in smooth muscle-derived
foam cells in the atherosclerotic lesions of aorta, and that cal-
cium deposits were seen in the area around these cells. These

findings, including ours, are compatible with each other be-
cause osteopontin has strong capacity to bind hydroxyapatite
(3, 7). It is of considerable interest that osteopontin mRNA is
detectable not only in bones, but also in the kidney and aorta.
Both the kidney and aorta are known to be sites where hetero-
topic calcification often occurs. Osteopontin was reported to
play a role in the formation of urinary stone (24). These find-
ings, together with our present data, have suggested that osteo-
pontin is associated with not only bone metabolism, but also
pathological calcification in other organs. In this respect, it is
interesting to note that bone morphogenetic protein-2a was
found to be expressed in calcified human atherosclerotic
plaque (25). Elucidation of the precise mechanism of calcifica-
tion in the atherosclerotic lesion of the aorta and branching
arteries would be an important approach to understand the
process of atherosclerosis, and this should include more exten-
sive study on the expression of osteopontin and bone morpho-
genetic protein-2a in the atherosclerotic lesions.

Origin of foam cells in human atherosclerotic lesions was
examined immunohistologically using HHF35 (anti-smooth
muscle) and HAMS56 (anti-human macrophages) antibodies,
and they were reported to be derived from either smooth mus-
cle cells or macrophages (15, 26). Gown et al. (15) reported
that foam cells expressed either HHF35 or HAMS6, and never
both of these. In practice, both types of foam cells are intermin-
gled in most places of atherosclerotic lesions. But the question
is which type of cells express osteopontin mRNA in atheroscle-
rotic lesions. By careful examination, however, it is possible to
find sites where both types of foam cells are distributed in dif-
ferent places, or only one type of foam cells are present. In the
present study, we extensively searched for such places and
found that the cells expressing osteopontin mRNA are HHF35
positive and appear to be derived from smooth muscle cells. To
confirm this finding, more skillful examination using double or
triple immunohistological staining would be required.

Expression of various kinds of molecules were reported to
be present in atherosclerotic lesions; i.e., stromelysin (27), li-
poprotein lipase (28 ), apolipoprotein E (29), and macrophage
colony-stimulating factor (30, 31). All of these have been con-
sidered to be expressed by both smooth muscle cells and macro-
phages, and functional similarity has been suggested between
them.

In the present study, we have focused on the finding that the
cells expressing osteopontin mRNA are present in the athero-
sclerotic lesions and may play an important role in calcification
of the aorta.
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