Communication

Expression Cloning of a Novel
Scavenger Receptor from Human
Endothelial Cells*

(Received for publication, September 11, 1997, and in revised
form, October 21, 1997)

Hideki Adachi}§, Masafumi Tsujimotoi,

Hiroyuki Araif, and Keizo Inouefl

From the tLaboratory of Bioorganic Chemistry, The
Institute of Physical and Chemical Research (RIKEN),
Wako-shi, Saitama 351-01, Japan and the Y1Department
of Health Chemistry, Graduate School of
Pharmaceutical Science, The University of Tokyo,
Bunkyo-ku, Tokyo 113, Japan

Scavenger receptors mediate the endocytosis of chem-
ically modified lipoproteins, such as acetylated low den-
sity lipoprotein (Ac-LDL) and oxidized LDL (Ox-LDL),
and have been implicated in the pathogenesis of ather-
osclerosis. The evidence that endothelial cells possess
scavenger receptor activity is substantial, and this prop-
erty is widely used in the isolation of endothelial cells
from vascular tissues. In the current study, we have
isolated, by expression cloning, the ¢cDNA encoding a
novel type of scavenger receptor expressed by endothe-
lial cells (SREC), which mediates the binding and deg-
radation of Ac-LDL. The primary structure of the mole-
cule has no significant homology to other types of
scavenger receptors, including the recently cloned en-
dothelial cell Ox-LDL receptor, a member of the C-type
lectin family. The ¢cDNA encodes a protein of 830 amino
acids with a calculated molecular mass of 85,735 Da
(mature peptide). Chinese hamster ovary cells stably
expressing SREC bound '?°I-labeled Ac-LDL with high
affinity (K; = 3.0 ug/ml, approximately 1.7 nm) and de-
graded them via an endocytic pathway. Association of
Dill-Ac-LDL were effectively inhibited by Ox-LDL, ma-
londialdehyde-modified LDL, dextran sulfate, and poly-
inosinic acid, but not by natural LDL and heparin. The
cloned receptor has several characteristic domain
structures, including an N-terminal extracellular do-
main with five epidermal growth factor-like cysteine
pattern signatures and an unusually long C-terminal
cytoplasmic domain (391 amino acids) composed of a
Ser/Pro-rich region followed by a Gly-rich region.

Chemically modified low density lipoprotein (LDL)?, such as
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acetylated LDL (Ac-LDL) and oxidized LDL (Ox-LDL), can be
rapidly taken up by cultured macrophages and some other cells
via receptor-mediated endocytosis. The receptor involved in
this pathway is called a scavenger receptor. The first scavenger
receptors to be purified and cloned were the macrophage type I
and type II receptors (1, 2). Receptors that recognize chemically
modified LDL, but which are distinct from the type I and II
macrophage scavenger receptors, have been identified in
macrophages and some other cell types (3—6). It is well recog-
nized that endothelial cells possess scavenger receptor activity,
and the uptake by endothelial cells of 1,1’'-dioctadecyl-3,3,3',3’-
tetramethylindocarbocyanine perchlorate (Dil)-labeled Ac-
LDL (Dil Ac-LDL) is widely used to isolate endothelial cells
from vascular tissues. However, several lines of evidence sug-
gest that the receptor present on their surface is distinct from
the scavenger receptors described to date (3-5, 7).

Recently, an endothelial receptor for Ox-LDL was cloned,
using an expression cloning strategy, from cultured bovine
aortic endothelial cells (8). The cDNA for the receptor encodes
a protein of 270 amino acid residues, with a calculated molec-
ular mass of 30,872 Da. It has a type II membrane protein
structure with a short N-terminal cytosolic domain and a long
C-terminal extracellular domain and belongs to the C-type
lectin family. Although the ligand specificity or the competitor
sensitivity of the receptor is not yet known, the cloned receptor
recognizes Ox-LDL with a high affinity, but not Ac-LDL. Sim-
ilarly, it was demonstrated that rabbit venous endothelial cells
in primary culture and a bovine aortic endothelial cell line had
no detectable mRNA of type I and type II scavenger receptors
(9). Based on these observations, we speculated that a scav-
enger receptor(s) other than those that have been cloned to
date is expressed by endothelial cells.

In the present study, we have isolated, by expression cloning,
the cDNA encoding a new type of scavenger receptor expressed
by endothelial cells (SREC) which mediates the binding and
degradation of Ac-LDL.

EXPERIMENTAL PROCEDURES

Expression Cloning—A cDNA library was constructed using the
pcDNAS3 vector (Invitrogen) with poly(A)* mRNA isolated from human
umbilical vein endothelial cells (HUVECs). To obtain long cDNA, the
entire pooled cDNA library was digested with NotI and size-fraction-
ated using 0.7% agarose gel electrophoresis. Large DNAs (>8 kb, cor-
responding to >3 kb of cDNA) were recircularized with a DNA ligation
kit (Takara, Tokyo, Japan). The resultant transformants were divided
into small pools (approximately 1,000 clones/pool), and we obtained the
plasmid DNA using a plasmid mini-kit (QIAGEN). Plasmid DNA was
transfected into Chinese hamster ovary (CHO) cells, and the tran-
siently transfected cells were screened visually for endocytosis of fluo-
rescent Dil Ac-LDL. On day 0, CHO cells were plated into six-well
plates (1 X 10° cells/well) in minimum essential medium « (medium A)
(Life Technologies, Inc.) with 10% fetal calf serum. On day 1, the cells
in each plate were transfected with 1 pg of expression library plasmid
DNA from a single pool employing Lipofect AMINE reagent (Life Tech-
nologies, Inc.). On day 3, the monolayers were refed with medium A
containing 2 pg/ml protein of Dil Ac-LDL (Biomedical Technologies
Inc.) and 5% lipoprotein deficient serum. After a 3-h incubation at
37 °C, the plates were washed twice with medium A containing 10%
fetal calf serum and then twice with PBS, and the cells were fixed with
3.0% formaldehyde in PBS for 15 min at room temperature. The pres-

arterial smooth muscle cells; poly I, polyinosinic acid; kb, kilobase
pair(s); PBS, phosphate-buffered saline; MDA-LDL, malondialdehyde-
modified LDL; EGF, epidermal growth factor.
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ence of fluorescent Dil in the fixed cells was determined by visual
inspection using fluorescence microscopy. A positive pool was serially
subdivided and retested to permit the purification of a single positive
plasmid.

The nucleotide sequence data reported in this paper will appear in
the GSDB, DDBJ, EBI, and NCBI nucleotide sequence data bases with
the following accession number D86864.

Specific Binding of '*°I-Ac-LDL to SREC-expressing CHO Cells—
CHO cells expressing the SREC (CHO-SREC) were established by a
standard method. CHO-SREC and control cells grown to confluence in
12-well plates were incubated with 0.52—-16.5 ug/ml *?°I-Ac-LDL at 4 °C
for 2 h. A standard protocol for quantifying the binding of '2°I-Ac-LDL
was employed as described previously (10). Nonspecific binding was
measured in the presence of a 20-fold excess of Ac-LDL and subtracted
from the data.

Uptake and Degradation of 1*°I-Ac-LDL by CHO-SREC Cells—CHO-
SREC cells and control cells grown to confluence in 24-well plates were
incubated with 2 ug/ml ?°I-Ac-LDL. After incubation at 37 °C for the
indicated time, degradation and association were determined in tripli-
cate wells. Degradation and association in the presence of 100 um
chloroquine were also determined.

Inhibition of Dil Ac-LDL Binding to CHO-SREC Cells by Various
Compounds—The CHO-SREC cells were incubated with 2 ug/ml Dil
Ac-LDL at 4 °C for 2 h in the presence of various inhibitors at 200
pg/ml. LDL (d = 1.019-1.063 g/ml) was prepared as described previ-
ously (6). High density lipoprotein (HDL) was obtained from Biomedical
Technologies Inc. Acetylation of LDL was achieved by the addition of
acetic anhydride, whereas oxidation was carried out by incubating at
100 pg/ml LDL in 5 mM CuSO, for 24 h at 37 °C according to a
previously described methods (10, 11). Malondialdehyde-modified LDL
(MDA-LDL) and maleyl-bovine serum albumin were prepared accord-
ing to a previously described method (12, 13). To quantify the amount of
Dil Ac-LDL, cells were washed twice with medium A, with 10% fetal
calf serum in PBS and then twice with PBS, solubilized with 0.1%
Triton X-100, and the fluorescence intensity was measured at 590/35
nm with the excitation wavelength set at 530/25 nm employing a
fluorescence multiplate reader (CytoFluorll, Perspective Biosystems).

RESULTS AND DISCUSSION

The cloned SREC ¢DNA is approximately 3.4 kb long, and
nucleotide sequence analysis revealed that this cDNA contains
an open reading frame of 2,490 base pairs. Fig. 1A shows the
deduced amino acid sequence of the cDNA. The ¢cDNA encodes
a protein of 830 amino acids with a calculated molecular mass
of 85,735 Da (mature peptide). Hydropathy analysis using the
Kyte and Doolittle algorithm (14) shows that the molecule has
two hydrophobic regions, in the N terminus and the middle of
the molecule, which could serve as a signal sequence and a
transmembrane domain, respectively. Since the N-terminal
half of the molecule contains three potential N-linked glycosy-
lation sites, we speculate at present that the molecule is a type
I transmembrane protein, having an unusually long C-termi-
nal cytoplasmic domain relative to the N-terminal extracellular
domain.

The predicted SREC has no significant homology to other
types of scavenger receptors but has several characteristic do-
main structures (Fig. 1B). There are 72 cysteine residues dis-
tributed throughout the putative extracellular domain, which
is made up of 406 amino acids. As shown in Fig. 1C, the spacing
of these residues forms 10 repeats. There are five repeats that
exactly fit the consensus sequence for an EGF-like domain
cysteine pattern signature (CXCXXXXXGXXC) (Fig. 1C) (15,
16). Two repeats (shown as segments 7 and 8 in the figure)
have one amino acid inserted into the motif. Since certain
EGF-like repeats have been shown to mediate homophilic or
heterophilic protein-protein interactions, the motifs detected in
the SREC may contribute to the oligomerization of the mole-
cule. Alternatively, as is the case with an LDL receptor, which
contains EGF precursor homology domains in its N terminus,
some of these motifs may also serve as the ligand binding
domain (17, 18). The putative transmembrane domain is fol-
lowed by a serine- and proline-rich region (Ser/Pro-rich region)
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FiG. 1. Primary structure of the SREC. A, the deduced amino acid
sequence of human SREC. The putative signal and transmembrane
sequences are underlined, cysteine residues are encircled, and the po-
tential glycosylation sites are indicated by a double underline. Serine
and proline residues located in the Ser/Pro-rich region are underlined,
the glycine residues in the Gly-rich region are boxed, and the encircled
tyrosine residue represents a possible phosphorylation site of the mol-
ecule by tyrosine kinase. B, schematic diagram of the domain structure
of the SREC. The protein is represented with its putative N-terminal
domain facing the extracellular compartment (OUTSIDE). The N-ter-
minal extracellular domain contains 10 repeats, including five EGF-like
cysteine pattern signatures. C: upper, alignment of the 10 repeat se-
quences. Conserved glycine and cysteine residues are indicated. Lower,
alignment of the EGF-like pattern signature, including human
EGF (16).

located in the N-terminal half of the cytoplasmic domain. It is
difficult to speculate on the biological significance of this region
at present; however, this domain contains several serine and
threonine residues that could potentially be phosphorylated by
various protein kinases, suggesting that some biological signals
may be delivered via the domain. Downstream of the Ser/Pro-
rich region is a glycine-rich region (Gly-rich region). There are
26 glycine residues distributed throughout a domain of 177
amino acids. In the C-terminal end of the domain, there is a
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Fic. 2. Northern blot analysis of SREC mRNA expressed in
human endothelial cells. HUVECs, CAEs, and CASMs were ob-
tained from Clonetics and cultured according to the supplier’s instruc-
tions. The amount of poly(A)" RNA from these cells was 0.5 ug. The
filter-bound RNA was hybridized with 3*P-labeled human SREC ¢DNA.
Hybridization to a human B-actin probe (CLONTECH) is shown as a
control. Molecular sizes are indicated on the left (in kilobases).

tyrosine residue (Tyr®2?) fitting the consensus sequence (RXX-
EXXY) for a site phosphorylated by tyrosine kinases (19), sug-
gesting that it may play a role in some signal transduction
processes.

We compared the expression level of the message in
HUVECs, CAEs, and CASMs. The 3.5-kb transcript was clearly
detected in HUVECs and CAEs, whereas we did not detect any
bands in CASMs (Fig. 2).

The expression plasmid containing SREC DNA was ex-
pressed in CHO cells (CHO-SREC). The binding of 12°I-Ac-LDL
was assessed following incubation of the transformed cells with
125T_Ac-LDL. Saturation binding of 12°I-Ac-LDL was observed
at 4 °C (Fig. 3A). Scatchard analysis (Fig. 34, inset) showed the
presence of a single class of receptors and the calculated K; was
3.0 pg/ml 2°I-Ac-LDL (approximately 1.7 nm '2°I-Ac-LDL),
which is comparable with the value of 2.7 nm for scavenger
receptors on HUVECs (20). We have also performed binding
experiments employing Dil Ac-LDL and obtained the same
result (K, is 3.2 nM). Incubation of the transfectants at 37 °C
with Dil Ac-LDL led to the uptake of fluorescent lipid (Dil) into
the cytoplasm, producing a punctate pattern (Fig. 4, A and B).
Diffuse labeling, most likely of the cell surface, was also ob-
served. When CHO-SREC cells were incubated with 12°I-Ac-
LDL at 37 °C for various lengths of time, chloroquine-sensitive
cellular association of radioactivity and acid-soluble radioactiv-
ity in the medium continued to appear at a linear rate, reflect-
ing the continuous uptake and degradation of 2°I-Ac-LDL
(Fig. 3B).

To further characterize the binding properties of the SREC,
the receptors activity was measured in the presence of various
materials known as type I and type II macrophage scavenger
receptor inhibitors (Fig. 5). As is the case with type I macro-
phage scavenger receptors, unlabeled Ac-LDL as well as poly I
and dextran sulfate, but not native lipoproteins such as LDL
and HDL, reduced the binding of Dil Ac-LDL on the cells to the
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Fic. 3. Binding and degradation of ?°I-Ac-LDL by control and
SREC-expressing CHO cells. A, specific binding of '*I-Ac-LDL to
SREC-expressing CHO cells. CHO-SREC cells grown to confluence in
12-well plates were incubated with 0.52—-16.5 ug/ml *?°I-Ac-LDL at 4 °C
for 2 h. Total binding (open circles) represents the binding at increasing
concentrations of '2°I-Ac-LDL and the nonspecific binding (triangle)
represents the binding in the presence of a 20-fold excess of unlabeled
Ac-LDL. Specific binding (closed circle) is obtained by the subtraction of
the nonspecific curve from the total curve. Specific binding of **°I-Ac-
LDL to control CHO cells was less than 5% that obtained with trans-
fectant cells. Inset shows the Scatchard analysis of the data (r =
—0.911). The maximal number of binding sites equaled 411 ng/mg
protein for '2°I-Ac-LDL. B, time course of '2°I-Ac-LDL association with
and degradation by CHO-SREC cells. CHO-SREC cells and control cells
grown to confluence in 24-well plates were incubated with 2 ug/ml '2°1
Ac-LDL. After incubation at 37 °C for the indicated time, degradation
(closed circles) and association (open circles) were determined for trip-
licate wells. Degradation (closed circles) and association (open circles) in
the presence of 100 um chloroquine were also shown. In each case
binding and degradation by control cells were negligible.

-

Fic. 4. Uptake of Dil Ac-LDL by CHO-SREC cells. CHO-SREC
(A, B) or control CHO cells (C, D) were seeded on day 0 at 1 X 10°
cells/well in medium A. On day 2, medium containing 2 ug/ml protein of
Dil Ac-LDL was added to the monolayers. After incubation at 37 °C for
3 h, the cells were washed, fixed in 3% formaldehyde in PBS, and the
uptake of Dil Ac-LDL was observed using fluorescence microscopy.
Phase-contrast light micrographs of CHO monolayers (A, C) and the
fluorescence of cell-associated Dil Ac-LDL (B, D) are shown.
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FiG. 5. Inhibition of Dil Ac-LDL binding to CHO-SREC cells by
various compounds. The CHO-SREC cells were incubated with 2
pg/ml Dil Ac-LDL at 4 °C for 2 h in the presence of 200 ug/ml various
inhibitors. Inhibitors used are Ac-LDL, LDL, HDL, Ox-LDL, MDA-
LDL, maleyl-bovine serum albumin (Maleyl-BSA), dextran sulfate, poly
I, and heparin.

basal level. Ox-LDL, maleyl-bovine serum albumin, and MDA-
LDL partially reduced the binding of Dil Ac-LDL on the cells.
These results show that the SREC has a binding specificity
similar to those of the type I and type II macrophage scavenger
receptors.

In this study, we cloned the cDNA encoding a new type of
scavenger receptor that is expressed by endothelial cells. In-
terestingly, the SREC has an unusually long C-terminal cyto-
plasmic domain that contains a Ser/Pro-rich domain and a
Gly-rich domain. Together with the fact that the molecule also
contains a tyrosine phosphorylation site in the C-terminal end,
these characteristics tempt us to speculate that the cytoplasmic
domain may mediate some biological signals. It has been dem-
onstrated by several investigators that stimulation of scav-
enger receptors of endothelial cells induces the expression of
proteins related to vascular functions. For example, Ac-LDL
and Ox-LDL stimulate the release of endothelin, a potent va-
soconstrictor peptide (21). Indeed, the circulating levels of en-
dothelin are increased in patients with hyperlipidemia or ath-
erosclerosis (22, 23). Alternatively, poly I, a scavenger receptor
agonist significantly induces the expression of intercellular
adhesion molecule-1, vascular cell adhesion molecule-1, and
E-selectin by a human endothelial cell line, EA hy.926 (24).
Adherence of circulating monocytes to the arterial endothelium

A Novel Type of Scavenger Receptor on Endothelial Cells

is first seen in high cholesterol diet-induced experimental ath-
erosclerosis in rabbits (25). The molecular mechanism under-
lying such physiological changes of vascular endothelial cells in
the pathogenesis of atherosclerosis is not well understood. The
present report of the isolation of cDNA for endothelial cell scav-
enger receptor should help our understanding of the molecular
mechanisms involved in a development of atherosclerosis.

REFERENCES

1. Kodoma, T., Freeman, M., Rohrer, L., Zabrecky, J., Matsudaira, P. & Krieger,
M. (1990) Nature 343, 531-535
2. Roher, L., Freeman, M., Kodama, T., Penman, M. & Krieger, M. (1990) Nature
343, 570-572
3. Stanton, L., W., White, R. T., Bryant, C. M., Protter, A. A. & Endemann, G.
(1992) J. Biol. Chem. 267, 22446-22451
4. Endemann, G., Stanton, L. W., Madden, K. S., Bryant, C. M., White, R. T. &
Protter, A. A. (1993) J. Biol. Chem. 268, 11811-11816
5. Acton, S. L., Scherer, P. E., Lodish, H. F. & Krieger, M. (1994) «J. Biol. Chem.
269, 21003-21009
6. Fukasawa, M., Hirota, K., Adachi, H. Mimura, K., Murakami-Murofushi, K.,
Tsujimoto, M., Arai, H. & Inoue, K. (1995) J. Biol. Chem. 270, 1921-1927
7. Elomaa, O., Kangas, M., Sahlberg, C., Tuukkanen, J., Sormunrn, R., Liakka,
A., Thesleff, I., Kraal, G. & Tryggvason, K. (1995) Cell 80, 603—-609
8. Sawamura, T., Kume, N., Aoyama, T., Morikawa, H., Hoshikawa, H., Aiba, Y.,
Tanaka, T., Miwa, S., Katsura, Y., Kita, T. & Masaki, T. (1997) Nature 386,
73-77
9. Bickel, P. E. & Freeman, M. W. (1992) J. Clin. Invest. 90, 1450-1457
10. Basu, S. K., Goldstein, J. L., Anderson, R. G. W. & Brown, M. S. (1976) Proc.
Natl. Acad. Sci. U. S. A. 73, 3178-3182
11. Goldstein, J. L., Basu, S. K. & Brown, M. S. (1983) Methods Enzymol. 98,
241-260
12. Haberland, M. E. & Fogelman, A. M. (1985) Proc. Natl. Acad. Sci. U. S. A. 82,
2693-2697
13. Mendez, A. J., Oran, J. F. & Bierman, E. L. (1991) J. Biol. Chem. 266,
10104-10111
14. Kyte, J. & Doolittle, R. F. (1982) J. Mol. Biol. 157, 105-132
15. Bromquist, M. C., Hunt, L. T. & Barker, W. C. (1984) Proc. Natl. Acad. Sci.
U. S. A. 81, 7363-7367
16. Appella, E., Weber, I. T. & Blasi, F. (1988) FEBS Lett. 231, 1-4
17. Yamamoto, T., Davis, C. G., Brown, M. S., Schneider, W. J., Casey, M. L.,
Goldstein, J. L. & Russel, D. W. (1984) Cell 39, 27-38
18. Mehta, K. D., Chen, W.-J., Goldstein, J. L. & Brown, M. S. (1991) J. Biol.
Chem. 266, 10406-10414
19. Cooper, J. A., Esch, F. S., Taylor, S. S. & Hunter, T. (1984) J. Biol. Chem. 259,
78357841
20. Van Hinsbergh, V. W. M., Havekes, L., Emeis, J. J., Corven, E. & Sheffer, M.
(1983) Arteriosclerosis 3, 547-559
21. Boulanger, C. M., Tanner, F. C., Béca, M.-L, Hahn, A. W. A., Werner, A. &
Luscher, T. F. (1992) Circ. Res. 70, 1191-1197
22. Arendt, R. M., Wilbert-Lampen, U. & Heuke, L. (1990) Circulation 82, Suppl.
111, 111-248
23. Lerman, A., Hallet., J. W., Heublein, D. M. & Burnett, J. C. Jr. (1991) N. Engl.
J. Med 325, 997-1001
24. Palkama, T., Majuri, M.-L., Mattila, P., Hurme, M. & Renkonen, R. (1993)
Clin. Exp. Immunol. 92, 353-360
25. Ludmer, P. L., Selwyn, A. P., Shook, T. L., Wayne, R. R., Mudge, G. H.,
Alexander, R. W. & Ganz, P. (1986) N. Engl. J. Med 315, 1046-1051



	Expression Cloning of a Novel Scavenger Receptor from Human Endothelial Cells
	EXPERIMENTAL PROCEDURES
	RESULTS AND DISCUSSION
	REFERENCES


