SREC-I-mediated Uptake of Ac-LDL in LPS-treated Macrophages

SREC-I in macrophages. In an initial attempt to clarify the rele
of SREC-I in the uptake of modified lipoproteins as well as in
the development of atherosclerosis, we generated mice with
targeted disruption of the SREC-I gene by homologous recom-
bination in embryonic stem cells. To exclude the overwhelming
effect of SR-A on the uptake of Ac-LDL, we further generated
mice lacking both SR-A and SREC-1(SR-A~/";SREC-I"/~). By
comparing the uptake and degradation of Ac-LDL in peritoneal
macrophages isolated from these mice, we found that SREC-I
plays a significant role in the uptake of Ac-LDL in the setting
of SR-A deficiency, especially when stimulated with LPS. From
these results, we propose that SREC-I contributes to the devel-
opment of atherosclerosis in concert with SR-A.

EXPERIMENTAL PROCEDURES

General Methods—Standard molecular biology techniques were used
(12). The current experiments were performed in accordance with in-
stitutional guidelines for animal experiments at the University of To-
kyo and the Jichi Medical Scheol,

SREC-I Antibody Preparation—Two milligrams of the carboxyl-end
peptide of mouse SREC-I (amino acid residues 801-820, KEQEEPLY-
ENVVPMSVPPQH) was conjugated with keyhole limpet hemocyanin
using the Imject sulthydryl-reactive antibedy production kit (Pierce).
The keyhole limpet hemocyanin-peptide was gel-purified and emulsi-
fied with an equal volume of complete Freund's adjuvant (Calbiochem).
A female Wister rat was immunized with the emulsions. One week after

the boost injection, blood was collected, and the antiserum was purified -

and eluted through an affinity column (Sulfolink coupling gel; Pierce) to
which the antigen peptide was coupled.

Mice—SR-A knock-out mice were generated previously (4). ApoE
knock-out mice were purchased from the Jackson Laboratory {Bar
Harbor, ME}{13). Both mice had been back-crossed to C57BL/6J genetic
background and fed a normal chow diet (MF diet from Oriental Yeast
Co., Tokyo, Japan) that contained 5.6% (w/w) fat with 0.00% (w/w)
cholesterol, and the mice were allowed access to water and food
ad libifum.

Cells—Thioglycolate-elicited peritoneal macrophages (14) and mouse
embryonic fibroblasts (15) were prepared as described previously, Cells
were treated with varying concentrations of LPS (Escherichia coli
0127:B8; Sigma) for 12 h before the experiments.

Northern Blot Analysis—For the SREC-1 cDNA probe, two probes
were prepared, namely Probe A, a 5 2.0-kb fragment spanning the
extracellular and intracellular domains, and Probe B, a 0.1-kb fragment
consisting of only the transmembrane demain. Poly (A)* RNA was
purified using Oligotex-dT30™, an oligo(dT) latex (Roche Applied Sci-
ence} from 100-150 ug of total RNA that was extracted by TRIzol
reagent (Invitrogen) from either cultured cells or tissues, One to three
milligrams of polylAY* RNA was subjected to 1% agarose gel electro-
phoresis in the presence of formalin, transferred to Hybond N (Amer-
sham Biosciences), and hybridized to the ®*P-labeled probes for SREC-I
and other scavenger receptors as described previously {16).

Western Blot Analysis—Cells were lysed with 0.1% SDS. After cen-
trifugation, 50 pg of the supernatant was subjected to SDS-PAGE and
transferred to Hybond ECL™, a nitrocellulose membrane (Amersham
Biosciences). After incubation with the anti-SREC-I antibody (1:400
dilution), the membrane was incubated with a goat anti-rat Ig( conju-
gated with horseradish peroxidase (1:2000 dilution; Amersham Bio-
sciences), The secondary antibody was visualized by an enhanced
chemilumineacence kit (Amersham Biesciences).

Generation of the SREC-I Knock-out Mice—The SREC-I gene was
cloned from the 129/Sv mouse genomic library (Clontech) using the
mouse ¢cDNA as a probe. A replacement-type targeting vector was
constructed so that a 35-bp segment in exon §, which encodes 3° two-
thirds of the transmembrane domain, was replaced with a polllneo
cassette (Fig. 54). Long arm consists of a 10-kb NotI/Kpnl fragment
spanning the 5’ untranslated region and exon 8; short arm consists of a
0.9-kb Sacl/Xbal fragment within intron 9. These were inserted to-
gether into the vector pPollishort-neobpA-HSVTE, as described previ-
ously (17). After digestion with Sall, the vector was electroporated into
JH-1 embryonic stem cells {2 generous gift from Dr. Herz at University
of Texas Southwestern Medical Center at Dallas, TX). Targeted clones,
which had been selected in the presence of G418 and 1+2-deoxy,
2-fluoro-g8-p-arabinofuranosyl)-5 iodouracil, were identified by PCR us-
ing the primers 5'-GATTGGGAAGACAATAGCAGGCATGC-3" and 5'-
CAGAGAGTGTCACCACAACAAGAGGA-3' (Fig. 54). Homologous re-
combination was verified by Southern blot analysis after digestion with
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EcoRI using a 0.5-kb Spel/Smal fragment, which was downstream of
the short arm, as a probe (Fig. 5A). Targeted embryonic stem clones
were injected into C57BL/6J blastocysts, yielding one line of chimeric
mice that transmitted the disrupted allele through the permline,

Generation of the SE-A/SREC-1 Double Knock-out Mice—The SR-
A~"~ mice were crossed with the SREC-I"/~ mice, which were a
C57BL/GJ X 12%/Sv hybrid, to obtain SR-A*/~;SREC-I*'~ mice, which
were interbred to obtain four types of mice, namely wild-type, SR-A*'";
SREC-I"'~, SR-A~'";SREC-I*'*, and SR-A~/";SREC-I"'~ mice.
Thus, the genetic background of these mice was 75% C57BL/6J and 25%
129/Sv. Littermates were used for the experiments.

Biochemicel Analyses—Blood was collected from the retro-orbital
venous plexus after a 12-h fast. Plasma glucose (ANTSENSE II, Bayer
Medical, Tekyo, Japan), cholesterol (Determiner TC, Kyowa Medex,
Tokyo), and triglycerides (TGLH; Wako Chemicals, Tokyo, Japan)
were measured.

Histology—Mice were sacrificed by decapltatmn Tissues were ex-
cised, fixed in 10% neutral buffered formalin, embedded in paraffin, and
stained with hemasatoxylin-eosin.

Prepuration of Lipoproteins—LDL (d 1.019-1.063 g/ml} and lipopro-
tein-deficient serum {d >1.21 g/ml) were prepared by stepwise ultra-

_ centrifugation from plasma obtained from healthy volunteers. The li-

popreteins and lipoprotein-deficient serum were dialyzed against 10
mM sodium phosphate, pH 7.4, 150 mM NaCl, 0.01%(w/v) EDTA, and
0.01% (wfv) NaN,. LDL was acetylated with acetic anhydrate and
radiciodinated by the iodine monochloride method as described (18).
Protein concentrations were determined by the BCA protein assay
reagent kit (Pierce),

Celfular Uptake and Degradation of **I-Ac-LDL—Peritoneal macro-
phages were plated in 12-well plates at a density of 1 X 10%well and

. treated with or without 100 ng/ml of LPS for 12 h. After stringent

washing with PBS, the cells were incubated with a medium containing
varying concentrations of ?*I-Ac-LDL and 5 mg/ml lipoprotein-defi-
cient serum, with or without a 50-fold excess of unlabeled Ac-LDL, for
5 h at 37 °C. The amounts of 12I-Ac-LDL either degraded by or asso-
ciated with the cells were measured according to a modified methed (19}
of Goldstein et al. (18).

Statistics—The differences of the means were compared by Student’s
t test.

RESULTS

Tissue Distribution of mRNA Expression of SREC-I and -II—
We performed Northern blot analyses to examine the expres-
sion of SREC-I and II in various organs of a mouse (Fig. 1),
SREC-I was expressed in a wide variety of organs, most pre-
dominantly in liver, lung, kidney, and heart, On the other
hand, the expression of SREC-II was restricted to lung
and kidney.

LPS Stimulates the Expression of SREC-I in Peritoneal
Macrophages—LPS robustly increased the mRNA expression
of both SREC-I and SR-A in macrophages (Fig. 2). The peak of
the stimulation was reached by the 12-h time point of the
stimulation (Fig. 24), and the maximal responses were ob-
tained at the concentration of 10 ng/ml (Fig. 2B). The relative
increase in the expression of SREC-I was 4-fold, which was
more prominent than that of SR-A (1.8-fold} (Fig. 3). It is of
note that the treatment with LPS did not significantly change
the expression of MARCO (macrophage receptor with collage-
nous structure) (20) and SR-BI (21} and that it even decreased
the expression of CD36 (22} and FEEL-1 (fasciclin, EGF-like,
laminin-type EGF-like, and link domain-containing scavenger
receptor-1} (23).

Expression of SREC-I in Aortas—We compared the mRNA
expression levels of SREC-1 in the atherosclerotic aortas, which
were taken from 12-month-cld apoE knock-out mice, with nor-
mal aortas, mouse embryonic fibroblasts, peritoneal macro-
phages, kidney, or lung from wild-type mice {Fig. 4). Normal
and atherosclerotic acrtas expressed 1.7- and 2.1-fold higher
levels of SREC-]1 mRNA than the non-stimulated macrophages,
respectively. The expression levels were comparable with those
in the kidney, but much Jower than those of the LPS-treated
macrophages.



30940

Brain
Heart
| Kidney

Liver

SREC-I-mediated Uptake of Ac-LDL in LPS-treated Macrophages

: Small intestine
Stomach

Skin
Testis

SREC-II

Fic. 1. Northern blot analysis of SRE:.C-I (upper panel) and SREC-II (lower panel) in various organs of a mouse. Two micrograms of

poly{A)* RNA was subjected to Northern blot analysis.
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Fic. 2. Northern blot analysis of SREC-I and SR-A in macro-
phages treated with LI'S. A, thioglycolate-elicited macrophages from
C5TBLJ6 wild-type mice were treated with 100 ng/ml LPS for the
indicated times. B, cells were treated with the indicated concentrations
of LPS for 12 h. Two micrograms of poly(A)* RNA was subjected to
Northern blot analysis. 36B4 was used as a loading control..

Generation of Mice Lacking the SREC-I and/or SE-A Gene—
The intercross of the progeny (SREC-I*’") resulted in off-
spring of both sexes with all three genotypes at the SREC locus
with the expected Mendelian ratios (105:191:85 x* = 1.06, p >
0.05) (Fig. 5B). Fig. 5C shows the results of Northern blot
analyses of SREC-I in peritoneal macrophages. When hybrid-
ized with Probe A, which contains nearly the whole coding
region of the SREC-I ¢cDNA, Northern blot revealed a band
with mRNA size of 2.9 kb in wild-type macrophages and a band
of 2.4 kb in SREC-I"'~ macrophages. When hybridized with
Probe B, which contains the transmembrane domain, no band
was detectable in SREC-I"/~ macrophages. These results in-
dicate that SREC-I™/~ mice express a truncated transcript
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Fic. 3. Northern blot analysis of scavenger receptors for Ac-
LDL in macrophages treated with or without LPS. Thioglycolate-
elicited macrophages from C57BL/6 wild-type mice were treated with
(+) or without {—) 100 ng/ml LPS for 12 h. Twe micrograms of poly(A)™
RNA was subjected to Northern blot analysis. Probes used were
SREC-1, SR-A, MARCO, CD36, SR-BI, and FEEL-1. Signal intensity
was corrected againat the intensity of 36B4, and the relative signal
increase ratio was calculated.

that lacks the transmembrane domain, SREC-I~/~ mice were
fertile and apparently normal. There were no significant dif-
ferences in the growth curves of wild-type and SREC-I"/~
mice. As shown in Table I, plasma levels of glucose, cholesterol,
and triglycerides were not different between wild-type and
SREC.I"’~ mice. We failed to detect any pathological findings
in the brain, lung, heart, liver, kidney, and testis of SREC-I —=
mice,
Northern blot analysis of four types of mice confirmed the

.absence of the expression of SR-A in both SR-A~/~;SREC-I*'*

and SR-A~/~;SREC-I"'~ mice as well as the expression of the
disrupted allele of SREC-I in both SR-A*/*;SREC-I"'~ and SR-
A~/":SREC-I"'~ mice (Fig. 64). Western blot analysis con-
firmed the absence of SREC-I protein {~140 and160 kDa) in both
SR-A*'*; SREC-I"'~ and SR-A~'":SREC-I"/~ mice (Fig. 6B).
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F1G. 4. Northern blot analysis of SREC-I in normal and athero-

sclerotic aortas. RNA were extracted from the following cells or or-
gans: mouse embryonic fibroblasts (MEF) treated with (+) or without
{—) 100 ng/ml LPS for 12 h; mouse peritoneal macrophages (MPM)
treated with or without 100 ng/ml LPS for 12 h; kidney; lung, normal
aortas from wild-type mice (Aorte +/+); and atherosclerotic aortas
from apoE—/— mice (Aorta —/—). Aortic arches and the thoracic part of
descending aortas with rampant visible plaques were excised from five
12-month-old mice. After adipose tissues surrounding the sortas were
removed as much as possible, the aortas were used for the preparation
of RNA. Three micrograms of poly(A)* RNA was subjected to Northern
blot analysis of SREC-I. 36B4 was used as a loading control,
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Fic. 5. Targeted disruption of SREC-I gene, A, map of the
SREC-I gene and targeting construct. Long boxes represent exons. The
exon coding transmembrane domain was replaced with the neomyein
resistance gene (Neo") of targeting vector, which has a herpes simplex
virus thymidine kinase (HSV.TK) cassette for a negative selection
downstream of its short arm, A 0.5-kb fragment was used as a probe for
Southern blot analysis (shaded box). B, Southern blot analysis. After
digestion with EcoRI, tail DNA was used for Southern blot analysis.
The size of the disrupted allele, 4 kb, was smaller than that of wild-type
allele {6.4 kb). C, mRNA expression of SREC-I in peritoneal macro-
phage. Two micrograms of poly(A)” RNA from wild-type (+/+) and
SREC-I"'~ mice {—/-) macrophage was hybridized with two ¢DNA
probes, namely Probe A, a 5’ 2-kb fragment spanning the extracellular
and intracellular domains, and Probe B, a 0.1-kb fragment consisting of
only the transmembrane domain.

LPS Stimulates Protein Expression of SREC-I-LPS signifi-
cantly increased the SREC-I protein by ~2-fold in wild-type
and SR-A~/";SREC-I*'* macrophages (Fig. 6B).

LPS Inereases the Contribution of SREC-I to the Cellular

Uptake and Degradation of the 1%°I-Ac-LDL—In non-stimu-
lated conditions (Fig. 7A) there was no significant difference in
the specific uptake and degradation of **I.Ac-LDL between
wild-type and SR-A*/*;SREC-I"/~ macrophages. Based on the
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TABLE I
Plasma levels of glucose, total cholesterol, and triglycerides
After a 12-h fast, blood was collected from the retro-orbital venous
plexus of mice aged 8 weeks. Plasma glucose, total cholesterol, and
triglycerides were measured. All values are expressed as means * S.E,
No significant deference between wild-type and SREC-I~/~ mice.

Wild-type (+/4) SREC-I™'~
- mgld!
Glucose 61.1*+32r=31) 632x32(n=31
Total cholesterol 89.7251(r=22) 820x33(n=27
Triglycerides 89.6+94( =22 974%103(n=2D
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Fic. 6. Expression of SR-A and SREC.I in macrophages iso-
lated from wild-type, SR-A*"*;SREC-I'~,SR-A~;SREC-T*'*, and
SR-A~"<;SREC-I"" mice. Thioglycolate-elicited peritoneal macro-
phages were prepared from wild-type, SR-A*'“;SREC.I"'~, SR-A™"~;
SREC-I*'*, and SR-A™'":SREC-I"'~ mice. A, Northern blot analysis
of SR-A and SREC-I. One microgram of poly(A)" RNA from macro-
phages was hybridized with SR-A and SREC-I probes (Probe A). B,
Western blot analysis of SREC-I in macrophages treated with or with-
out LPS. After stimulation with (+) or without (=) 100 ng/ml LPS for
12 h, the cells were lysed with 0.1% SDS, and 50 ug of protein was
subjected to SDS-PAGE. Immunoblotting was performed using the rat
anti-mouse SREC-I antibody and an enhanced chemiluminescence kit.

values for 20 pg/ml degraded '?3I-Ac-LDL, SR-A™/~;SREC-
I*'* macrophages degraded significantly smaller amounts of
125T_A¢-LDL (15%) than did wild-type macrophages, supporting
the dominant role of SR-A in the uptake and degradation of
1251_Ac-LDL in macrophages, Compared with SR-A~/~;SREC-
I*'* macrophages, SR-A~/~;SREC-I"'~ macrophages showed
a further reduction in the specific uptake (21%) and degrada-
tion of '2°[-Ac-LDL (31%). Based on the values for 20 pg/ml
degraded 12°I-Ac-LDL, the contribution of SR-A and SREC-I to
the overall degradation of Ac-LDL was calculated to be 85 and
5%, respectively, in the non-stimulated condition. '

LPS increased the uptake and degradation of Ac-LDL by
1.8-fold (Fig. 7B). In this condition, there was no significant
difference in the specific uptake and degradation of 2°1-
Ac-LDL between wild-type and SR-A*/*;SREC-I"’~ macro-
phages. Based on the values for 20 pg/ml degraded #°-Ac-LDL,
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Fi6.,7. Cell association and degradation of **I-Ac-LDL by peritoneal macrophages isolated from wild-type, SR-A**;SREC-I”'-,
SR-A"";SREC-I*'*, and SR-A~'~;SREC.I"'~ mice. Thioglycolate-elicited peritoneal macrophages were prepared from four types of mice {» = B),
namely wild-type (solid circle), SR-A*'*;SREC-1~ (open circle), SR-A~'":SREC-I'*'* (solid square), and SR-A~/~;SREC-I"'~ (open square). After
treatment with (panel B) or without {panel A) 100 ng/ml LPS for 12 h, the cells were incubated with the indicated concentrations of '**I-Ac-LDL
with or without a 50-fold excess of unlabeled Ac-LDL at 37 °C. After 5 b, the amounts of ***I-Ac-LDL associated or degraded were determined.
Specific values were calculated by subtracting the nonspecific values from the total values. All values are expressed as means * S.E. of five mice.
* p < 0.05 veraus SR-A~/~;SREC-I*'* mice; **, p < 0.01 versus SR-A™'"; SREC-I*** mice. )

SR-A~'";SREC-I*'* macrophages degraded significantly
smaller amounts of 2°[-Ac-LDL (10%) than did wild-type macro-
phages. Compared with SR-A~/~;SREC-I"'* macrophages, SR-
A~'":SREC-I"/~ macrophages showed a further reduction in
the specific uptake (49%) and degradation of '*%[-Ac-LDL (59%).
Based on the values for 20 pg/ml degraded Ac-LDL, the contri-
bution of SR-A and SREC-I to the overall degradation of **I-Ac-
LDL was calculated to be 90 and 6%, respectively. LPS increased
the absolute contribution of SR-A and SREC-I by 1.9- and 2.3-
fold, respectively. On the other hand, LPS decreased the absolute
contribution of other pathways by 31%.

DISCUSSION

In the present study, we have first shown that SREC-I, a
"novel member of the scavenger receptor family that recognizes
modified lipoproteins, is expressed in a wide variety of tissues
including macrophages and aortas, implicating its involvement
in the development of atherosclerosis. The expression of
SREC-I was not significantly different between normal and
atherosclerotic aortas, although it was robustly induced by LPS
in macrophages, a major cell type that is present in foam cell
lesions. To define the precise role of SREC-I, we have generated
wild-type, SR-A*/*;SREC-I"'~, SR-A~'~;SREC-I*'*, and
SR-A~!~;SREC-I"'~ mice and compared the uptake and deg-
radation of Ac-LDL in macrophages between these mice, Re-
sults show that the contribution of SREC-I to the overall up-

take and degradation of Ac-LDL was 5% in the non-stimulated
condition and 6% in the LPS-stimulated condition. Although
the involvement of SREC-I was relatively small compared with
that of SR-A, LPS increased the SREC-I mediated degradation
by 2.3-fold, which accounted for 60% of the amounts of Ac-LDL
degraded by the pathway independent of SR-A.

. Because the responses of seavenger receptors to LPS are
variable, we did not expect that LPS induced the expression of
SREC-I in macrophages. LPS induces SR-A expression in
mouse macrophages, which was confirmed in our experiments
(Figs. 2 and 3) but not in THP-1 monocyte/macrophages (24)
and human monocyte-derived macrophages (25). Because SR-A
is able to bind LPS (26), the induction of SR-A by LPS may
have a protective role against endotoxemia. This notion is in
line with the susceptibility of SR-A knock-out mice to endo-
toxin shock (4, 27, 28). On the other hand, LPS down-regu-
lates SR-B1 expression (29), which was confirmed in our
experiments (Fig. 2).

The mechanism by which LPS induces SREC-I is intriguing.
It is well known that LPS modulates gene expression though
the activation of NF-«B signaling (30), and seme of the effects
are mediated by proinflammatory cytokines, whose expression
is stimulated by LPS. However, there is no NF-«B binding site
in the 5'dlanking region of the human SREC-I gene 1 kb
upstream of the transcription initiation site (31). Furthermore,
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LPS did not induce SREC-I expression in human umbilical vein
endothelial cells, and tumor necrosis factor-a did not have
increasing effects on SREC-I expression in mouse macrophages
(data not shown). Further studies are warranted to decipher
how LPS induces SREC-I expression. )

Although SREC-I is expressed in macrophages, particularly
when stimulated with LPS, there was no significant difference
in the expression levels between normal and atherosclerotic
aortas (Fig. 4), This suggests that other cell types such as
endothelial cells and smooth muscle cells in the aortas express
comparable levels of SREC-L

SR-A is the major pathway for the uptake and degradation of
Ac-LDL, accounting for 80% of the total activity (4, 5). Because
other seavengers are expressed in macrophages (Fig. 2) and are
able to bind Ae-LDL (2), the question is which scavenger recep-
tor is the second most important in the uptake and degradation
of Ac-LDL, Our results have revealed that the role of SREC-1is
relatively minor in the non-stimulated macrophages, which is
largely consistent with the recent report by Kunjathoor ef al.
(22), According to them, SR-A and CD36 account for 75-90% of
the total amounts of chemically modified LDL degraded by
macrophages. In SR-A-deficient macrophages stimulated with
LPS, however, the absolute contribution of SREC-I was signif-
icantly increased by 2.3-fold, accounting for 60% of the SR-A-
independent uptake and degradation of Ac-LDL (Fig. 7B). The
degree of increase in the SREC-I mediated uptake and degra-
dation of Ac-LDL is largely comparable with that in SREC-I
protein expression (Fig. 6B). It is interesting to note that LPS
decreased the absolute contribution of the other endocytic path-
way, which is independent of either SR-A or SREC-I, by 31%.
This finding is consistent with the Northern blot results that
show that LPS did not significantly increase the expression of
the other members of scavenger receptor family such as

MARCO, SR-BI, CD36, and FEEL-1 (Fig. 3). Thus, SREC-I is:

the second most important receptor mediating the uptake of
Ac-LDL, at least in macrophages stimulated with LPS. Given
the activated state of macrophages in rupture-prone unstable
- plaques (8), particularly in plaques infected with microorgan-
isms such as Chlamydia, which is associated with an increased
prevalence of coronary events (32), SREC-I may take a signif-
icant part in the foam cell formation in these pathological
conditions. Other aspects of LPS may be involved in the athero-
genesis. For example, Baranova et ¢l. (29) and Khovidhunkit et
al. {33) have recently reported that LPS inhibits high density
lipoprotein-mediated cholesterol efflux via down-regulation of
the expression of ABCA1 and ABCG1. These observations are
consistent not only with the ability of LPS to stimulate lipid
accumulation in macrophages in vitro (34) but also with the
preatherogenic effects of LPS (9) and its cognate receptor,
Toll-like receptor 4, in vivo (11).

Functions of adhesion molecules have been assigned to both
SR-A and SREC-I/I. Chinese hamster ovary cells overexpress-
ing SR-A have an increased ability to adhere to plastic surfaces
(35). Likewise, intense aggregation was observed when SREC-
I-expressing fibroblast L-cells were mixed with those express-
ing SREC-II (7). Thus, it is reasonable to speculate that SREC-
I"/~ mice have some phenotypes with regard to cell adhesion.
However, there were no obvious abnormalities in the patholo-
gies (data not shown).

The precise roles of scavenger receptors in atherogenesm
have been tested only for SR-A and CD36. With regard to SR-A,
we (4, 36, 37) and Babaev et al. (38) have reported that SR-A
deficiency protects against the development of atherosclerosis
in either apoE, LDL receptor-deficient, or wild-type mice. de
Winther ef al. (39), however, recently reported apparently op-
posite results, i.e. SR-A deficiency leads te more complex le-
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sions in the APOE3Leiden mice. The same group reported the
reduction in atherosclerosis in LDL receptor knock-out mice in
which SR-A was overexpressed in a macrophage-specific man-
ner {40). These contradictory results could be attributed to the
broad repertoire of functions and the widespread expression of
SR-A (41). With regard to CD386, Febbraio et al. have reported
that CD36 deficiency protects against atherosclerosis in an
apoE-deficient background (42). Availability of the SR-A~/~;
SREC-I"'~ mice should allow us to determine the role of
SREC-I in the development of atherosclerosis by crossing with
the genetically hyperlipidemic mice, for example. If the hypoth-
esis is correct, SREC-I should be a new target for preventing
atherosclerosis.
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The scavenger receptor expressed by endothelial cells
(SREC) was isolated from a human endothelial cell line
and consists of two isoforms named SREC-I and -II. Both
isoforms have no significant homology to other types of
scavenger receptors. They contain 10 repeats of epider-
mal growth factor-like cysteine-rich motifs in the extra-
cellular domains and have unusually long C-terminal
cytoplasmic domains with Ser/Pro-rich regions. The
extracellular domain of SREC.I binds modified low den-
sity lipoprotein and mediates a homophilic SREC-I/
SREC-I or heterophilic SREC-/SREC.II trans-interac-
tion. However, the significance of large Ser/Pro-rich
cytoplasmic domains of SRECs is not clear. Here, we
found that when SREC-I was overexpressed in murine
fibroblastic L cells, neurite-like outgrowth was induced,
indicating that the receptor can lead to changes in cell
morphology. The SREC-I-mediated morphological change
required the cytoplasmic domain of the protein, and we
identified advillin, a member of the gelsolin/villin family
of actin regulatory proteins, as a protein binding to this
domain. Reduction of advillin expression in L cells by
RNAi led to the absence of the described SREC-I-in-
duced morphological changes, indicating that advillin is
a prerequisite for the change. Finally, we demonstrated
that SREC-1 and advillin were co-expressed and inter-
acted with each other in dorsal root ganglion neurons
during embryonic development and that overexpression
of both SREC-I and advillin in cultured Neuro-2a cells
induced long process formation, These results suggest
that the interaction of SREC-I and advillin are involved
in the development of dorsal root ganglion neurons by
inducing the described morphological changes.

Scavenger receptors are defined by their ability to bind and
metabolize modified low density lipoproteins (LDLs),! such as
acetylated LDL (AcLDL) and oxidized LDL (OxLDL), and have
been regarded as relevant in the pathogenesis of atherosclero-
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“advertisemen!” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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! The abbreviations used are; LDL, low density lipoprotein; AcLDL,
acetylated LDL; OxLDL, oxidized LDL; DRG, dorsal root ganglion;
SREC, scavenger receptor expressed by endothelial cells; PBS, phos-
phate-buffered saline; GST, glutathione S-transferase; GFP, green flu-
orescent protein; Dil, 1.1'-dicctadecyl-3,3,3'.3"-tetramethylindocarbo-
cyanine perchlorate.
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sis (1, 2). Mammalian cells have several different classes of
scavenger receptors, and their relative contributions to lipid
metabolism in pathophysiological conditions, such as athero-
sclerosis, are the subject of intense investigation (2).

Endothelial cells express several distinct scavenger recep-
tors, such as SR-BI (3-5), LOX-1 (6), and FEEI-1/stabilin-1 (7).
We cloned a novel scavenger receptor from a DNA library
prepared from human umbilical vein endothelial cells employ-
ing expression cloning and termed it SREC (gcavenger receptor
expressed by endothelial cells)-I (8). Subsequently, we also
succeeded in cloning a homologous protein, SREC-II, by a data
base search (9). These two receptors are now classified as type
F scavenger receptors (2, 9).

Both SREC-I and -II have no significant homology to other
types of scavenger receptors. They contain 10 repeats of epi-
dermal growth factor-like cysteine-rich motifs in their extra-
cellular domains and unusually long C-terminal eytoplasmic
domains with Ser/Pro-rich regions (8, 9). SREC-I mediates the
binding and degradation of AcLDL and OxLDL in endothelial
cells, whereas SREC-1I has little scavenger receptor activity,

- making it likely that these type F scavenger receptors have

biological functions not linked to scavenger receptor activity.
We showed previously (9} that SREC-I and -II display respec-
tive homophilic interaction through their extracellular do-
mains between separate cells (trans-interaction) and strong
SREC-I/SREC-II heterophilic trans-interaction. The ho-
mophilic and heterophilic trans-interactions of SREC-I and -11
were effectively suppressed by the presence of scavenger recep-
tor ligands, such as AcLDL and OxLDL.

The cytoplasmic domains of SREC-I and -II consisting of
~400 amino acids contain several potential phosphorylation
sites for kinases A, C, and G, suggesting that these domains
transduce intracellular signals generated by the receptors.
SREC-I and -1I may transduce different signals because of low
sequence similarity and different potential phosphorylation
sites. However the biological role of the cytoplasmic domain of
SRECs is so far totally unknown. '

In this study, we focused on the function of the SREC-I
cytoplasmic domain. We previously employed murine L cells to
elucidate the receptor/receptor trans-interaction (9), because
this cell type is commonly used in experiments demonstrating
trans-interaction of various cell adhesion molecules (10-13). In
the experiments, we had noticed that prolonged culture of
SREC-I-transfected L cells induced striking morphological cell
changes. Based on these preliminary observations, we show
here that SREC-I, but not SREC-II, induces neurite-like long
processes after overexpression in murine fibroblastic L cells
and that the cytoplasmic domain of SREC-I is a prerequisite for

This paper is available on line at http://www. jbc.org



SREC-I Interacts with Advillin

this activity. Moreover, we demonstrated that advillin, a mem-
ber of the gelsolin/villin family of actin regulatery proteins,
binds specifically to the cytoplasmic domain of SREC-I and is
required for this morphological cell change. The biological im-
plications of this activity are discussed.

EXPERIMENTAL PROCEDURES

Cell Culture—Murine L cells (CCL-1, American Type Culture Collec-
tion, Manassas, VA) were maintained in Dulbecco’s modified Eagle’s
medivm supplemented with 10% fetal calf serium, 100 units/ml penicil-
lin, 100 mg/ml streptomycin, and 2 mM L-glutamine. Chinese hamster
ovary cells were maintained in Ham’s F-12 medium supplemented with
50 units/ml penicillin, 50 mg/ml streptomycin, 2 mM L-glutamine, and
10% fetal bovine serum. The murine neuroblastoma line Neuro-2a cells
tCCL-131, American Type Culture Collection) were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal calf
serum, 100 units/ml penicillin, 100 mg/ml streptomycin, and 2
mM L-glutamine. '

Plasmid Construction—The FcoRI-Xhol fragment of the mouse
¢DNA for SREC-1, SREC-I cytoplasmic domain deletion mutant that
lacks amine acid residues 451-820 (SREC-I-AC370), SREC-II, SR-A,
SR-BI, and advillin were subcloned into the mammalian expression
vector pcDNA3 (Invitrogen), and expression plasmids were termed
peDNA3-SREC-I, pcDNA3-SREC-1-AC370, pcDNA3-SREC-II, peDNA3-
SR-A, pcDNA3-SR-BI, and pcDNA3-advillin, respectively. We noted
that a hemagglutinin tag was added at the C terminus of advillin in
pcDNA3-Advillin. .

Uptake of Dil-AcLDL—L. cells (1 X 10° cellsfwell) in 24-well plates
were mock transfected or transfected with either pcDNA3-SREC-I,
pcDNA3-SREC-I-AC370, pcDNA3-SREC-1I, pcDNA3-SR-A, or pcDNA3-
SR-BI using Lipofect AMINE reagent (Invitrogen) according to the man-
ufacturer's instructions. The cells were incubated for 72 h, incubated
again in the presence of 2 ug/ml Dil-AcLDL (Biomedical Technologies
Inc.) for 2 h, washed, and then fixed with 3.7% formaldehyde in PBS
for 15 min at room temperature. The presence of fluorescent Dil in
the fixed cells was determined by visual inspection using fluorescence
microscopy.

GST Fusion Proteins—The EcoRI-Sall fragment encoding the first
half (C1, amino acid residues 451--643), the central part (C2, amino acid
residues 561-752), or the last half (C3, amino acid residues 643—820) of
the cytoplasmic domain of mouse SREC-1 was subcloned into a multi-
cloning site downstream of the sequence for GST in pGEX-4T-1 (Phar-
macia Corporation). This plasmid was transformed into the JM109
strain of Escherichia coli and induced with isopropyl-1-thio-g8-p-galac-
topyranoside to produce GST fusion proteins. The bacteria were sus-
pended in PBS, and vigorous sonication was performed before centrif-
ugation at 10,000 X g for 20 min, The resulting supernatants were
applied to a glutathione-Sepharose column and then eluted with an
elution buffer (50 mum Tris-HCl, pH 9.6, 120 ma NaCl, 10 mM glutathi-
one). Purified GST fusion proteins were dialyzed against PBS contain-
ing 2 myM EDTA and 1 mM dithiothreitol,

GST Affinity Chromatography and Peptide Sequence Analysis—L
cells (6 X 107 cells) were harvested and homogenized in 1 m! of PES and
then centrifuged at 100,000 X g for 1 h at 4 °C. The resultant superna-
tant was used as the cytosolic extract. Recombinant GST-C1 or -C2
fusion proteins, bound to the glutathione-Sepharose column, were used
to affinity-purify Cl- or C2-binding protein(s). L cell cytosolic extracts
were loaded onto the GST-C1 or -C2 glutathione-Sepharose columns
and then eluted with the elution buffer. The eluted fractions of affinity
chromatography were collected, precipitated by 10% trichloroacetic
acid, and subjected to SDS-PAGE. A Coomassie Brilliant Blue-stained
band of 90 kDa was cut out and digested with Acromobacter protease I
{APIL; a gift from Dr. Masaki, Ibaraki University) {14). The resulting
peptides were separated by reverse phase high pressure liquid chroma-
tography on tandemly connected DEAE-5PW (1 X 20 mm; Tosoh, To-
kyo. Japan) and Capeel Pak C,, UG120 (1 X 50 mm; Shiseido, Tokyo,
Japan) columns with a 0-80% gradient of acetonitrile in 0.1% triflu-
oroacetic acid. Isolated peptides were analyzed by automated Edman
degradation on an Applied Biosystems protein sequencer model 477A
(PerkinElmer Life Sciences) connected on line to a PTH Analyzer model
120A (PerkinElmer Life Sciences) using an in-house-generated gas
phase program and were also examined by matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry with a Reflex
MALDI-TOF (Bruker-Franzen Analytik, Bremen, Germany) in linear
mode, with 2-mercaptobenzothiazole used as a matrix.

Antibodies—The polyclonal antibodies against SREC-1 and advillin
were prepared as follows, Peptides corresponding to the C-terminal
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Phase contrast Di-AcLDL

SREC-I

Fic, 1. SREC-I induces neurite-like long processes in L cells,
Mock-transfected L cells (e, @ or L cells transfected with
pcDNA3-SREC-I (b, &'), pcDNA3-SR-A (¢, ¢'}, pcDNA3-SR-BI (d, d"), or
pcDNA3-SREC-II {¢, ¢') were incubated with Dil-AcLDL for 2 h. Left
panels, phase-contrast light micrographs (a~e). Right panels, fluores-
cence image (a'-¢") of the same fields as in the left panels. Note the long
processes with the presence of SREC-1 {arroiwhead) and no morpholog-
ical change with the absence of SREC-I (arrow). Bar, 10 pm.

domain of mouse SREC-I1(NH,-KEQEEPLYENVVPMSVPPQH-COOH)
and mouse advillin (NH,-DGEPKYYPVEVLLEKGQNQEL-COOQH) were
synthesized. The synthesized peptides were conjugated with keyhole
limpet hemocyanin using an Imject sulfhydryl-reactive antibody pro-
duction Kit (Pierce). The keyhole limpet hemocyanin peptides were
gel-purified and emulsified with an equal velume of complete Freund’s
adjuvant {Difco Laboratories, Detroit, MI). Female Wistar rats were
immunized with the emulsions. These rat sera were collected and
purified using an affinity column (Sulolink Coupling Gel, Pierce) to
which the corresponding antigen peptide was coupled.

Snall  Interference RNA—The mammalian expression vector
pSUPER was used for expression of siRNA in the L cells, Three parts of
the gene-specific targeting sequence (19-nucleotide sequences: 1, 5'-A-
GAAGCCATGCCACTGGTA-3'; 2, 5'-CCGCAGCAGAAAGACGTCG-3;
and 3, 5-CACAAGGATCAAGGATGAC-3") from the target transcript
separated by a 9-nucleotide noncomplementary spacer (TTCAAGAGA)
from the reverse complement of the same 19-nucleotide sequence were
inserted in pSUPER. These vectors were referred to as pSUPER-advil-
lin/RNAi-1, -2, and -3, respectively. L cells were transfected with either
pSUPER-advillin/RNAi, control vector (pSUPER), peDNA3-SREC-I
plus pSUPER. pcDNA3-SREC-I plus pSUPER-advilin/RNAi, or
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A

SREC-I
Extracellular
Fic. 2. SREC-I cytoplasmic domain
is required for the induction of mor-
phological change. A, schematic figures Cyloplasmic

of murine SREC-I and SREC-I-AC370
showing extracellular. transmembrane,
and cytoplasmic sites. B, L cells trans-
fected with peDNA3-SREC-I {a, &) or
peDNA3-SREC-I-AC370 (h, ') were incu-
bated with Dil-AcLDL for 2 h. Left panels,
phase-contrast light mierographs {a, b).
Right punels, fluorescence image (', 5" of
the same fields as in the left panels. Bar,
10 pm.

SREC-I-A370

Extracetiular

Cyloplasmic

pcDNA3-GFP plus pSUPER-advillin/RNA§ as described above, and the
cells were cultured for 72 h. Total cell lysates were prepared in lysis
buffer (10 mu Tris-HCL, pll 7.4, 150 mm NaCl, 1% (w/v) Triton X-100,
0.5% (wfv) Nonidet P-40, 1 mim EDTA, protease inhibitor mixture
(Sigma), and 1 mn phenylmethylsulfonyl fluoride). The lysates were
cleared by centrifugation at 18,600 x g for 20 min at 4 °C, were har-
vested and homogenized in 1 ml of PBS, and then centrifuged at
100,000 X g for 1 h at 4 °C. The resultant supernatants were analyzed
by Western blotling with anti-advillin or anti-SREC-I antibodies.

Immunoffuorescence Microscopy—L cells were transfected with
pcDNA3Z-SREC-1 and pSUPER-advillin/RNAI vector or control vector
(pSUPER), incubated for 72 h at 37 °C, fixed with 3.7% formaldehyde in
PBS for 20 min at room temperature, permeabilized with 0.1% Triton
X-100 for 5 min, and then blocked with 3% bovine serum albumin in
PBS for 1 h at room temperature. The cells were then incubated with
the anti-SREC-I antibody for 2 h at reom temperature, washed 4 times
with PBS, incubated again with an Alexa Fluor 594 goal anti-rat
IgG(H +L) antibedy for 1 h at room temperature, washed thoroughly
with PBS, embedded, and then visualized using a fluorescent micro-
scope. Neuro-2a cells were transfected with pcDNA3-SREC-1 and
pelINA3-advillin, and incubated for 72 h at 37 °C. The cells were then
fixed with 3.7% formaldehyde in PBS for 20 min at room temperature,
permeabilized with 0.1% Triton X-100 for 5 min. blocked with 3% bovine
serum atbumin in PBS for 1 h at reom temperature, and incubated with
the anti-SREC-1 antibody and anti-hemagglutinin antibody for 2 h at
room temperature, After that, the cells were washed four times with
PBS, incubated again with an Alexa Fluor 534 goat anti-rat IgG(H+L)
antibody and Alexa Fluor 488 goat anti-mouse IgG(H +L) antibody for
1 h at room temperature, washed thoroughly with PBS, embedded. and
then visualized using a fluorescent microscope.

Western Blot Analysis—C57/BL6 mice (adults or 18-day embryos)
were perfused with ice-cold SET buffer (0.25 M sucrose, 1 mM EDTA, 10
mn Tris-HCI, pH 7.4} containing protease inhibitor mixture and 1 mat
phenylmethylsulfony! fluoride. Thereafter, the brain, spinal cord, and
dorsal root ganglion (DRG) were rapidly excised, as described previ-
ously (15). The brain and spinal cord were homogenized in 4 volumes
tw/v) of SET buffer and then centrifuged at 1,000 x g for 10 min at 4 °C.
The resultant supernatants were used as the brain and spinal cord total
protein lysates. The DRG was homogenized in SET buffer and then
centrifuged at 1,000 X g for 10 min at 4 °C. The resultant supernatant
was concentrated by 10% trichloroacelic acid precipitation. The result-
ant pellets were suspended in SET buffer and used as the DRG total
protein lysate,

The protein concentrations of samples were determined by BCA
assay (Piercel. Each total protein lysate (100 ug/lane) was separated by
SDS-PAGE and transferred to nitrocellulose membranes. The mem-

SREC-I Interacts with Advillin

B

Phase contrast Di-AcLDL
P LY

F
s

A /

i

¢
N

P —

A 2., PR

oA SO

: ." s B g',“,

T e

LY e
P e

branes were blocked with 5% (w/v) skim milk (Wako, Osaka, Japan) in
TTBS buffer (10 mm Tris-HCl, pH 7.4, 150 mm NaCl, 0.05% (w/v) Tween
20} and incubated with anti-advillin or anti-SREC-1 antibodies in
TTBS. The levels of protein were analyzed with an ECL kit {Amersham
Biosciences) according to the manufacturer’s instructions.

Immunoprecipitation—DRG extracts were prepared in lysis buffer
(10 mm Tris-HC), pH 7.4, 150 mM NaCl, 1% {wiv) Triton X-100, 0.5%
(whv} Nonidet P-40, 1 mM EDTA, protease inhibitor mixture (Sigma), 1
mM phenylmethylsulfeny! flucrideY. The DRG extracts were precleared
for 2 h with protein G-agarose beads (Amersham Biosciences! and then
incubated overnight with anti-SREC-I antibody at 4 °C. Immunocom-
plexes were precipitated with protein G-agarose beads for 45 min.
washed three times with lysis buffer, and boiled in SDS sample buffer
containing 2-mercaploethanol. The supernatants were subjected to
SDS-PAGE and Western blotting.

RESULTS

SREC-I-induced Morphological Change of L Cells—First, L
cells were transfected with vectors for various scavenger recep-
tors, and morphalogical changes were monitored. As shown in
Fig. 1, transfection of the expression vector for SREC-I into the
cells caused significant merphological changes with generation
of neurite-like long processes. On the other hand, no change in
cell morphology was observed when other scavenger receptors,
such as SR-A, SR-BI, or even SREC-1I were overexpressed in
these cells. These results suggested that SREC-I is the specific
scavenger receptor that can induce neurite-like outgrowth
when overexpressed in L cells. When SREC-1 was expressed in
Chinesce hamster ovary cells, no morphological cell change was
observed (data not shown).

SREC-I contains a large cytoplasmic domain consisting of
~400 amino acids. To elucidate the role of this cytoplasmic
domain, deletion mutants lacking C-terminal fragments of 370
amino acids were created, and their effects on cell shape were
examined. We have shown previously (9) that this truncated
receptor was expressed in L-cells to a degree similar to the
full-length receptor and showed a comparable level of AcLDL
uptake activity. In contrast to these findings, the mutant pro-
tein did not induce a change in cell morphology (Fig. 2B). These
results indicated that the cytoplasmic domain is required for
the induction of neurite-like cutgrowth, and we hypothesized
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Fic. 3. Identification of SREC-I cyteplasmic domain-binding
proteins. A, the constructs of various deletion mutants of SREC-I fused
with GST are shown schematically. N, N terminus; C, C terminus; TM,
transmembrane. Small numbers refer to amino acid residues. B, the L
cell eytoplasmic fraction was loaded onto glutathione-Sepharose col-
umns coated with the indicated GST fusion proteins. The bound pro-
teins were eluted by the addition of glutathione, The eluates were
subjected to SDS-PAGE followed by silver staining. The arrow denotes
the position of p90.

that proteins interacting with this domain are required to
mediate the effects of this receptor.

Identification of Binding Proteins to the Cytoplasmic Domain
of SREC-I—To identify the proteins that bind to the cytoplas-
mic domain of SREC-I, we prepared several expression vectors
for GS8T-fused C-terminal fragments of the SREC-I protein
(Fig. 3A, CI-C3). Among others, we could successfully express
GST-C1 and -C2 fragments in E. coli and analyze their binding
activities. The cytoplasmic fraction prepared from L cells was
loaded onto either a GST-C1 or -C2 affinity column, and the
proteins bound to the respective column were co-eluted with
GST-fused peptide by the addition of glutathione. As shown in
Fig. 3B, we could not detect any proteins specifically binding to
the C1 fragment. On the other hand, a protein with a molecular
mass of ~90 kDa was specifically detected in the glutathione
eluate from a GST-C2 column onto which the cytoplasmic frac-
tion of L cells was Jeaded, although the column loaded with
control solution yielded no such protein. These results indi-
cated that the identified 90-kDa protein could bind to the
amino acid sequence between residues 643 and 752 of the
SREC-I cytoplasmic domain.
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The 90-kDa protein was then subjected te amino acid se-
quencing. Seven peptides derived frem the protein were deter-
mined, and all were the partial sequences of advillin, an actin
regulatory protein belonging to the gelsolinfvillin family (16).

Advillin Is Required for SREC-I-mediated Morphological
Cell Change—To examine whether advillin is involved in
SREC-I-mediated morphological cell change, the RNAi tech-
nique was applied (17-20). L cells were treated with several
constructs (RNAI-1 to -3; see “Experimental Procedures™ of
advillin siRNA. First, we confirmed by Western blotting that
murine fibroblastic L cells intrinsically expressed advillin (Fig.
4A, lanes 1 of (a} and (b), Advillin). Moreover, we found that the
RNAi-1 vector was most efficient in decreasing the expression
of advillin (Fig. 4A). Thereafter, L cells were co-transfected
with SREC-I and advillin siRNA (RNAi-1) vectors, and mor-
pholegical cell change was monitored. The expression vector for
SREC-I was transfected into the cells, and the expressed pro-
tein was analyzed by Western blotting. Two bands with M, of
141,000 and 147,000 were observed. These two bands were not
detected when the green fluorescent protein expression vector
was transfected, indicating the heterogeneity of the expressed
SREC-1, most probably because of the varying glycosylation of
the protein. Co-transfection of RNAi-1 caused a significant
decrease in the expression of endogenous advillin without af-
fecting the expression pattern of SREC-I (Fig, 48). As shown in
Fig. 4C, transfection of the SREC-I vector alone induced neu-
rite-like outgrowth, whereas this phenomenon was impaired
significantly by the co-transfection of the RNAI-1 vector. When
counting the cells showing long processes, it was apparent that
co-transfection of the RNAi-1 vector together with that of
SREC-I caused a dramatic decrease in cell number. These
results indicate that advillin is required for the SREC-I-medi-
ated induction of neurite-like outgrowth in L cells. It should be
noted that unlike in the L ¢ells, advillin was undetectable in
Chinese hamster ovary cells in which SREC-I had no apparent
ahility to induce the described morphological cell change {data
not shown).

SREC-I Is Expressed in Peripheral Nerve Neurons—Because
it was reported that advillin is expressed in the peripheral
nervous system in areas such as the DRG and the superior
cervical ganglion and plays a role in the neurite outgrowth of
neuronal cells (21), we examined whether SREC-I is also ex-
pressed in peripheral nerve neurons. We focused on the embry-
onic expression of the protein, because it was reported that
advillin is expressed in peripheral nerve neurons, especially
during embryonic development (16). SREC-I protein was barely
detectable in the brain, spinal cord, or DRG of the adult mouse
but was clearly detectable in each of these tissues in 18-day
embryonic mice (Fig. 5A), These results suggested that SREC-1
is expressed transiently in the nervous system during fetal
development. On the other hand, both in adult and embryonic
mice, advillin was detectable in DRG but not in brain or
spinal cord.

To determine whether SREC-] interacts with advillin in the
DRG of 18-day embryonic mice, we performed immunoprecipi-
tation studies with the anti-SREC-I antibody. Immuncblot
analysis revealed that the immunoprecipitates contained ad-
villin in addition to SREC-I (Fig. 5B). No anti-SREC-I or anti-
advillin signals were detected in the immunoprecipitates
treated with normal rabbit serum (data not shown). These
results demonstrated that SREC-I interacts with advillin in
the DRG of 18-day embryonic mice.

Next, we examined whether the interaction of SREC-I and
advillin induces neurite outgrowth in neuronal cells, Because
most of the neuronal cell lines intrinsically expressed neither
SREC-I nor advillin, we used a murine neuroblastoma cell line,
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Fi6. 4. Advillin is required for the SREC-I-induced morpholog-
ical change. A, suppression of advillin expression by pSUPER-advillin/
RNAIL (a), pSUPER {({ane 1} or pSUPER-advillin/RNAI-1 to -3 (lanes
2-4) were transfected into L cells as described under “Experimental
Procedures.” Total cell lysates were subjected to SDS-PAGE and immu-
noblotted to detect advillin proteins. (), pcDNA3-SREC-1 and pSUPER
(lane 1V or pcDNA3-SREC-I and pSUPER-advillin/RNAi-1 (fane 2} or
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Brain Spinalcord DRG
[ 17 [ ]
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SREC - ¥ e
Adviilin
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Blot : SREC-I Blot : SREC-I
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Fic. 5. Western blot analysis of SREC-1 and advillin in murine
brain and DRG. A, immunablot analysis of lysates from mouse brain,
spinal cord, and DRG with polyclonal antibody against SREC-I (upper
panel) and advillin tlower panel). Each total protein lysate (100 pg/lane:
was separated by SDS-PAGE and subjected to Western bletting. B,
mouse DRG lysates were immunoprecipitated with polyclonal antibody
apainst SREC-I. Immunoblot analysis of the immunoprecipitates and
the lysates with polyclonal antibody against SREC-I tupper panels) and
advillin tlower panels).

Neuro-2a, to perform transfection experiments. The cells were
transfected with the SREC-I and/or advillin vectors, and mor-
phological cell change was monitored. As shown in Fig. 6, the
cells co-expressing SREC-I and advillin showed neurite out-
growth, whereas the cclls expressing either SREC-I or advillin
did not show this phenomenon, indicating that the interaction
of SREC-I and advillin induces neurite formation in cultured
neuronal cells. )

DISCUSSION

The present results demonstrate that SREC-I is capable of
interacting with advillin (16) through its large Ser/Pro-rich
cytoplasmic domain and thereby is capable of inducing neurite-
like outgrowth. Members of this actin regulatory protein family
are capable of capping and severing actin filaments (16).

pecDNA3-GFP and pSUPER-advillin/RNAi-1 (Jane 3} were transfected
into L cells as described under “Experimental Procedures.” Total cell
lysates were subjected to SDS-PAGE and immunoblotted to detect
SREC-1 (upper panel) and advillin (fower panel) proteins. B, L cells
transfected with peDNAJ-SREC-I and pSUPER (left panels) or
pcDNA3-SREC-1 and pSUPER-advillin/RNAi-1 (right panels} were im-
munostained with polyclonal antibedy against SREC-1. Upper panels.
fluorescence images. Latver panels, phase-contrast light micrographs of
the same fields as in the wpper panels. Bar, 10 pm. C, percent of
>40-um long processed L cells.
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Fi1i. 6. Co-expression of SREC-1 and
advillin induces neurite outgrowth
in Neuro-2a cells. Neuro-2a cells were
transfected with pcDNA3-SREC-1 and
pcDNA3-advillin 14), peDNA3-SREC-1
(B), or pcDNA3-advillin ((). The cells
were immunostained with rat polyclonal
antibedy against SREC-1 (redd) and mouse B
monoclonal antibody against hemaggluti-
nin-tagged (green), Note the long pro-
cesses with the presence of SREC-T and
advillin tarrowheads). Bar, 20 um.

Among these proteins, advillin is most closely related to villin
in its domain structure, including the C-terminal F-actin-bind-
ing headpiece domain {16). Villin is expressed mainly in differ-
entiated epithelial tissues possessing a brush border, such as
intestinal villi or proximal renal tubules (22, 23), and most
likely plays an important role in the morphogenesis of mi-
crovilli (24-26). Advillin, however, is highly expressed in the
dorsal root and trigeminal ganglia during embryonic develop-
ment and only at low levels in adult uterine and intestinal
epithelial cells (16). Transfection of the advillin expression
vector to primary cultures of rat DRG sensory neurons resulted
in increased neurite outgrowth (21), indicating that the protein
plays a significant role in the morphegenesis of peripheral
neurons through an actin-bundling domain. It is therefore rea-
sonable that the eytoplasmic domain of SREC-1 binds to advil-
lin and regulates the intracellular cytoskeletal organization,
resulling in the generation of neurite-like long processes.

Unexpectedly, murine fibroblastic L cells were found to in-
trinsically express advillin (Fig. 4A). The parent L strain was
derived from. normal subcutancous areolar and adipose tissue
of male C3H/An mice aceording to the CCL-1 catalogue. Intrin-
sic expression of advillin made it possible to elucidate the
functien of SREC-I in advillin-mediated morphological changes
in L cells. Depletion of endogencus advillin protein in L cells
by RNAi inhibited the generation of long processes, indicating
that advillin is indispensable for this change. Chinese hamster
ovary cells, in which advillin was undetectable, displayed no
morphological changes upon SREC-I overexpression. This pro-
vides further evidence for the necessity of advillin,

Our results are the first to show that SREC-I is expressed
not only in endothelial cells but also in neuronal cells, Further-
more, SREC-1 and advillin are co-expressed and interact with
each other in DRG neurons, especially during embryonic devel-
opment. We also demonstrated that overexpression of both
SREC-I and advillin in cultured Neuro-2a cells induces the
formation of long processes. These results suggest that the
interaction of SREC-1 and advillin are involved in the develop-
ment of DRG neurons by inducing the described morphological
changes.

SREC-

Advillin

Advillin

SREC-1 is characterized by its extremely large cytoplasmic
domain. The present data indicate that this domain is a pre-
requisite for the receptor-mediated morphological change of L
cells, which shows that the eytoplasmic domain of SREC-]
plays a role in transducing intracellular signals of SREC-I. We
showed that advillin binds to the C2 peptide (amino acid resi-
dues 562-752) but not to the C1 peptide (amino acid residues
452-643) of the cytoplasmic domain. This suggests that the
region within 643-752 is responsible for advillin binding. This
region i8 also rich in Ser and Pro, but it is not similar to the

known domains that transduce signals into the cell interior.

Interestingly, although ~20% homology was observed in the
entire cytoplasmic domains of SREC-1 and -11, this region is
less homologous (<107%), which can explain why SREC-II
exerted no morphogenetic activity on L cells.

It remains unclear how the SREC-1 signal is transduced into
the cell interior. We have demonstrated previously that
SREC-I shows a homophilic trans-interaction between sepa-
rate cells through its extraceliular domain (9). This homophilic
trans-interaction of SREC-I may serve as a signal for the in-
duction of neurite-like long processes. However, this may not
be the case, because the L cells that display long processes did
not necessarily show contact with neighboring SREC-I-ex-
pressing L cells (Figs. 1, 2, and 4B). Moreover, although ho-
mophilic trans-interaction of SREC-1 is effectively disrupted by
the addition of AcLDL or OxLDL (9), these ligands had little
effect on the formation of long processes (data not shown).
which supports the idea that trans-interaction of SREC-I be-
tween cells is not obligatory for the transduction of the signal
into the cells. In our preliminary study, we observed that
SREC-I forms an oligomer in the membrane (homophilic ¢is-
interaction), possibly a dimer when overexpressed in L cells.
The extracellular domain may be indispensable for the oli-
gomerization, because upon co-transfection of native full-
length SREC-I and the AC370 deletion mutant, which lacks
most of the cytoplasmic domain into L cells, both receptors
could be co-immunoprecipitated. Interestingly, in most of these
cells, long process formation was greatly diminished, indicating
that the AC370 deletion mutant may function as a dominant
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negative effector for SREC-I activity. These observations sug-
gest that close association of the SREC-I cytoplasmic domain
themselves may send a signal to L cells that induces the for-
mation of long processes. In in vive situations, some ligands
might stimulate SREC-I oligomerization producing a signal in
the cells like other growth hormone receptors. SREC-I1, which
shows a strong heterogphilic trans-interaction with SREC-1,is a
possible natural ligand for SREC-1. However, in our prelimi-
nary experiments, the expression levels of SREC-II in the
mouse brain and DRG were very low compared with SREC-I,
sugmesting that other factor(s) serve as ligands for SREC-I
extracellular domains. Further studies are needed to identify
. the natural ligand in these tissues and to elucidate the mech-
anism of advillin activation through the SREC-I cytoplasmic
domain.

SREC-I was originally identified from a human endothelial
cell line (9). Endothelial cells play important roles in vasculo-
genesis, angiogenesis, and the repair of injuries along the en-
dothelium (27). Under these situations, endothelial cells ac-
tively migrate along the substratum in a coordinated and
polarized fashion. This process involves extension of filopodia

and lamellipodia, both of which have specific actin-based ar- -

chitectures. SREC-I might be involved in the formation and

disruption of actin bundles through the gelsolin/villin family in.

endothelial cells,
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Angiotensin —converting enzyme (ACE)

MR RES

B EAFEEEFE, ACE inhibitor, AT1 receptor, D/I polymorphism

L &I

angiotensin-converting enzyme (ACE) {2,
12777 3 V8% S OB H T, -HEXXH-
DInEHEEEL 200EEP.LEAET B
1BOREBLLEAINVFEE I AVEBEAIZLD
type 1 membrane protein T#H % ACE X, £0
&0k B Y angiotensin [{(AngD) 205 C ¥ 218
DT I /BT Y EES peptidyl -dipeptidase T,
Angll # EATAREL LTHEES R L
LEZOEFE LTI Angload 59, sub-
stance P, cholecystokinin, LH-RH 7%z ¥'% { @
~ 75 F% endopeptidase & LTH T 58D
LdH 0, AR T bradykinin 2 & OALBHZRE
BELTWwWaAZ ERAILR TS,

renin-angiotensin system (RAS) O {2 B
5T 5MENTFHLBERITACELSHIL S
HY, ERRTF FRFO receptor {3 ERE
P ETEFETLI I EXALhB L Hich
»7:(H1). —HHH#EK Tidangiotensinogen
mRNA DL EAHE IR TEBY, RASZH
B3 A0 F IR EMERRII O ELE SR, £
HERZALTWwLEEZZ OGNS, BR1IZART
RAS DEFZE ISR D L OMan & Tt
ZoTVEDOPIDWTRABOIIIE W
2, ARTRMEREEAHDNOME L HD
ACE D{ER* %, Alzheimer %5 (AD) {2933 %

EEERD 5 OB BEASRIEH, @AD D ge
netic risk factor, @ g EHFEHUNO/EH OB
HrbELbas.

1. BEMEMETBEBEHE LTOACE

BB L7Zve FACE in vitro TAB1-40%
Asp7-Ser8 DI TUINT L5 A & Hu S L
729 25 LTYIET & iz AR 1d aggregate #{F
DT, ABRMEDIERDBIET 55E,
AB I X BHREEE D in vitro TIHBREND &
Vw9, Zh 5O ACE inhibitor D512
EhHHlsha, LRALEESYAROASE
#Itl3 ACE inhibitor ®#% 5 Tl EE 2 ST
WeEWIHiE b H Y, ACE DSFERRIC in vive T
AR BT AEFZHo TV ARE ) PIEE
IRz ET 5.

ACE R IE RN R LB RME @ brush border
WCREL, PWEMICEERLEZZER L ecto-
enzyme Th Y, FOEFEEHZEICHBAT
REILLDLEBEINRTWS, © METIXAng
I ORBEESMERBIZH 545, ACE L%
Fk i g o MARE, astrocyte R IRAEMEIZ
BRI LTHY, RASORTOEMITME Mk
MHZBBLDOTIRE W EE2RRT A, —4
AB DV TREIBEAO X THESATYS
PREFIEERHI A TOREVWESSH Y, ACE
DHBATORESLHETR V2D, ACEAS
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active peptides

receptors:effects

localization
Drecursors NEP
ACE Ang » (DRVYTHP***) ) -~ AT, o
(Angl_g(DRVYIHPFH*) i vasodilatation
NEP _ ACEH? CP? anti-proliferative
ACEH? (Aﬁgﬁ(DRVYIHPFZ*@ e pT2 | PR
CP? ACE — NS limbic, basal ggl, brainstem
thymase AP-A by
(Ang 1 (DRVYIHPFHL) l
3 Gngm(*RmeF**DL’-_---‘A AT1 ¥ :vasoconstriction
. — . proliferation, hypertrophy
renn AP-N inhibition of LTP
( - . . ) periventricular areas, septal area
~angtotensinogen - -
: (Ang IV (**VYTHPF **} }- - AT4 ‘learning & memory
liver blood flow
astrocyte & neuron ? natriuresis

neocortex, hippocampus, cerebellum, basal ggl.

1 Angiotensin DI &AL
BRTFFDOT I J BRI E ELEREEE, receptor, TOELRELIRERT.
Ang: angiotensin, *'**'***aminoacid deleted, ACE (H) : angiotensin converting enzyme
(human homologue), AP: aminopeptidase, CP: carboxypeptidase, NEP: neprilysin (neu-
tral endopeptidase). AT1 3 & U AT2id G-protein coupled receptor, AT4 {1 insulin—regu-
lated aminopeptidase. AT3 i neuroblastoma cell line THER S5 DA T, LERTOR
821375, losartan i3 AT1 antagonist, saralasin i3 AT1 33 & UF AT2 antagonist T %.

AR R EMET 2 E LTHEDERDGLED
BIR A HER BB EA T T,

ADEHEDACEREI#OHEE2BH LY, &
e h & P IER N RICHTHML Ty
% pi¢, Parkinson %% Huntington #5f¥ & &
R4 3. 72 ACE inhibitor % ligand & LT®
binding site DR D MFRETHMLTEH?,
B%1C AT2 receptor site ® EAMBE LW, Kb
I RASOEMILATAD GBI o Twnd L
v ETHREOHICFEE D 2w, S
WHOACEBREREEICELTRIL TS
EOREDDH LY, BEMBIERLLACE
@ soluble form & HfgA BN TWARVWACET
WAD ICBU ABRAR 200 Ltk

AR DHHETIXAB DOER W E ADORE
BARHT B L OREADH 54, ACE ORBFHIE
HIZADRTERLTEY, ABOGFRETZ
ALTHEFRET S L0 ARICADRTH
LT3 ACER—REICHE LTS &R
mImLIc{ v, LaL, ACE®*#LTAR T
ZARET B AD OBFEIITERA RV LWIE
LTEnh s PiR—FLrET 5.

2. AD OEBRETFE L THOACE BaFH

ACE {rFEEIX 17q23 IZMB L, £ D intron
16 1= 287 base pair insert 3% % (I: insertion) al-
lele & 72 (D: deletion)allele iZ =3 & 5,
ACEDRIEZ I OREFEICL D, I/1: 100
%&325L1/D:131%, D/D: 165% & Bilz 5°.
D/D genotype i coronary heart disease @ risk
factor & T TWAY, BHMEHTIXD/DZA
THHEGVREEIIZwEV) HEER]L-a, b)
L5, D/DHFEFICHET LI EIPIER
b H B A(F1-c~e), coronary heart dis-
case L DERIZ—RAFET S L H AR, WHE
v 10 MR A B | P AR =X (AL N
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~WITERTIORETFEHOREII>VTR
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EM % &0 angiotensin peptides I ifi 7 % BY
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dala Ti long term potentiation % 3 %. <
DO type 1 @ angiotensin receptor (AT1) @
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inhibitor %5 Tk M TR HEEROEHES S
Nz h2 g FAZ 5 X % learning defi-
Cits T v P CHETAZEEEDYDE, AD
B CHE 2 h7- RAS O TE I3 AR (R 2 Y
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LS LB LWL D, Ly
LBz Ang Il #4253 % & learning & mem-
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ory retension Y& ¥ S h, Z DU HATATL/
AT2 antagonist T % saralasin Tl 2 h b &
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4. SHORS

I ACE® ¥ b homologue (ACEH T 7213
ACE2) #*FE &, ACE & ACEH O catalytic
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I BEWE &I, catalytic site 1X ACE
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¥ 7= angiotensinogen 4 6 R 2 #5240 Y
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BEOFMBHREAESELEV)., LLE
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SHORT REPORT

Paradoxical absence of nuclear inclusion in cerebellar
Purkinje cells of hereditary ataxias linked to CAG

expansion

S.Koycmo, K lwabuchi, S Yagishita, Y Kuroiwa, T Uchihara

...............................................................

Degeneration of cerebellar cortex is one of the principal
features of hereditary ataxias linked to expansion of CAG
repeat. In an offempt to clarify possible - correlation
between neuronal depletion and neuronal “intranuclear
inclusions, both triggered by the pathological expansion of
_CAG repeat, 'cerebellar  sections from - SCAT, SCA2,
SCA3, cnd DRPLA' ‘cases ‘were immunostained -with
" antiubiquitin or anti-expanded polyglutamine antibody
{(1C2) and were séreened for the presence of neuronal
intranuclear inclusions: Although the degree of cerebellar
degeneration varied greatly, cerebellar Purkinje cells were
uniformly characterised by -the absence of ‘neuronal
intranuclear . inclusion. ' Complete “absence -of neuronal
"intranuclear inclusion . in :Purkinje .cells” is apparently
paradoxical and hardly explained if neuronal infranuclear
inclusion formation is positively correlated to a mechanism
" accelerating neuronal degth, It may, otherwise, suggestan
intrinsic. link between - 'heuronal  intranuclear inclusion
formation and neurodegeneration in opposite directions in
human Purkinje cells, more or less affected in these CAG
repeat disorders. . oo e L L

spinocerebellar ataxias (SCA-1, -2, -3, -6, -7, -12, and

-17), Huntington'’s disease, dentatorubral pallidoluysian
atrophy (DRPLA), and spinobulbar muscular atrophy (SBMA)
are associated with pathologically expanded CAG repeats in
the coding region of the disease gene.'* Because most of them
are characterised by the presence of neuronal intranculear
inclusions {NIs), which contain the gene product derived from
the expanded allele of the responsible gene, formation of NlIs
induced by expansion of CAG repeat may play a pivotal part in
the pathogenesis in common. Although it has been estab-
lished that an artificial expression of expanded CAG repeat in
cultured cells or in transgenic animals induces formation of
NIs, it Temains to be clarified how NIs are involved in the
pathogenesis and neurodegeneration. Accumulating evidence
suggests, however, that NI formation is not necessarily corre-
lated with the severity of neuronal degeneration. Discrepancy
between neuronal degeneration and formation of NIs has

é t least 10 inherited neurodegenerative diseases, including

been observed at necopsy in brains with Huntington's ,

disease* or with neuronal intranuclear hyaline inclusion
disease (NIHID),’ in mouse transgenic lines carrying mutated
ataxin-1, and in some cellular models of polyglutamine
diseases.” Because it is essential to know how NIs are involved
in these degenerative processes, we systematically screened
cerebellar cortex in a series of hereditary ataxias in search of
ubiquitin or polyglutamine-immunopositive NIs, with special
attention to cerebellar Purkinje {Pj) cells, more or less affected
in these disorders. A possible role of NI in neurodegeneration
and its relation to neurcnal death will be discussed.

www.[nnp.com
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METHODS

Sections were obtained at postmortem examination from the
brains of three SCAI, three SCA2, six SCA3, and five DRPLA
patients from unrelated families and three control subjects
without neurological and psychiatric disorders. Diagnoses
were based on clinical and pathological findings and were
confirmed by genomic DNA analysis, as reported previously.®
Bach cerebellum was fixed in 10% formalin for one to three
weeks, then cut into 1 cm thick sagittal slices for histopatho-
logical and immunohistochemical examination. They were
embedded in paraffin wax and four setial slices of 5 pm thick
sections were immunostained with an anti-ubiquitin antibedy
(1:1000, rabbit polyclonal IgG, DAKO, Glostrup, Denmark) or
with an anti-polyglutamine antibody, 1C2 (1:9000, mouse
monoclonal 1gG, Chemicon, Temecula, CA) by using the
avidin-biotin-peroxidase complex method (ABC Elite, Vector
Burlingane, CA).

RESULTS
Pathological features of these cases were previcusly
summarised.! In SCA1 brains, mild to moderate degeneration
of the pontocerebellipetal system and of the Pj cells of the cer-
ebellar coriex was found and neuronal loss with grumose
degeneration was consistent in the dentate nucleus. SCA2
brains were characterised by severe gliosis involving all three
layers of the cerebellar cortex, and loss of Pj cells was
uniformly severe in all cases. The dentate nucleus was spared,
while some fibrillary gliosis may be seen there in SCA2 brains.
In SCA3 and DRPLA brains, the cerebellar cortex was mostly
spared, but a slight loss of Pj cells was recognisable. Grumose
degeneration was remarkable in the dentate nucleus. .
The anti-ubiquitin antibody, at most, lightly immuno-
stained the nucieoplasm and to a lesser extent the cytoplasm
of Pj cells in all cases (fig 1 A-D). Ubiquitin-immunopositive
NIs were occasionally found in the dentate nucleus of SCAl,
SCA3 (fig 1 E) and DRPLA (fig 1 F) cases and rarely in Golgi
cells in SCAl (fig 1 G), SCA2, and DRPLA cases. These NIs
were also immunostained with the antibody against expanded
polyglutamine (1C2), as shown in fig 1 H (Golgi cell in SCAI).
These two antibodies yielded no significant immunolabelling
in control cases. Concerning Pj cells, we counted the number
of Pj cells in each four serial slices of cerebellum in every case
examined in this study (table 1). Approximate mean number
of remaining Pj cells per section traversing the dentate
nucleus, each including whole sagittal plane of a hemisphere,
was about 420 in SCAl, 150 in SCA2, 2320 in SCA3, and 3130
in DRPLA, Neither anti-ubiquitin antibody nor 1CG2 identified

.............................................................

Abbreviations: N, neuronal intranuclear inclusion; Pj, Purkinje; DRPLA,
dentatorubal pallidoluysian atrophy; SBMA, spinabulber musculor
atrophy



