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Pathophysiology and Therapy for Familial Idiopathic Vitamin E Deficiency

Takanori YoxoTa

Department of Neurology, Tokyo Medical and Dental University

I found the new disease ‘familial ataxia with idiopathic vitamin E deficiency (AVEDY without fat
malabsorption. I identified the causative gene: a-tocopherol transfer protein {aTTP). By impairing
oTTP function in the liver, o-tocopherol cannot be transferred to VLDL, resulting in low concentra-
tion of serum vitamin E. I establish the disease entity and made clear the clinical picture of posterior
column ataxia and retinitis pigmentosa. Furthermore, by investigating oTTP knockout mouse, I clarify
the mechanism of vitamin E deficiency and neuronal degeneration. In this disease, almost symptoms
can be prevented to progress by vitamin E supplementation.

Key words: vitamin E, o-tocopherol transfer protein, ataxia, retinitis pigmentosa
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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 -11. 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-I/SREC-II trans-interac-
tion. However, the significance of large Ser/Pro-rich
eytoplasmic 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 eytoplasmic 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-I 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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gis (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 FEE}-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 (scavenger receptor
expressed by endothelial gells)-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 cytoplasmic
domains with Ser/Pro-rich regicns (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-I1 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 phospherylation
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 phospherylation
sites. However the biclogical role of the cytoplasmic domain of
SRECs is so far totally unknown.

In this study, we focused on the function of the SREC-I
eytoplasmic 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 eytoplasmic domain of SREC-1 is a prerequisite for

This paper is available on line at http://www.jhc.org
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- this activity. Moreover, we demonstrated that advillin, a mem-
ber of the gelsolinfvillin family of actin regulatory 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

Cel! Culture—Murine L cells (CCL-1, American Type Culture Collec-
tion, Manassas, VA) were maintained in Dulbecco’s modified Eugle’s
medium supplemented with 10% fetal calf serum, 100 units/ml penicil-
lin, 100 mg/ml streptomycin, and 2 mM L-glutamine, Chinese hamster
ovary celis were maintained in Ham’s F-12 mediumn supplemented with
50 units/ml peniciilin, 50 mgfml streptomycin, 2 mM L-glutamine, and
10% fetal bovine serum. The murine neuroblastoma line Neuro-2a cells
(CCL-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/m! streptomycin, and 2
mM L-glutamine.

Plasmid Construction—The EcoRI-Xhol fragment of the mouse
c¢DNA for SREC-1, SREC-I cyloplasmic domain deletion mutant that
lacks amine acid residues 451-820 (SREC-1-AC3703, SREC-II, SR-A.
SR-Bl, and advillin were subcloned into the mammalian expression
vector pcDNA3 (Invitrogen), and expression plasmids were termed
peDNA3-SREC-I, pcDNA3-SREC-1-AC370, peDNA3-SREC-II, pcDNA3-
SR-A, pcDNA3-SR-BL, 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 % 10% cells/well) in 24-well plates
were mock transfected or transfected with either pcDNA3-SREC-I,
pecDNA3-SREC-1-AC370, peDNA3-SREC-II, pcDNA3-SR-A, or pcDNA3-
SR-BI using LipofectAMINE reagent (Invitrogen} according to the man-
ufacturer’s instructions. The cells were incubated for 72 b, incubated
again in the presence of 2 ug/ml Dil-AcLDL (Biomnedical 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 EcoRL-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 eytoplasmic domain of mouse SREC-I 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 e¢oli and induced with isopropyl-1-thio-g-v-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 150 my Tris-HCIL. pH 9.6, 120 mM NaCl, 10 mM glutathi-
one). Purified GST fusion proteins were dialyzed against PBS contain-
ing 2 mm EDTA and 1 mm dithiothreitol, ]

GST Affinity Chromatography and Peptide Sequence Analysis—L
cells (6 X 107 cells) were harvested and homogenized in 1 ml of PBS 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 Cl1- 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
(APT; 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 Capecel Pak C,, UG120 (1 X 50 mm; Shiseido, Tokye,
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-I and advillin
were prepared as follows. Peptides corresponding to the C-terminal
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Fi;. 1. SREC-I induces neurite-like long processes in L cells,
Mock-transfected L cells (¢, a’) or L cells transfected with
peDNA3-SREC-I (b, &), pcDNA3-SR-A (¢, ¢’), pcDNA3-SR-BI (d, d"), or
peDNA3-SREC-I (¢, ¢’} were incubated with Dil-AcLDL for 2 h. Left
panels, phase-contrast light micrographs (a-e). Right panels, fluores-
cence image (@’-e') of the same fields as in the left panels. Note the long
processes with the presence of SREC-I (arrowhead) and ne morpholog-
ical change with the absence of SREC-I (arrow). Bar, 10 um.

domain of mouse SREC-[ (NH,-KEQEEPLYENVVPMSVPPQH-COOH)
and mouse advillin INH,-DGEPKYYPVEVLLEGQNQEL-COOH) 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 volume 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 (Sulfolink Coupling Gel, Pierce) to
which the corresponding antigen peptide was coupled,

Small Interference RNA—The mammalian expression vector
pSUPER was used for expression of siRNA in the L cells. Three paris of
the gene-specific targeting sequence {19-nucleotide sequences: 1, 5'-A-
GAAGCCATGCCACTGGTA-3; 2, 5'-CCGCAGCACAAAGACGTCG-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, contrel vector (pSUPER), pcDNA3-SREC-I
plus pSUPER. jxDNA3-SREC-I plus pSUPER-advillin/RNAi, or
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A

SREC-I

Extraceliular
Fic. 2. SREC-I cytoplasmie domain

is required for the induction of mor-
phological change, A, schematic figures
of murine SREC-I and SREC-I-AC370
showing extracellular. transmembrane,
and cytoplasmic sites. B. L cells trans-
fected with pcDNA3-SREC-I {(a, @) or
pcDNA3-SREC-I1-AC370 (b, b'} were incu-
bated with Dil-AcLDL for 2 h. Left panels,
phase—contrast light micrographs (a, &)
Right pancls, fluorescence image {a’, b") of
the same ficlds as in the leff panels. Bar,
10 pm.

Cytoplasmic

SREC-I-A370

Extraceliular

Cytloptasmic

peDNA3-GFP plus pSUPER-advillin/RNAI as described ahove, and the
cells were cultured for 72 h. Total cell lysates were prepared in lysis
buffer (10 mu Tris-1IC], pll 7.4, 150 mum NaCl, 14 (wfv) Triton X-100,
0.5% twiv} Nonidet P-40, 1 mm EDTA, protease inhibitor mixture
(Sigma), and 1 mM phenylmethylsulfenyl 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 m! of PBS, and then centrifuged at
100,000 X g for 1 h at 4 °C. The resultant supernatants were analyzed
by Western blotting with anti-advillin or anti-SREC-1 antibodies.

Immunofluorescence Microscopy—L cells were transfected with
pcDNA3-SREC-T and pSUPER-advillin/RNAi vectar or control vector
(pSUPER), incubated for 72 h at 37 *C, fixed with 3.7% formaldehyde in
PBS for 20 min at reom 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 room temperature, washed 4 times
with PBS. incubated again with an Alexa Fluor 584 goat anti-rat
IgG{H +L) antibody 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 pcDNAJ-SREC-I and
peDNAS-advillin, and incubated for 72 h at 37 °C. The cclls 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 albumin in PBS for 1 h at room temperature. and incubated with
the anti-SREC-I 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 594 goat anti-rat IgGUH+L)
antibody and Alexa Fluor 488 goat anti-mouse IgG(H +L) antibody for
1 h at reom temperature, washed thoroughly with PBS, embedded, and
then visualized using a fluorescent microscope.

Western Blot Analvsis—C57/BL6 mice (adults or 18-day embryos)
were perfused with ice-cold SET buffer (0.25 M sucrose, 1 mym EDTA. 10
mM Tris-HCI, pH 7.4) containing protcase inhibitor mixture and 1 mu
phenylmethylsulfonyl fluoride. Thereafter, the brain, spinal cord, and
dorsal root ganglion (DRQ) were rapidly excised, as deseribed provi-
ously {15). The brain and spinal cord were homogenized in 4 velumes
(wiv) 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% trichloroacetic 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 (Pierce). Each total protein lysate (100 pgflane) was separated by
SDS-PAGE and transferred to nitrocellulose membranes. The mem-
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branes were blocked with 5% (w/v) skim milk (Wako, Osaka, Japan) in
TTBS buffer (10 mm Tris-TICL, pIi 7.4, 150 my NaCl, 0.05% {w/vi Tween
20) and incubated with anti-advillin or anti-SREC-I antibedies in
TTES. 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-HCL, pH 7.4, 150 mM NaCl, 1% (whv) Triton X-100, 0.5%
{wfv) Nonidet P-40, 1 mym EDTA, protease inhibitor mixture (Sigma, 1
mM phenylmethylsulfony! flucride). The DRG extracts were precleared
for 2 h with protein G-agarose beads (Amersham Biosciences) and then
incubated overnight with anti-SREC-I antibedy 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 huffer
containing 2-mercaptocthanol. The supernatants were subjected to
SDS-PAGE and Western blotting.

RESULTS

SREC-I-induced Morpholagical Change of L Cells—First, L
cells were transfected with vectors for various scavenger recep-
tors, and merpholegical changes were monitored. As shown in
Fig. 1, transfection of the expression vector for SREC-I into the
cells caused significant morphological 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-II were overexpressed in
these cells. These results suggested that SREC-I is the specific

-scavenger receptor that ecan induce neurite-like outgrowth
when overexpressed in L cells. When SREC-1 was expressed in
Chinese 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 eytoplasmic
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 eell morphology (Fig. 2B). Thesc
results indicated that the cytoplasmic domain is required for
the induction of neurite-like outgrowth, and we hypothesized
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Fi6, 3. Identification of SREC-I cytoplasmic 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 cytoplasmic 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 denctes
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-I1—To identify the proteins that bind to the cytoplas-
mic domain of SREC-I, we prepared several expression vectors
for GST-fused C-terminal fragments of the SREC-I protein
(Fig. 34, 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 loaded, 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 to amino acid se-
quencing. Seven peptides derived from the protein were deter-
mined, and all were the partial sequences of advillin, an actin
regulatory protein belonging to the gelsolinfvillin family (16).

Advuillin 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). Thereafler, I, cells were co-transfected
with SREC-I and advillin siRNA {RNAi-1) vectors, and mor-
phological cell change was monitored. The expression vector for
SREC-I was transfected into the cells, and the expressed pro-
teint 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 cells, advillin was undetectable in
Chinese hamster ovary cells in which SREC-I had no apparent
ability 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-1 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. 6A). 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-I interacts with advillin in the
DRG of 18-day embryonic mice, we performed immunoprecipi-
tation studies with the anti-SREC-I antibody. Immunoblot
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 neurcblastoma cell line,
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Fic. 4. Advillin is required for the SREC-I-induced morpholog-
ical change, A, suppression of advillin expression by pSUPER-advillin/
RNAL {a), pSUPER (fane 1) or pSUPER-advillin/RNAi-1 to -3 tlanes
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. (4), pcDNA3-SREC-I and pSUPER
(lane 1Y or pcDNA3-SREC-I and pSUPER-advillin/RNAI-1 (fane 2) or
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FiG. 5. Western blot analysis of SREC-1 and advillin in murine
brain and DRG. A, immunoblot analysis of lysates from mouse brain,
spinal cord, and DRG with polyclonal antibody against SREC-I (upper
panel) and advillin (Zower panel). Each total protein lysate (100 pg/lane)
was separaled by SDS-PAGE and subjected to Western blotting. B,
mouse DRG lysates were immunoprecipitated with polyclonal antibody
against SREC-I. Immunoblet analysis of the immunoprecipitates and
the Iysates with polyclonal antibody against SREC-I tupper panels) and
advillin dower 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 cells 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 SerPre-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).

peDNA3S-GFP and pSUPER-advillin/RNAi-1 (ene 3} were transfected
into L cells as described under “Experimental Procedures.” Total cell
lysates were subjected to SDS-PAGE and immunoblotted to detect
SREC-I (upper pancl) and advillin (ower panel) proteins, B, L cells
transfected with pcDNAJ-SREC-1 and pSUPER (left panels) or
pcDNA3J-SREC-I and pSUPER-advillin/RNAI-1 tright panels) were im-
munostained with polyclonal antibody against SREC-I. Upper panefs,
flucrescence images. Lewer pancels, phase-contrast light micrographs of
the same ficlds as in the wupper panels. Bar, 10 pm. C, percent of
>40-pum long processed L cells.
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SREC-I

Fi;. 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  (4). pcDNA3-SREC-1
(8), or pcDNA3-advillin {C). The cells
were immunostained with rat polyclonal
antibody against SREC-1 (red) and mouse B
moenoclonal antibody against hemaggluti-
nin-tagged (green). Note the long pro-
cesses with the presence of SREC-I and
advillin {arrowheads). Bar, 20 pm,

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 demain. It is therefore rea-
sonable that the eytoplasmic domain of SREC-I binds to advil-
lin and regulates the intracellular cytoskeletal organization,
resulting 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 subcutaneous areolar and adipose tissue
of male C3H/An mice according to the CCL-1 catalogue. Intrin-
sic expression of advillin made it possible to elucidate the
function of SREC-1 in advillin-mediated morphological changes
in L cells. Depletion of endogenous 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-1 overexpression. This pro-
vides further evidence for the necessity of advillin.

QOur results are the first to show that SREC-I is expressed
not only in endothelial cells but also in neuronal cells. Further-
more, SREC-I 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-I and advillin are involved in the develop-
ment of DRG neurons by inducing the described morphological
changes.

SREC-I
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SREC-! is characterized by its extremely large cyloplasmic
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 cytoplasmic domain of SREC-I
plays a role in transducing intracellular signals of SREC-I1. 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. Thig suggests that the
region within 643-752 is responsible for advillin binding, This
region is 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-I and -I1, this region is
less homologous (<10%), which can explain why SREC-II
exerted no morphogenetic activity on L cells.

It remains unclear how the SREC-I 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 extracellular 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 48). Morcover, 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-1 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 olipomer in the membrane (homophilic efs-
interaction), possibly a dimer when overexpressed in L cells.
The extraccllular 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 vivo situations, some ligands
might stimutate SREC-I oligomerization producing a signal in
the cells like other growth hormone receptors, SREC-II, which
shows a strong heterophilic trans-interaction with SREC-1,is a
possible natural ligand for SREC-I1. 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,
suggesting that other factoris) 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-1 c¢ytoplasmic
domain.

SREC-I was originally identified from a human endothelial
cell line (9). Endothelial cells play important roles in vasculo-
penesis, 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 filopedia
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 gelsolinfvillin family in
endothelial cells.
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Scavenger receptor expressed by endothelial cells I
(SREC-D) is a novel endocytic receptor for acetylated low
density lipoprotein (LDL). Here we show that SREC-1 is
expressed in a wide variety of tissues, including macro-
phages and aortas. Lipopolysaccharide (LPS) robustly
stimulated the expression of SREC-I in macrophages. In
an initial attempt to clarify the role of SREC-I in the
uptake of modified lipoproteins as well as in the devel-
opment of atherosclerosis, we generated mice with a
targeted disruption of the SREC-I gene by homologous
recombination in embryonic stem cells, To exclude the
overwhelming effect of the type A scavenger receptor
(SR-A) on the uptake of Ac-LDL, we further generated
mice lacking both SR-A and SREC-I (SR-A~'";SREC-I"'")
by cross-breeding and compared the uptake and degra-
dation of Ac-LDL in the isolated macrophages. The con-
tribution of SR-A and SREC-I to the overall degradation
of Ac-LDL was 85 and 5%, respectively, in a non-stimu-
lated condition, LPS increased the uptake and degrada-
tion of Ac-LDL by 1.8-fold. In this condition, the contri-
bution of SR-A and SREC-I to the overall degradation of
Ac-LDL was 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%.
Consistently, LPS did not increase the expression of
other members of the scavenger receptor family such as
CD36. In conclusion, SREC-I serves as a major endocytic
receptor for Ac-LDL in LPS.stimulated macrophages
lacking SR-A, suggesting that it has a key role in the
development of atherosclerosis in concert with SR-A.
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Scavenger receptors mediate the endocytosis of chemically
modified lipoproteins such as acetylated low density lipopro-
tein (LDL),! thereby contributing to the development of ather-
osclerosis (1). The scavenger receptor gene family comprises a
series of unlinked genes encoding membrane proteins with
diverse ligand binding activity (2). The class A type Itype II
scavenger receptor (SR-A) is the prototype receptor belonging
to this family (3) and accounts for ~80% of the uptake of
Ac-LDL in macrophages (4, 5).

Recently, we identified scavenger receptor expressed by en-
dothelial cells I (SREC-I), which encodes a protein of 830 amino
acids and binds fluorescent Dil-labeled Ac-LDL when ex-
pressed in Chinese hamster ovary cells (6}, and its paralogous
gene, SREC-IT (7). The SREC-I protein is composed of an N-
terminal extracellular ligand binding domain with seven epi-
dermal growth factor receptor-like cysteine pattern signatures,
a membrane-spanning domain, and an unusually long C-ter-
minal eytoplasmic domain that includes a Ser/Pro-rich region
followed by a Gly-rich region. SREC-II encodes an 834-amino
acid protein with 35% homology to SREC-L Although SREC-11
has little activity to internalize modified LDL, SREC-I-express-
ing fibroblasts are intensely aggregated with SREC-11-express-
ing fibroblasts, indicating the association of SREC-I and
SREC-II (7). However, the precise functions of these two pro-
teing are currently unknown.

In atherosclerotic lesions, macrophages are laden with lipids
and immunologically activated (8). In line with this, the devel-
opment of atherosclerosis is accelerated by LPS (9), a major
component of Gram-negative bacteria that stimulates the pro-
duction of various cytokines in vivo, thereby contributing to the
pathogenesis of endotoxin shock (10). Conversely, the absence
of toll-like receptor 4, a receptor for LPS, inhibits its progres-
sion (11). These considerations have prompted us to examine
the effects of LPS on the expression of SREC-I. In the present
study, we show that LPS robustly stimulated the expression of

! The abbreviations used are: LDL, low density lipoprotein; SR-A,
class A type Itype I scavenger receptor; SR-BI, class B type I scav-
enger receptor; SREC, scavenger receptor expressed by endothelial
cells.
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SREC-I in macrophages. In an initial attempt to clarify the role
of SREC-1 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-
stitutiona! guidelines for animal experiments at the University of To-
kyo and the Jichi Medical School.

SREC-I Antibody Preparation—Two milliprams 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 sulfhydryl-reactive antibody 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). ApcE
knock-out mice were purchased from the Jackson Laboratery (Bar
Harbor, ME)(13). Both mice had been back-crossed to C57TBL/6J genetic
background and fed a normal chow diet (MF diet from QOriental Yeast
Co., Tokyo, Japan) that contained 5.6% (w/w) fat with 0.09% (wiw)
cholesterol, and the mice were allowed access to water and food
ad libitum.

Cells—Thioglycolate-elicited peritoneal macrophapes (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 domaing, and Probe B, a 0.1-kb fragment
consisting of only the transmembrane domain. Poly (A)* RNA was
purified using Oligotex-dT30™, an oligotdT) latex (Roche Applied Sci-
ence) from 100-150 pg of total RNA that was extracted by TRIzol
reagent {Invitrogen) from either cultured cells or tissues. One to three
milligrams of poly(A)” 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-1
and other scavenger receptors as described previously (16),

Western Blot Analysis—Cells were lysed with 0.1% SDS. Afier 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 IgG conju-
gated with horgseradish peroxidase (1;2000 dilution; Amersham Bio-
sciences). The secondary antibody was visualized by an enhanced
chemiluminescence kit (Amersham Biosciences),

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 8, 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 pPolllshort-neobpA-HSVTK, as described previ-
ously (17). After digestion with Sall, the vector was electroporated into
JH-1 embryonic stem cells (a 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-g-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 chimerie
mice that transmitted the disrupted allele through the germline.

Generation of the SR-A/SREC-I Double Knock-out Mice-~The SR-
A~'" miece were crossed with the SREC-I"/~ mice, which were a
C57TBL/6J x 129/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.

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

Histology—Mice were sacrificed by decapitation, Tissues were ex-
cised, fized in 10% neutral buffered formalin, embedded in paraffin, and
stained with hematoxylin-eosin,

Preparation 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-
poproteine and lipoprotein-deficient serum were dialyzed against 10
mM sodium phesphate, pH 7.4, 150 mm NaCl, 0.01%{w/v} EDTA, and
0.01% (w/iv) NaN,. LDL was acetylated with acetic anhydrate and
radicicdinated by the jodine monochloride method as described (18).
Protein concentrations were determined by the BCA protein assay
reagent kit (Pierce).

Cellular 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 *[-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 '**1-Ac-LDL either degraded by or asso-
ciated with the cells were measured according to a modified method (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 -11—
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 maerophages (Fig. 2). The peak of
the stimulation was reached by the 12-h time point of the
stimulation (Fig. 2A), 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 gollage-
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-I in the atherosclerotic aortas, which
were taken from 12-month-old apoE knock-out mice, with nor-
mal aortas, mouse embryonic fibroblasts, periteneal macro-
phages, kidney, or lung from wild-type mice (Fig. 4). Normal
and atherosclerotic aortas expressed 1.7- and 2.1-fold higher
levels of SREC-I mRNA than the non-stimulated macrophages,
respectively. The expression levels were comparable with those
in the kidney, but much lower than those of the LPS-treated
macrophages.



