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ABSTRACT Scavenger receptor BI (SR-BI) is a cell sur-
face receptor that binds high density lipoproteins (HDL) and
mediates selective uptake of HDL cholesteryl esters (CE) in
transfected cells. To address the physiological role of SR-BI in
HDL cholesterol homeostasis, mice were generated bearing an
SR-BI promoter mutation that resulted in decreased expres-
sion of the receptor in homozygous mutant (designated SR-BI
att) mice. Hepatic expression of the receptor was reduced by
53% with a corresponding increase in total plasma cholesterol
levels of 50-70% in SR-BI att mice, attributable almost
exclusively to elevated plasma HDL. In addition to increased
HDL-CE, HDL phospholipids and apo A-1 levels were ele-
vated, and there was an increase in HDL particle size in
mutant mice. Metabolic studies using HDL bearing nonde-
gradable radiolabels in both the protein and lipid components
demonstrated that reducing hepatic SR-BI expression by half
was associated with a decrease of 47% in selective uptake of CE
by the liver, and a corresponding reduction of 53% in selective
removal of HDL-CE from plasma. Taken together, these
findings strongly support a pivotal role for hepatic SR-BI
expression in regulating plasma HDL levels and indicate that
SR-BI is the major molecule mediating selective CE uptake by
the liver. The inverse correlation between plasma HDL levels
and atherosclerosis further suggests that SR-BI may influence
the development of coronary artery disease.

It is well established that plasma concentrations of high density
lipoprotein (HDL) cholesterol are inversely proportional to
the risk of developing atherosclerosis and coronary artery
disease (1). Although the protective mechanism is not known,
HDL is thought to reduce plaque formation by removing
cholesterol from arterial cells and delivering it to the liver as
cholesteryl ester (CE) for bile acid synthesis and secretion, a
process referred to as reverse cholesterol transport (2). HDL
also delivers CE to steroidogenic tissues (adrenal gland, ovary,
and testis), where it serves as substrate for steroid hormone
synthesis (reviewed in ref. 3). The uptake of HDL cholesterol
by cells involves selective transfer of CE to the cell without
uptake and degradation of HDL proteins, a process known as
selective lipid uptake (4, 5). This is markedly different from the
mechanism of clearance of low density lipoproteins (LDL),
which involves receptor-mediated endocytosis and intracellu-
lar degradation of the entire lipoprotein particle (6).
Whereas the receptor that mediates LDL clearance was
identified well over a decade ago (6), a functional HDL
receptor has only recently been identified. Acton et al. (7)
demonstrated that scavenger receptor BI (SR-BI), a multili-
gand cell surface receptor isolated from Chinese hamster

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424/98/954619-6$2.00/0
PNAS is available online at http://www.pnas.org.

4619

ovary cells by expression cloning (8), binds HDL with high
affinity and mediates selective cholesterol uptake in trans-
fected cells. Furthermore, the receptor is primarily expressed
in those tissues exhibiting selective lipid uptake in vivo: liver,
adrenal gland, ovary, and testis (7, 9, 10).

A number of recent studies have supported a role for SR-BI
in vivo in providing cholesterol for steroid hormone synthesis
via selective cholesterol uptake in steroidogenic tissues. SR-BI
expression was found to be up-regulated under conditions
where adrenal stores of cholesterol were depleted (9), or under
conditions where cholesterol utilization was increased because
of stimulation of hormone synthesis in the adrenal gland, testis,
or ovary (9-11). These studies strongly suggest that SR-BI is
an in vivo HDL receptor that provides CE for steroid hormone
synthesis, but the physiological role of SR-BI in regulating
plasma cholesterol metabolism remains uncertain. Although
selective uptake by the liver represents the major route of
catabolism of plasma HDL cholesteryl ester in rodents (4, 5),
the importance of SR-BI in this process is unclear. Adenovi-
rus-mediated overexpression of SR-BI in the liver of mice
resulted in a marked decrease of plasma HDL and a significant
increase in cholesterol secretion in the bile (12). These data
suggest an important role for SR-BI in hepatic HDL metab-
olism but are based on expression levels that are nonphysi-
ological. To more directly address the role of SR-BI in
regulating HDL cholesterol homeostasis, we have generated
mice bearing a targeted mutation of the SR-BI gene. Our data
indicate that SR-BI plays a central role in the hepatic clearance
of HDL cholesterol by the previously described selective
uptake pathway (4, 5) and in the regulation of plasma HDL
levels.

MATERIALS AND METHODS

Targeting of SR-B1. Murine SR-BI gene sequences were
isolated from a mouse strain 129/Sv genomic phage library
(Stratagene). The targeting construct was generated by sub-
cloning the lacZ coding sequence, containing the simian virus
40 large T antigen nuclear localization signal at its 5’ end and
the murine protamine-1 first intron and poly(A) sequence at
its 3’ end (13), immediately upstream of the PGK-neo expres-
sion cassette from the plasmid pKJ1 (14). The 2-kb Xbal-Pst1
genomic SR-BI fragment upstream of exon 1 was subcloned 5’
of the lacZ coding sequence, and a 3.1-kb EcoRI-Sacl gene
fragment downstream of exon 2 was subcloned 3’ of the
PGK-neo cassette to generate the SR-BI targeting vector. The
vector was linearized with NotI digestion before electropora-
tion.

Abbreviations: HDL and LDL, high and low density lipoproteins; CE,

cholesteryl esters; SR-BI, scavenger receptor BI; FCR, fractional

catabolic rates; ES cell, embryonic stem cell.

A commentary on this article begins on page 4077.

#To whom reprint requests should be addressed. e-mail: huszar@mpi.
com.



4620 Medical Sciences: Varban et al. Proc. Natl. Acad. Sci. USA 95 (1998)
A £ T_
Ee= =Sw B E3 = ——
Tagetng  G%2 Sif de¢ 8 :
vector S Giwamia ——— s
Z NEO
Fe - Lo E2 [
ES i ) S= B =0 i
= o ™ 8
WT allsle 8¢ .|§ ‘?“,ﬁ %ﬁ &a ’}?"b & uﬁ’g ‘ai ¥
5' probe exon 1 exon 2 3'Probe
Bam HI § kb
Pvull 7.5kb Cfmuhmﬁ:zd of the targeting
oy e vector, follo
Xoa "ss':...:_’%i"k:b by ﬁoﬁ:ofogous insartional
Targeted integration 5' of exon 1
allele
g - —1im = -z = - & -
3 E3 = EZ 3m gx E $s = 3
82 238 3 i mizd i AR 42
4 —= (G tg———
§'Probe  [acz NEO 3 Probe PlAsmid  exond exon2 3 Probe
e vy ar ——
Bam HI 4 kb Bam HI 5.8 kb Bgll >12 kb
Pvull 3.7 kb Bgll 6 kb Pvull 6.4 kb
Xba I-Bam HI 2.8 kb
B =y f Ll o Pt % Sacl 1.6 kb
ey ooy TEET i
kb kb kb kb kb kb kb kb
” C + .
=1 + + ]
58- -64 -1 kb
- -7.5 50 '
5. " -28 »-6 5- e -
4.
4
w37 -
16- ™
Bam HIPvu ll Bam HI Pvu ll Sacl Xbal- Bgll Bam HI
L J L Eam“' ] L J L ki ]
5" Probe Exon 1 Probe ¥ Probe §' Probe
FiG. 1. Disruption of the mouse SR-BI locus. (4) Schematic representation and partial restriction maps of the SR-BI targeting vector, the

wild-type locus, and the targeted allele. Open boxes represent SR-BI exons 1 and 2, the hatched boxes indicate the 5’ flanking probe and the 3’
probe, the shaded boxes are the lacZ gene and the PGK-neo expression cassette, and the dashed line is plasmid DNA. The arrows above lacZ and
neo indicate the direction of transcription. Double-headed arrows indicated approximate predicted restriction fragment sizes. (B) Autoradiogram
of Southern blot analysis of ES cell DNA. Genomic DNA from control (+/+) and targeted (+/—) ES cells was digested with the indicated enzymes
and hybridized with radiolabeled 5 probe, 3’ probe, or exon 1 probe, as indicated. When probed with the 5’ flanking probe, BamHI and Pvull
digestion of genomic DNA from targeted ES cells produced the expected wild-type 5- and 7.5-kb bands, respectively, and the predicted 4- and 3.7-kb
bands diagnostic of homologous recombination with the vector. Hybridization of these digests with an exon 1 probe revealed novel bands of 5.8
(BamHI) and 6.4 kb (Pvull) in the targeted clone, in addition to the wild-type 5- (BamHI) and 7.5-kb (PvulI) bands. Further analysis with the exon
1 probe demonstrated that the wild-type Xbal-BamHI and Sacl bands of 2.8 and 1.6 kb were unaltered in the targeted allele. Lastly, hybridization
with the 3’ probe detected a control Bg/l fragment of >12 kb and a novel 6-kb Bg/l band in the targeted clone. These data are consistent with
homologous insertion of the entire targeting vector via single reciprocal recombination (reviewed in ref. 24) as diagrammed. In addition, typical
of such sequence insertion recombination events, a genomic duplication was generated (reviewed in refs. 25 and 26), such that in the targeted locus
the targeting vector is bracketed by the 2-kb fragment originating from upstream of exon 1. (C) Autoradiogram of Southern blot analysis of genomic
DNA from wild-type (+/+), heterozygous (+/—), and homozygous mutant (—/—) F2 littermates. Genomic DNA was digested with BamHI and

hybridized with the 5’ flanking probe.

RF-8 ES cells (15) were cultured on SNL76/7 mitotically
inactive feeder cells as described (16) and electroporated with
the linearized targeting vector as described (17).

For Southern blot analyses, genomic DNA was digested with
the indicated restriction endonucleases, electrophoresed
through a 0.8% agarose gel, transferred to Hybond N+
membrane (Amersham), and hybridized with the 32P-
radiolabeled probes indicated in the text.

Generation of Mutant Mice. The targeted ES clone was
injected into BALB/cByJ blastocysts as described (18) to
generate chimeras. Male chimeras were bred with BALB/cByJ
females, and offspring heterozygous for the mutation were
interbred to generate F2 progeny for analysis. Mice designated
as controls are wild-type F2 mice; “SR-BI att” indicates mice
that are homozygous for the targeted mutation. Mice were
maintained on a 12-h light/12-h dark cycle, fed PMI 5021 chow
(PMI Feeds, St. Louis) containing 9% fat, and provided with
water ad libitum.

Western Blot Analysis. Organ homogenates were prepared
as described (19). Postnuclear supernatants were prepared by

centrifugation of homogenates at 3,000 X g for 10 min at 4°C.
Samples were reduced with 2-mercaptomethanol in gel-
loading buffer, fractionated on a 8% Tris-glycine gel (Novex),
and transferred to 0.45-uM nitrocellulose membranes. Immu-
noblot analysis was performed by using a rabbit polyclonal
antipeptide antibody (Research Genetics, Huntsville, AL)
raised against amino acid residues 495-509 of the long form of
the human SR-BI sequence (20). Ponceau S staining was used
to control for loading and transfer efficiency. Densitometry
was performed on scanned autoradiograms by using NIH
IMAGE 1.54 software.

Analysis of Plasma HDL Cholesterol. Blood was collected
from the retroorbital plexus in heparinized capillary tubes, and
total plasma cholesterol was determined by using an enzymatic
assay (Sigma #352). For size-exclusion chromatography,
plasma samples were centrifuged at 20,800 X g for 10 min. One
hundred microliters of supernatant was applied to two Super-
ose-6HR columns (Pharmacia) connected in tandem and
eluted isocratically at a constant flow rate of 0.5 ml/min with
1.3 column volume of 10 mM Tris/150 mM NaCl/1 mM
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EDTA, pH 7.4 [BioCad Chromatography workstation (Per-
ceptive Biosystems) fitted with a Thermoseparation autosam-
pler]. Fractions of 0.5 ml were collected and cholesterol
content was determined as described above.

Triglyceride, phospholipid, and lipoprotein cholesterol con-
centrations were determined by using commercial kits (Wako
Biochemicals, Osaka) as described (9). Cholesteryl ester con-
tent was derived by subtracting free cholesterol from total
cholesterol. VLDL (d < 1.006 g/ml), IDL + LDL (d =
1.006-1.055 g/ml), and HDL (d = 1.055-1.21 g/ml) were
separated by sequential density ultracentrifugation of pooled
mouse plasma. Denaturing polyacrylamide gel analysis of
isolated lipoproteins was performed by using 4-20% SDS/
PAGE gradient gels from Bio-Rad. Gels were stained with
Coomassie brilliant blue R, and the identity of each apoli-
poprotein confirmed by Western blot analysis. Nondenaturing
PAGE of plasma was performed on 4-20% gradient Lipogel
(Zaxis, Hudson, Ohio) stained with Sudan Black. Purified
murine VLDL, LDL, and HDL were included as standards; the
size of HDL was determined by correlation of migration with
that of protein size markers (Pharmacia).

HDL Catabolism. Mouse HDL was prepared in the density
range 1.063-1.21 g/ml from plasma of wild-type 129/Sv X
BALB/cBy F2 mice by using sequential preparative ultracen-
trifugation according to standard procedures. HDL was dia-
lyzed against PBS containing 0.3 mM EDTA and 0.02% NaN3,
radiolabeled in the protein moiety with !*1-N-methyl-
tyramine cellobiose (!2I-NMTC) (21), and thereafter with
[’H]cholesteryl oleyl ether ([*H]CEt, Amersham) to trace the
CE moiety (22).

Experiments to determine plasma fractional catabolic rates
(FCRs) of both HDL tracers and their tissue sites of uptake
were carried out as previously described (5, 23). Food was
removed from four female control and SR-BI att mice each 4 h
before tracer injection, and animals were fasted throughout
the 24-h study period but had free access to water. Doubly
radiolabeled HDL was injected at 10 a.m. in an iliacal vein, and
blood samples were drawn from the tail vein of each animal at
0.08, 0.5, 5.0, 2.0, 9.0, and 24.0 h postinjection. Plasma samples
were directly radioassayed for '2°I and analyzed for [*H] after
lipid extraction (5). Twenty-four hours after tracer injection
organs and gut contents were collected, weighed, homoge-
nized, and radioassayed. Tissue content of 2T radioactivity
was directly assayed, and that of [°’H] was analyzed by liquid
scintillation counting after lipid extraction (5). Tracers in the
gut contents were attributed to primary uptake by the liver (5,
22).

Based on plasma decay of both HDL tracers, plasma FCRs
were calculated by using a two-component model, which is
similar to established procedures (23). Organ FCRs, repre-
senting the fraction of the plasma pool of the traced HDL
component cleared per hour by an organ, were calculated as
the plasma FCR X fraction of total tracer (%) recovered in a
specific organ.

RESULTS

Disruption of the SR-B1 Gene. The murine SR-BI locus was
disrupted in embryonic stem (ES) cells by homologous recom-
bination with the targeting vector shown in Fig. 14. A targeted
clone was generated in which homologous recombination
between the 5’ arm of the vector and genomic sequences
upstream of exon 1 was verified by Southern blot hybridization
(Fig. 1B). Recombination of the 3’ vector arm with homolo-
gous sequences downstream of exon 2 was not detected by a
variety of restriction digests (data not shown). Detailed anal-
ysis of the targeted allele (as described in the legend to Fig. 1B)
demonstrated that the entire targeting vector integrated ho-
mologously into genomic DNA upstream of exon 1 as a
sequence-insertion event, presumably after circularization
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F1G.2. Immunoblot analysis of SR-BI protein expression in control
and homozygous mutant mice. A total of 50 pg of protein from
postnuclear supernatants of mSR-BI transfected CHO cells and from
liver, spleen, brain, heart, testis, and kidney, and 20 pg from the
adrenal gland, of representative control (+/+) and SR-BI att (—/—)
mice was analyzed by gel electrophoresis and immunoblotting with a
rabbit polyclonal anti-human SR-BI antibody. *, 2.5-fold less protein
was loaded in this, relative to the other, lanes.

within the ES cell nucleus, to generate the genomic structure
proposed in Fig. 14. As a result of this mutation the putative
SR-BI promoter region has been disrupted by the insertion of
the approximately 13.5-kb targeting vector. However, SRBI
coding sequences are intact, as are approximately 2 kb of
sequences immediately upstream of exon 1, which include the
putative TATA and GC boxes.

SR-B1 Expression in Mutant Mice. Mice homozygous for
the SR-BI promoter mutation were generated (Fig. 1C) with
no discernible effect of homozygosity for the SR-BI att mu-
tation upon viability. Mice were assayed for SR-BI expression
by Western blot hybridization by using a polyclonal rabbit
antiserum. Tissue distribution and size of the SR-BI protein
were unaltered by the mutation, but a significant decrease in
expression levels was apparent (Fig. 2). In the liver of homozy-
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F1G. 3. Plasma cholesterol and HDL analysis. (4) FPLC analysis
of plasma lipoproteins. Plasma was pooled (n = 4) from homozygous
mutant (m) and control (0J) female mice (ages 10, 11.5, and 15.5 weeks,
and 11.5 and 15.5 weeks, respectively) and subjected to FPLC Super-
ose-6 gel filtration, and the cholesterol content of the fractions was
determined. (B) Nondenaturing PAGE of plasma from control and
mutant mice. Ten microliters of plasma from control and SR-BI att
male mice were analyzed.
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Table 1. Plasma lipoproteins

Proc. Natl. Acad. Sci. USA 95 (1998)

VLDL, mg/dl IDL/LDL, mg/dl HDL, mg/dl
Mouse type TC PL TG TC PL TG TC PL TG
Control 16.8 48 356=*122 657+17.6 57+x17 105%=26 10223 62.5+15.6 90.2 =231 49+1.2
SR-BI att 144+39 347*+151 599+159 69+19 11.6=*=3.1 115+28 1074149 116.7*+271 58 +24
(P < 0.01) (P < 0.05)

SR-Bl att (n = 8) and control females (n = 8) were bled between 16-20 weeks of age. The values are means = SEM. Significance was determined
by Student’s ¢ test. TC, total cholesterol; PL, phospholipids; TG, triglycerides.

gous mutant mice, SR-BI protein (1117 = 96.5 arbitrary units)
was reduced to 47% of wild-type levels (2,385 =+ 345.6 arbitrary
units; n = 6 for both wild-type and mutant mice, P = 0.01). In
the adrenal glands of homozygous mutant mice, protein ex-
pression (427 = 47 arbitrary units) was further reduced to
approximately 13% of wild type (3,266 * 682 arbitrary units;
n = 3 for both wild-type and mutant mice, P = 0.01), as was
SR-BI mRNA expression (data not shown). Protein expression
in the testis was also dramatically reduced in mutant mice.
Based on this attenuated expression, we have designated this
mutation SR-BI att. The levels of SR-BI expression in the
ovaries of wild-type mice (n = 7) varied significantly, as did
expression levels in ovaries of SR-BI att mice (n = 7), with no
readily apparent difference between wild-type and control
values (data not shown). This variation may reflect cyclical
hormonal changes that regulate SR-BI levels coordinately with
the demand for CE in the ovary during the 4- to 5-day mouse
estrous cycle.

Plasma Cholesterol, HDL, and Lipoproteins. To assess the
consequences of the att mutation on plasma cholesterol levels,
blood was collected from homozygous mutant and control
mice. Attenuated expression of SR-BI was associated with an
approximately 50-70% increase in the concentration of total
plasma cholesterol (84 + 2.5 mg/dl control male, 126.6 = 7.5
mg/dl SR-BI att male, n = 7, P = 0.001; 73.4 = 6.2 mg/dl
control female, 126.5 = 5.3 mg/dl SR-BI att female,n = 7,P =
0.00003); no alterations of plasma triglyceride levels were
observed (data not shown). Fast pressure liquid chromatog-
raphy (FPLC) revealed a 51% increase in HDL concentration
in homozygous mutant mice and a slight increase in cholesterol
in the LDL-HDL 1 region (Fig. 34).

Analysis of HDL size distribution on nondenaturing poly-
acrylamide gels revealed an increased staining intensity of
HDL lipids and a slight increase in LDL staining (Fig. 3B).
HDL migration was slightly retarded in homozygous mutant
mice, indicating an increase in mean diameter of the HDL
particle from 10.9 = 0.09 nm to 11.2 £ 0.09 nm (n = 4, P =
0.00085). A similar change in HDL size was observed when
plasma samples were normalized for HDL concentration
before loading (data not shown). Separation of plasma lipopro-
teins by ultracentrifugation showed an increase in cholesterol
(72%) and phospholipids (29%) in HDL (d = 1.055-1.21
g/ml), with no significant changes in the VLDL (d < 1.006
g/ml) and IDL/LDL (d = 1.006-1.055 g/ml) fractions (Table
1). This suggests that the increase in cholesterol in the LDL/
HDL 1 region of the FPLC profile (Fig. 34) is predominantly
due to an increase in HDL 1, indicating that the increased
plasma cholesterol in mutant mice is attributable almost
exclusively to elevated plasma HDL.

Table 2. HDL chemical composition

FC, % CE, % PL, % TG, % Protein, %
Control 1.6 18 26.2 3.7 50.6
SR-BI att 2.3 20.4 27.4 2.7 47.2

Data shown are the average of two assays, each containing pooled
plasma from four male mice. FC, free cholesterol; CE, cholesteryl
ester; PL, phospholipids; TG, triglycerides.

Analysis of HDL percentage composition showed a slight
increase in CE content with a corresponding decrease in
protein content (Table 2). Characterization of apoprotein
composition by denaturing gel electrophoresis showed no
significant differences in apo B-100, apo B-48, and apo E
composition of VLDL and IDL/LDL in control and mutant
mice (Fig. 4). However, the plasma HDL of SR-BI att mice did
show a significant increase in apo A-1 levels of approximately
1.4-fold (n = 4, P = 0.045), and a nonsignificant increase in apo
A-II levels. The increase in apo Al was confirmed upon
additional testing of a separate set of control and mutant
animals (n = 4).

HDL Metabolism. To determine whether the increased
plasma HDL cholesterol in homozygous mutant mice reflected
differences in HDL clearance between mutant and wild-type
animals, female mice were injected with HDL that had been
radiolabeled in the protein moiety with '>I-NMTC and in the
CE component with [*H]CEt (5). These radiolabels are not
degraded in the plasma or tissue compartments. Plasma decay
curves for both tracers analyzed during a 24-h period postin-
jection showed that although the decay of >>I-NMTC-labeled
protein was identical in control and mutant mice, in the mutant
animals the rate of clearance of [PH]CEt was significantly
decreased (Fig. 5). The plasma FCRs calculated from these
decay curves similarly showed a significant decrease in lipid
tracer catabolism but no change in the protein catabolic rate
(Table 3). The selective removal of CE from plasma, calculated
as the difference between CE and protein FCRs, was reduced
by 53% in mice homozygous for the att mutation (Table 3, P <
0.007).

Tissue sites of tracer uptake from doubly radiolabeled HDL
were determined, and organ FCRs were calculated (5, 22). The
liver was the predominant site of HDL catabolism, and the
majority of hepatic CE uptake was mediated by selective
uptake as indicated by a higher liver FCR for the lipid, relative
to the protein, tracer (Fig. 6). The hepatic FCR for [*H]CEt
was decreased in mutant mice by approximately 40%. More
importantly, selective CE uptake (lipid—protein FCRs) by the
liver of female mutant mice was approximately 50% of control
values (Fig. 6), correlating closely with the 53% reduction
observed in SR-BI expression in the liver (Fig. 2) and the 53%

VLDL IDL/LDL HDOL
: 3 3
ESES E 5
— ApoB-100
— Apo B-48
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Fic. 4. SDS/PAGE of plasma lipoproteins. Lipoprotein fractions
were separated by ultracentrifugation of pooled plasma (n = 4) from
control and SR-BI att male mice and analyzed on a 4-20% gradient
gel.
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Time (h) Time (h)

FiG. 5. Plasma decay curves for '2I-NMTC/[?*H]CEt-labeled
HDL. Mice were injected with labeled HDL, blood was collected
periodically over 24 h, and plasma content of both tracers was
determined as described in Materials and Methods. The values are
means * SEM of each of the n = 4 control and SR-BI att mice.

reduction in selective removal of CE from the plasma (Table
3).

The selective uptake of HDL CE by the adrenal glands of
SR-BI att mice was decreased by about 20%, but the change
was not significant (FCR of 0.743 = (.17 in control mice,
0.596 = 0.16 in mutant mice; P = 0.28), despite the substantial
reduction of basal SR-BI expression in this organ (Fig. 2).
Because att is a promoter mutation, it is possible that the
conditions of the HDL clearance study, which involved peri-
odic bleedings over a 24-h period, up-regulated SR-BI expres-
sion. In this regard, it has been documented that stress, and the
resulting induction of adrenocorticotropic hormone plasma
levels, markedly induces adrenal SR-BI expression (9, 11). To
determine whether the clearance study itself had stimulated
adrenal SR-BI expression, adrenal glands were assayed from
control and mutant mice that had been exposed to periodic
anesthetization, as in the HDL tracer analyses. This protocol
resulted in up-regulation of adrenal SR-BI expression in
mutant mice to 77% of control levels (n = 3, no significant
difference between control and mutant mice; data not shown),
as contrasted with untreated SR-BI att mice in which adrenal
expression is 13% of control levels (Fig. 2). In other organs
(kidney, lungs, heart, spleen) where SR-BI expression is low or
undetectable (Fig. 2), there was no effect of the SR-BI
mutation on tissue uptake of [*H]CEt (data not shown).

DISCUSSION

In this study we have addressed the physiological role of SR-BI
in the regulation of HDL homeostasis. Mice were generated
bearing an SR-BI promoter mutation, which resulted in de-
creased expression of the receptor in homozygous mutant mice
(designated SR-BI att mice). While this manuscript was in
preparation, Rigottiet al. (27) reported generation of an SR-BI
null mutation that resulted in increased concentrations of

Table 3. Plasma fractional catabolic rates for
125].NMTC/[*H]cholesteryl oleyl ether-labeled HDL in mice

125I-NMTC- [*H]cholesteryl
protein, oleyl ether, [PH] — 1251,
Mice pools/h pools/h pools/h
Control 0.080 = 0.009 0.146 = 0.01 0.066 = 0.009
SR-BI att 0.081 = 0.006 0.112 = 0.006 0.031 = 0.004
(P = 0.47) (P = 0.048) (P = 0.007)

Blood was collected periodically from four female control and four
female SR-BI att mice over 24 h after injection of labeled HDL. The
values are means = SEM, and significance was determined by Stu-
dent’s ¢ test.
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p=0.039

Fraction of plasma pool cleared
x h(-1) x 1000

WT SRBI WT SRBi wWT SR8l
att att

1257 3q S - 125]

F16.6. Uptake of labeled HDL by the liver. Liver FCRs, calculated
as described in Materials and Methods, are shown for uptake of labeled
protein (121, open bars) and cholesteryl ether (°H, solid bars). The
shaded bars represent selective CE uptake (*H — '231). Significance
was determined by Student’s one-tailed ¢ test for unpaired data.

plasma HDL and decreased adrenal gland cholesterol content.
The present study extends these findings by demonstrating a
central role for SR-BI in the selective uptake of HDL CE in
the liver.

Previous studies in rodents have shown that the liver is the
major organ regulating HDL metabolism (4, 5). HDL choles-
terol catabolism by the liver occurs primarily by the process of
selective CE uptake, whereby CE is transferred from the HDL
particle to hepatic cells without transfer and degradation of
HDL protein (4, 5). Although this process has been known for
several years at the physiological level, the molecular identi-
fication of the receptor mediating selective CE uptake has
proven difficult. The recent characterization of SR-BI as a
functional HDL receptor that can mediate selective uptake in
vitro (7) raised the possibility that SR-BI is the physiologically
relevant hepatic receptor for HDL CE. In the present study we
present compelling evidence in support of this hypothesis. In
SR-BI att mice, hepatic expression of SR-BI was reduced by
53% with a corresponding increase in total plasma cholesterol
levels of 50-70%. Metabolic studies using HDL radiolabeled
in both the protein and lipid components demonstrated that
reducing hepatic SR-BI expression by half was associated with
a decrease of 47% in selective uptake of CE by the liver and
a corresponding reduction of 53% in selective removal of HDL
CE from plasma. Taken together, these findings strongly
support a central role for hepatic SR-BI expression in regu-
lating plasma HDL levels and indicate that SR-BI is the major
molecule mediating selective CE uptake by the liver.

Other factors, such as hepatic lipase activity or probucol
treatment of rodents, have been shown to increase selective
uptake in the liver or in cultured hepatocytes (28-30). The
present finding, that hepatic SR-BI expression levels closely
parallel changes in plasma and hepatic CE selective uptake,
suggests that these factors may not be directly responsible for
selective uptake but rather may modulate SR-BI activity, for
example, by modifying interaction with HDL or by affecting
SR-BI expression. The quantitative importance of SR-BI in
selective uptake in vivo suggests that it may be possible to
modulate HDL plasma levels by therapies aimed at modulating
SR-BI expression.

The delayed rate of clearance of HDL CE in the plasma of
SR-BI att mice was associated with a slight increase in HDL
particle size, which was largely attributable to increased CE
content as well as a small increase in phospholipids. These
observations suggest that SR-BI plays a role in regulating the
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size and composition of HDL particles. In addition to an
increase in HDL lipids, there was also an increase in HDL apo
Al in SR-BI att mice, not noted by Rigotti et al. (27). This
difference could reflect methodological differences in the
quantitation of apo AI. Detailed analysis of HDL composition
indicates that the proportional increase in lipid was greater
than in protein, but a 1.4-fold increase in the absolute level of
apo Al was observed in HDL from SR-BI att mutants. Because
the protein catabolic rate is unchanged in mutant mice, the
increase in apo Al levels must be at the level of synthesis. This
raises the intriguing possibility that the hepatic synthesis of apo
Al may at least in part be regulated by selective uptake of HDL
CE.

The SR-BI att mutation was generated by homologous
insertion of an approximately 13.5-kb targeting vector approx-
imately 2 kb upstream of exon 1. Neither SR-BI coding
sequences nor the putative SR-BI TATA box or GC box
situated within 2 kb upstream of exon 1 was disrupted, but
sequences further upstream were displaced by insertion of the
targeting vector. The mutation had no discernible effect on the
size of the SR-BI protein or RNA transcript (data not shown)
in any of the tissues tested, nor was the tissue distribution of
SR-BI expression altered. Only quantitative effects on gene
expression were observed, which were differentially mani-
fested in various tissues. Whereas hepatic SR-BI expression
was reduced by approximately half in SR-BI att mice, basal
expression was even more dramatically reduced in adrenal
glands to approximately 10% of wild type and was also
significantly reduced in testis. Interestingly, although basal
adrenal SR-BI expression was substantially reduced, inducible
regulation by stress was maintained. The differential effect of
the promoter mutation may be mediated by disruption of
tissue-specific regulatory elements by insertion of the targeting
vector or may be the result of a transcriptional silencer effect
of the neo gene within the targeting vector (31), which exhibits
tissue specificity.

Targeted mutation has demonstrated a critical role for
murine SR-BI in HDL CE uptake and thus presumably in
reverse cholesterol transport, the process by which cholesterol
is transported from extrahepatic tissues to the liver. The
reverse cholesterol pathway has been implicated in mediating
the atheroprotective effect of HDL via the proposed hepatic
clearance of HDL cholesterol originating from atherosclerotic
plaques. Because extraction of CE by the liver is thought to be
the final step in this process, SR-BI may play an important role
in determining susceptibility to atherosclerosis. In addition,
SR-BI also mediates cellular cholesterol efflux and is ex-
pressed in atheroma (32). Thus the receptor may be involved
in the initial steps of reverse cholesterol transport, i.e., the
removal of cholesterol from arterial foam cells, as well as in the
final clearance stage of the process.

In humans, but not rodents, the reverse cholesterol transport
pathway also involves cholesteryl ester transfer protein
(CETP), which transfers HDL CE to other lipoproteins with
subsequent clearance in the liver. Human genetic deficiency of
CETP results in increased HDL levels but paradoxically also
increases coronary heart disease susceptibility (33). By anal-
ogy, the relationship of SR-BI expression to atherosclerosis
may also be complex. The SR-BI att mutation described in this
study should prove a useful tool for assessing the consequences
of SR-BI down-regulation on the development of atheroscle-
rotic lesions in atherosclerosis-susceptible mouse models.
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