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ABSTRACT:. We report here the identification of a novel member of the low-density lipoprotein receptor
(the LDL receptor) family through signal sequence trap screening of a mouse lymphocyte cDNA library.
The protein was termed LDL receptor-related protein 9 (LRP9). LRP9 is a type | membrane protein
predicted to contain 696 amino acids with a calculated molecular mass of 74 764 Da. THerMithal

half of LRP9 contains two CUB domains separated by a single ligand-binding repeat. The second CUB
domain is followed by a cluster of three additional ligand-binding repeats and a transmembrane domain.
The COOH-terminal intracellular region contains a proline-rich region. LRP9 mRNA was expressed in
the liver, kidney, lung, and heart at high levels, and in the spleen and brain at low levels. In situ hybridization
analysis of mouse liver, kidney, and brain detected LRP9 transcripts in hepatocytes, sinusoidal lining
cells, peritubular capillaries, choroid plexus, ependyma of the third ventricle, pia matter, and hippocampus.
In particular, high levels of expression were observed in the vascular walls. Apolipoprotein E (apoE)-
enricheds-VLDL stimulated cellular cholesteryl ester formation in IdI-A7/LRP9. These results raise the
possibility that this newly identified receptor, which is expressed in the liver, may play a physiological
role in the uptake of apoE-containing lipoproteins.

Cells can take up lipophilic molecules through several megalin) 9, 10, LRP3 (L1), LRP5 (LRP7, LR3) {2—14),
mechanisms which include simple diffusion, phagocytosis, LRP6 (15), and LR11/SorLA 16, 17). Human ST7, which
or via specific cell surface receptors/transporters. The mostis similar to LRP3 18), Drosophila YI (19), and the
extensively studied among such receptors are the low-densitynematodeCaenorhabditis elegansRP are also included in
lipoprotein (LDL)* receptor and its family proteins. This this family (20).
family includes the LDL receptor (LDLR)1-4), the very The LDLR family members are typically type | membrane
low-density lipoprotein (VLDL) receptors, 6), apolipopro- proteins containing a single transmembrane domain with the
tein E receptor 2 (apoERZ2J); LDL receptor-related protein  exception of LRP4 [which is classified as a type || membrane
(LRP1, a2-macroglobulin receptor) 8f, LRP2 (gp330, protein @1)]. In addition, they have multiple copies of a
highly conserved LDLR ligand-binding repeat (LBR, class
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(c) an intracellular NPXY (or FXNPXY) sequence(s). gel. Fractions greater than 500 bp were collected and inserted

Mutations in the LDL receptor gene are known to result into BsiXI sites of pMX-SST usingBsiXI adapters (Invit-
in familial hypercholesterolemia (FH), which is one of the rogen). Retroviruses representing the cDNA library were
most common single gene diseases in humans. In additionproduced using an ecotropic packaging cell line, Pla@3. (
there is growing evidence that the members of the LDLR Ba/F3 cells were infected and selected for growth in the
family play critical roles not only in cholesterol homeostasis, absence of IL-3. Genomic DNAs extracted from factor-
but also in vitamin metabolism and organ developmaat( independent clones were subjected to PCR to recover the
27). integrated cDNAs using vector primers. The resulting PCR
We have recently developed a refined signal sequence tragr@gments were sequenced and analyzed. An unknown clone
system based on retrovirus-mediated expression screening?@S obtained (SST clone 1917) and subjected to further
(SST-REX) @8). SST-REX detects signal sequences in analysis. _
cDNA fragments of secreted proteins or type | membrane _Cloning of the Full-Length cDNA Encoding LRPA.
proteins based on their ability to redirect a signal-sequence-Piotinylated probe of 349 bp was generated by PCR from

deficient form of a constitutively active mutamipl cytokine the SST clone 1917 with oligoprimers GGCACTGG-
receptor to the cell surface, thereby permitting Ba/F3 cells TAAGGAGCGATCAACTC3 and STCGGCTGTCCCG-

to grow in the absence of interleukin-3 (IL-3). Normally, GCCTAGAG3 using 50uM Biotin-21-dUTP (Clontech),
Ba/F3 cells will undergo apoptosis without IL-3 supplemen- 2004M each of dATP, dGTP, and dCTP, and ARl dTTP.
tation. In the present study, we describe the cloning and 10 construct an oligo-dT-primed cDNA library of mouse
characterization of a novel LDL receptor-related protein lymphocytes, cDNA was synthesized and inserted into the
(LRP9) identified from a mouse lymphocyte cDNA library BSXI sites of pME18S §1) usingBsiX| adapters. The CDNA

using SST-REX. library was screened using RecA protein coated with the
biotinylated linear DNA probe as previously describ8d-
EXPERIMENTAL PROCEDURES 36). Several independent clones containing an open reading

frame were obtained and found to encode a protein structur-

Cells. The murine IL-3-dependent pro-B cell line Ba/F3 ally similar to the LDLR. The deduced amino acid sequence
was cultured in RPMI1640 medium (Sigma) containing 10% of the isolated cDNA was analyzed using Genetyx-Mac
fetal calf serum (FCS, Sigma) and 1 ng/mL recombinant (Software Development). The secondary structure of the
murine IL-3 29). CHO-K1 and the LDL receptor-deficient  protein was predicted using the Cheasman algorithm
IdI-A7 cells (30) (kindly provided by Dr. M. Krieger, MIT) (37). For further analysis, an HA-tag sequence was added
were maintained in Dulbecco’s modified Eagle’s medium to the 3 end of the LRP9 coding region by PCR using a
(DMEM, 4.5 mg/mL glucose, Sigma) containing 1% MEM high-fidelity DNA polymerase, Pyrobest (Takara, Kyoto,
nonessential amino acid solution (Gibco BRL) and 5% FCS Japan). This was accomplished by using a forward primer
(medium A). pMKITNeo/LRP9 was constructed by inserting containing anXhd site and a reverse primer containing the
a 2.2 kbXhd —Xhd fragment of LRP9 cDNA into th&hd coding sequence for the HA epitope tag andXml site.
sites of pMKITNeo [a modified version of the mammalian The amplified sequence was confirmed by sequencing.
expression vector pME188Y), kindly provided by Dr. K. Northern Blot AnalysisThe mouse and human multiple
Maruyamal]. IdI-A7 cells overexpressing either LRP9 cDNA tissue blots were purchased from Clontech. For Northern blot
or mock vector were established by transfection with analysis of mouse embryo, poly#)RNA of mouse embryo
PMKITNeo/LRP9 or vector alone using Fugene6 (Boehringer was purified with the FastTrack2.0 Kit (Invitrogen). Two
Mannheim) according to the manufacturer’s protocol. After micrograms of poly(A} RNA per lane was electrophoresed
selection with 1 mg/mL G418 (Sigma), survived colonies on a 1% agarose with 6% formaldehyde gel and blotted to
were cloned. The expression of LRP9 was quantitated by Hybond-N (Amersham) as previously describ@®)( The
immunoprecipitation and Western blot analysis using anti- probe used was a 0.6 khd—Pst fragment of LRP9
HA antibodies as described below. The highest expressingcDNA.
clone (IdI-A7/LRP9) was used for the subsequent experi- In Situ Hybridization. To synthesize the®S-labeled
ments. In the binding assay and cholesteryl esterification riboprobes, a 0.6 kiXhd—Pst fragment of LRP9 cDNA
assay, cells were seeded at a concentration ®f B per  was inserted into the corresponding sites of pBluescriptlISK.
dish into 60 mm culture dishes containing 3 mL of medium [inearized DNA was transcribed using T7 and T3 poly-
A. On the following day, cells were washed twice with merases. In situ hybridization was performed as previously
phosphate-buffered saline and refed with medium containing described 89). Briefly, adult male C57BL/6 mice were
5% lipoprotein-deficient serum (LPDS). Twenty-four hours anesthetized and fixed. Frozen sections were cut on a cryostat
later, when the cells became confluent, the cells were at 6.um thickness. After being hybridized at 36 for 16 h
harvested. with sense and antisen¥S-labeled riboprobes, the sections

Screening of a Mouse Lymphocyte cDNA Library by Signal were submersed in Kodak NTB-2 liquid emulsion. The
Sequence Trap (SST mouse lymphocyte-derived cDNA  dipped autoradiograms were developed 21 days later and
library was screened by SST-REX as previously described fixed. The sections were couterstained through the emulsion
(28, 32. Briefly, poly(A)+ RNA was prepared from mouse  with hematoxylin and examined under bright-field and dark-
lymphocytes using the FastTrack2.0 Kit (Invitrogen). Comple- field microscopy.
mentary DNA (cDNA) was synthesized with random hex-  Immunoprecipitation and Western Blot Analysigestern
amers, using the SuperScript Choice System (Gibco BRL) blot analysis was performed essentially as previously de-
according to the manufacturer’s instructions. The synthesizedscribed 88) with some modifications. Briefly, cells were
cDNA was size-separated by electrophoresis on an agarosdysed in lysis buffer (25 mM Tris-HCI, pH 7.4, 1% TX-100,
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10 mM EDTA, 10 mM EGTA, 10 mM sodium orthovana- GUTGIEIENCTGATTIIEACT
date, 10 mM sodium pyrophosphate, 10 mM sodium fluoride,
1 mM PMSF). Cell lysates were immunoprecipitated with R
an anti-HA monoclonal antibody, 12CA5 (1.6g/mL, coceeacn \ e 1t
Boehringer Mannheim). SDSolyacrylamide gel electro-  *"®***r»==r[prrrravrsrveenienss
phoresis was performed under reducing conditionsusingane x> s x s s s ax c TwvizcskborvTVRTOQEKL
8—16% gradient gel. After transfer to a nitrocellulose — rorsecTsTesomersscATITANTeCTaCAeToCCTTCTACASCACTAATCT AT TOTGTGASCOCCTTCTOACCOTITICS | 321

51
-1

231
60

membrane, blots were probed with an anti-HA polyclonal

. . . . - . L P 6 G N V TIT VY S8 Y A G ARAPMGU QG FLLTY S QU 120
antibody (diluted 1/600; Medical & Biological Laboratories, ror At e -
Nagoya, .Japan). WL LlGL Qg% EFQCLNERCTIPAAMAQGRCDGIDACGGEG] 150

GA’ \CGAGGCAGGCTGCA ATCTCACCTTG 591

____________________

Binding Assay and Cholesteryl Esterification Asgbbit e s DX AGcis spDPrFPyLNPAPAPTLACKLTL 10
B-VLDL (d < 1.006 g/mL) was prepared from 1% cholesterol- 257z e v s s o s o x5 8 1 a s ves nsoscrntens 2o
fed rabbits. Male Japanese white rabbits (Saitama EXPEeri- camaosccssnsacnsocasmocscrmoacaiooomaansTroadrTAIiosiaToASTOATITATINTGITGTTINGOE 171
mental Animal Supply) weighing 2-:53.0 kg were feda 1% .., o w1
cholesterol diet for 3 weeks and then fasted for 15 h. Asingle * * * * === 78rsmsxrveveEsnsearyys @
50 mL unit of blood was collected in 0.1% EDTA. rwxrvawssoenoerwasyuvne VTR DR s e o

Fractionation was carried out as previously desCribed B e £ b e e e

FE_TI——D__E-.!—-E_E_IPGICPPGHFPCGAAGTPGATACYL=360
H
CCTGCTGACCECTGCAACTACCAGACG TTCTGCGCCGATEGAGCOGATGAGAGGCGCTECCGOCATTGCCAGCCCGGCARCTTCCGETEE 1221

129-labeledp-VLDL at 4 °C was measured as desCribed Dy o o e
J. L. Goldstein et al. 41) Protein concentrations were ZX2R X ¥ T Feap s ro R cirnic g v s X TR}

CGGGATGAGAAGTGTGTGTATGAGRCATGGG TGTGTGATGGGCAGCCAGACTGTACTGACGGCAGTGATGAGTGGGACTGCTCCTACGCC 1311

determined using the DC protein assay kit (Bio-Rad). The s e xcv st rwvecncgtncrncsbzwdclsta 1o

incorporation of {*Cloleate-albumin into cellular cholesteryl — grgecsmeraacmamaecrane axocCroT eI EICIGRAGACTIEAICT 1401
[*“C]oleate by cell monolayers was measured as previously 1ast
Y A I RTOQTEY S IV FAPLSRMEHWRMZMETIUVQQQATPZPS Y 480

described41), with the exception that-VLDL and recom- S comncor 1501
binant human apo E3 (Cosmo Bio, Tokyo, Japan) were © @ > * 2@ e AT »vzosrsrTespunNsvionss s

preincubated togetherifd h at 37°C in 250uL of culture B e A v I S A
medium. 25-Hydroxycholesterol stimulated cholesteryl ester greccorercorcormsssaccrocreereamemmmooccascresaacorcrammcermroeorsmaacrcororars 1161
formation both in Idl-A7/LRP9 and in IdI-A7 to a comparable 1651

RA3-2 A L DD STGHACETGSGAV GG QDGESQCATPZPTLTZP 600

level, indicating that acyl-coenzyme A:choleste@lacyl-
transferase (ACAT) is expressed equivalently inboth cell r =17 17 x> s s e ararvszrrerizsverve oo
lines. In all assays, the mock transfectant gave results ey e e s s n sy e e
comparable to the parental IdI-A7 cell line.  acroaca 21

'IH'A‘TVLSPID!DDVLLLPLAIPIVHVV!AL690
Radiation Hybrid MappingFor human radiation hybrid e oA GG T TAGOCACAATOGTATOATCE T GANSTOOFTCAGCTECECCACTONTCTATATAGCACAGA a1

mapping, a PCR was run for 35 cycles under standard =

conditions (http://www-shgc.stanford.edu.). An oligonucleo- *vesesememans ) )

tide primer pair was designed according to the partial Ficure 1: Nucleotide sequence and deduced amino acid sequence
hich corresponded to theitranslated region of the cDNA encoding mouse LRP9. Numbering of the amino acid

sequence w P ] 9 sequence begins at the putative signal sequence cleavage site. The

of the human EST clone AA040020:"GGGCTCTACT- signal sequence is shown boxed with a thin line, and the trans-

CATAGTGGCA3 and BGCTACATTANGGGTCAACGG3 membrane region is boxed with a thick line. The four ligand-binding

The Stanford G3 RH panel (Research Genetics) was usedepeats are boxed with broken lines. The two CUB domains are

; -~ ~ndicated with square brackets. The three potential N-glycosylation
as PCR templates. The result was submitted to the mappmg’sites are underlined. The COOH-terminal acidic residues and the

service at the Stanford Human Genome Center. For mousegequence similar to a putative basolateral sorting signal are indicated
radiation hybrid mapping, PCR was run for 35 cycles under py double and wavy underlines, respectively.

standard conditions with the modification of the annealing

temperature to 68C. An oligonucleotide primer pair was 4427 to+449. The former region has the characteristics of
designed according to thé Bntranslated region of mouse a classical signal sequence and is predicted to be posttrans-
LRP9 cDNA: BGCAGGGAGAGCATTCACTGT3 and lationally cleaved between alanine 1) and arginine 1),
5GAGTGTCCAAGCCTGTGACCS The T31 panel (Re- fitting the criteria described by von Heijnd3). The mature
search Genetics) was used as the PCR templates, and resulisyotein of 696 amino acids has a calculatddof 74 764.
were submitted to the mapping service at the JacksonThe second stretch of hydrophobic residues is predicted to
Laboratory. form a transmembrane region, suggesting that LRP9 is a type
I membrane protein. Three potential N-linked glycosylation
sites within the NH-terminal half are consistent with this

Deduced Amino Acid Sequence of the Primary Translation, VieW (Figure 1).

The full-length cDNA clone of LRP9 includes a 2139 bp ~ Domain Structure of Mouse LRP9 and Comparison with
open reading frame with an in-frame termination codon the Related ProteinsThe NH-terminal 426 amino acids
formed 162 bp upstream of the first ATG (Figure 1). The constitute an extracellular domain composed of 4 cysteine-
nucleotides in positions-5, —4, and—3 are in accordance rich repeats and 2 CUB domaind4j (Figures 1 and 3).
with the Kozak rule 42). The hydrophobicity profile of the  Cysteine-rich repeats are common characteristics shared
deduced amino acid sequence reveals two hydrophobicamong the ligand-binding repeats (LBRs) of the LDLR
regions: one from position17 to—1 and one from position  family members (Figure 2A). Each LBR consists of ap-

RESULTS
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A 1RPY a.a.124 Pr.ordffin---------—- FreapldrendroAddbasheng
o W 51 1]
292 SGLGASENL RCDGSWOCADGTIDEEC
DUSWCPPGDEE ([[T[E=Eele  LDLR
340 ki AAGTPGA TACIYLEAHRCNYOT
383 POGMERORD----oooooo EXEVYETNE pegeridipcpeie {111 [Ei~fote  VLDLR
Consensus CxPXXFXCX XCXXXAXRCDGXX xC
+  apoER2
mouse LRP9 CxXPRXFACKK-——=-===--= XXCXXXAXRCDGXXXCKDGXDEXXC
human/rat LRP3 CxPxxFPC; XCH# x %X XREDGXXXC
human ST7 CXXXXFAC; # PEXXXCDXXXXC LRP1
human LDLR TCXXXEFXCx % XxWXCDXXXDC: ]
human VLDLR  TCxxxxFxCx Ix xDC [iij#es- LRP2
human apoER2 CXXXKXFXC # xx XDC
human LRP1 CXXXXFXC. RCIPX XDC: | LRPS “f_%%?’
rat LRP2 CxXRXFXCXN========== = GRCTPXXXXCDGXXDCXDXSDEXXC
human LRP5 PXCSPXQFXCAX GQCVXXXXRCDGFPDCXDXSDEXXC + LR11/SorLA
human LRP6 PXCSXXQFXCA QCT X XA NC
rabbit LR11 CXXXXFXCHK -~ <= -mmmm GXCIXXXWKCDGXXDCXDXSDEXXC ++(P] LRP3
C.elegans LRP CxxxxFxCxN- ~XXCIXXXX: -
Drosophila Y1 CxxXxFXCx. * DGXXDC: 18l s
B te—{P] LRP9
nsensu €t bt thotethtt tC 8 I he v _hhhth bt
mouse LRP9-CUBL 12 CEAPPAVLSEY OGILORPIGRDSRSSE [GSKD B
mouse LRP9-CUB2 176 CNLTLE SSPGY SHLASVSHP {QSCONLLAPHDG RRLAVRETALDLSYG .
human LRP3-CUBL 42 CSGKLEQHTER BGYIYIPAWPLNYPPG Q30RG RNFOVEESHT LRP3 (human)
human LRP3-CUB2 254 CGRRLGSF YGSFASPDLFGAARGPSD [LHCTWLYDT®DS RRVLLQLELRLGYD
human ST7-CUB1L 47 CGETPEQIRAP SGIITSPGWPSEYPAK [INCSWEIRANPG [EIITISFODFDIGGSRE
human ST7-CUB2 269 jseNYPDEYPPG  SHETWLIDTGDH [REVIIRFTDEKLDGTGYG 23 4 043 58 68 p2 70 3 46
rat  Cubilin-CUB20 2689 CGGIRTGD  NGVISSPNYENLYBAW _ THCSWLLKAPEG HTITLTESDFLLEAHHD
human BMP1-CUBL 322 CGETLODS  TGNFSSPEYPNGYS. pc HRKIIINETSLDLYRARI
human BMP1-CUB2 435 CGGDVKKD ¥ SPNYPDDYRPS  [KYCTWRIOV3EG (FHVGLIFOSREIERHDS
human BMP1-CUB3 591 3STTSPGWEKEY PEN EDFEETEGNDY +El LRP9 (mouse)
human £1s-CUB1 11 AWVYAEPTM _ YGEILSPNYBQAYIPSE  VEKSWDIEVPEG [YGIHLYFTHLDIELSEN
human C1s-CUBZ 175 €56 IASPNYPKEYPEN  SRCEYQIRLEKGEQUVVTLRAEDFDVEAADSAGN 40
[ C h-hhth tt t h +hCGt t h h @ thtt cGE h @ 20I 5®7€95 1 5 70 17
TRPI-CUB)  [GSSERLILAJE LQPPISLCEAPSGPLOLPGG N TSYAGARAPMG
LRP9~CUB2 DEVAVY )5 AGPPEPRLLRS LTHESNG! SGDAVVSYHTVAWSS) RGENATYHVER
LRP3-CUB1  [CSLDWLLLGPA APPRQEAFRLCGSAIPPAFISARD AVWIEFASDASSSGQA  QGERLSYIRG ST7 (human)
LRP3-CUB2 TLVQUYEL LGERGDR NHRPVSLEAA DGRLTVAYIRRARSAG  HGENATTO
s17-cuB)  ([CNLDWLIIETY —— — KNIESYRACGSTIPPPYISS [CDEINIRFHSDDNISR  KGERLAYESG
ST7-CUBZ VELIDG LEENPHKLIRVLTAFDSHEFLTVASS SGRIRVHFCADKVNAA  RGENATYQUD) (o/ homolo )
Cubilin VIVRNG DSPGSEVIGRYCGISVPRPIQSG Si V" T ° QY
BMPi-CUBl  [CWDYVEVEDG FWRKAPLRGRFCGSKLPEPIVST D BRSSNWYG
BMP1-CUBZ  CAYDYLEVRDG HSES| CGYEKPDDIKST s DGSINK
BMP1-CUB3 3 56 LTADSKLHGKFCGSEK VEFKSDNTVSK __KGEKAHFFSE _ .
Cls-CUBL cavpl 5 DTEE SNNPHSPIVEEFQVP YNKLOVTFHSDFSNEE] == CUB domain
—cuBz pELVEVEGD LR . -
Cls-CUB2 CL] RQFGPYCGHGFPG! SN K D D ngand b|nd|ng repeat
EGF repeat
C  mouse LRPS 449 [T EI proline-rich region
human/rat LRP3 491 . .
human ST? 517 |KLYSLH 0  Olinked sugar domain
-sssee-  spacer domain with YWTD-repeats
D mouse LRPY 699 [EDEDDNLLLPLAEPEVWVVEAEDEPLLA* * NPXY or NPXY-like sequence

LRP3 713
5T7
LDLR
VLDLR
apoER2 830
LRP1 4498
LRP2 4608
LR1l1 2186

EPLGVCRNPPPPCSPMLEASDDHALLVC*
(EDDDDVEML (70a . a. ) ETSDDEALLLCY
[EDBVHICHNQDGYS YPSROMVSIEDDVA*
[EEDLSIDIGR(12a.a.) SVVSTEDDLA*

HI(73a.a.)ALSIEDDGLP*
SRHSLAS TDEKRELLGRGPEDHIGDPLA*
KRNLTPGYTATENTFKDTANLVKETISDV*

S SGPILGEDDEDR PMITGFSPOVEMVIA*

human

768
802
815

human
human
human
human
human
rat
rabbit

FIGURE 3: Schematic representation of LRP9 and the LDL receptor
family. LRP9, LRP3, and ST7 constitute a unique subgroup of the
LDLR family, characterized by the presence of CUB domains and
a proline-rich region and the absence of the EGF-precursor
FicurRe 2: Comparison of the amino acid sequences of mouse LRP9 homology domain. The homologous relationships of mouse LRP9
to related proteins. (A) The ligand-binding repeats. The conserved with human LRP3 and human ST7 are shown in panel B.
cysteine residues are in boldface. Amino acid residues conserved

in more than 50% of the repeats are boxed and shown as amqost CUB domains are unclear, but some CUB domains are
consensus sequence. Gaps are introduced so that the amino aci

alignment is optimized in each repeat. #, nonpolar amino acid. (B) eported to be involved in ligand binding$—47). While

The CUB domains. The conserved cysteine residues are in boldfacethe first CUB domain of LRP9 is typical, the second CUB
Capitals in the consensus sequence represent strictly conservedlomain lacks two of the four conserved cysteines as in the

amino acids. @, aromatic; h, hydrophobic; t, turn-like (Ser, Pro, case of human complements Cir and Cl1s.

Gly, Asp, and Asn)#, charged amino acidg-Strands predicted L . .
by the Chot-Fasman algorithm are boxed. (C) The juxtamembrane | N€ transmembrane region is a single hydrophobic stretch

regions. Conserved residues are boxed. (D) The COOH-terminal Of 22 amino acids immediately followed by several charged
residues. Conserved acidic residues are boxed. The asterisks depi@mino acids 48). The juxtamembrane region of LRP9 is

stop codons. The position of the first amino acid residue of each highly homologous to those of LRP3 and ST7 (Figure 2C).
domain is given in the third column. An NPXY-like PPSY sequence in this region is also shared
among these three related proteins. Several other character-
istic features exist in the intracellular region of LRP9. The

" COOH-terminal 150 amino acids (Figure 1) have no homol-
Caenorhabditis elegart® human. In the case of the LDLR, ogy to known proteins but are relatively proline-rich (22

negatively charged residues at the COOH-terminal ends Ofproline residues in 146 amino acids). The sequence
the LBRs are responsible for the binding to the corresponding RSQVTPSVPS in positions 56572 (Figure 1) is similar
positively charged sequences in apolipoprotein B-100 andyg the putative basolateral sorting signal RNXDXXS/TxxS of
apoE @2). The LBRs of LRP9 are also rich in acidic  the | DLR and the polymeric IgA/IigM recepto®). Clusters
residues, suggesting that they are also capable of binding &f acidic residues near the COOH-terminus (Figure 2D) are
specific positively charged ligand(s). a shared feature among some members of the LDLR family
Other components found in the extracellular region are (16). The physiological functions of these sequences are not
two CUB domains (Figure 2B). “CUB” is an acronym clear.
formed from complement subcomponents C1r/C1s, an em- Homology at the DNA level is 54% between LRP9
bryonic sea urchin protein, Uegf, and bone morphogenic (mouse) and LRP3 (rat or human), and 49% between LRP9
protein 1 (BMP 1) 44). The typical CUB domain spans and ST7 (human). The deduced amino acid sequences have
approximately 110 residues and is characterized by conservedi6% identity between LRP9 and LRP3 (rat or human), and
amino acid residues including 4 cysteines and by an 40% identity between LRP9 and ST7 (human) (Figure 3A).
antiparalle|s-sheet structure. The physiological functions of The entire structure of LRP9 is also similar to that of LRP3

proximately 40 amino acids, and approximately half of them
are conserved across species ranging fianmsophilaand
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Ficure 4: Northern blot analysis of LRP9. Poly(A)RNA (A, B, 2 ug/lane; C, lug/lane) from the indicated tissues of adult mouse (A)
or adult human (C), or from mouse embryos at the indicated stages (B) was probégPalidbeled 0.6 kb mouse LRP9 cDNA fragment.
The filters were exposed to Fuji RX-U film with an intensifying screer-80 °C for 72 h (A, C) or 24 h (B).

with the exception of the number of the ligand-binding deficient CHO-K1 cell line IdI-A7 was stably transfected with
repeats (Figure 3A). The homology of each domain of LRP9 the mammalian expression vector pMKITNeo carrying LRP9
to the corresponding domain of LRP3 and ST7 is shown in cDNA with an HA-tag at its COOH-terminus. The cell lysate
Figure 3B. of the established clone (Idl-A7/LRP9) was immunoprecipi-

Tissue-Specific Expressiddorthern blot analysis of adult  tated using an anti-HA monoclonal antibody and subjected
mouse tissues (Figure 4A) revealed that the 3 kb LRP9 to Western blot analysis with an anti-HA polyclonal antibody
mRNA was expressed in the heart, lung, liver, and kidney (Figure 6A). A specific 100 kDa band was detected, which
at high levels and in the brain and spleen at low levels. The is larger than the calculated molecular mass. This discrepancy
expression in skeletal muscle and testis was below thein size may be explained by posttranslational glycosylation.
detectable level. Mouse embryo also expresses LRP9 mRNA Cellular Uptake of5-VLDL. Next we examined whether
(Figure 4B). The highest expression level was obtained at 7LRP9 is capable of binding apoE-containing lipoproteins.
dpc, after which it decreased at 11 dpc and then gradually For this purpose3-VLDL has been often used as a ligand
increased again. BLAST search detected a blastocyst EST(5, 7, 16, 51, 52 S-VLDL is an apoE-rich lipoprotein
clone (AA473388) identical to the partial sequence of LRP9. detected in peripheral plasma of patients with Type Il
Northern blot analysis of adult human tissues with the mouse hyperlipidemia and in animals fed with a cholesterol-
LRP9 probe revealed somewhat different expression patternsupplemented dief-VLDL is a mixture of cholesteryl ester-
from adult mouse which suggests that LRP9 may play rich chylomicron remnants and cholesteryl ester-rich lipo-
different roles in different species (Figure 4C). LRP9 mRNA proteins of liver origin $3).
was expressed rather ubiquitously in human: a transcript with ~ As shown in Figure 6B, IdI-A7/LRP9 cells bougeVLDL
a length of 3 kb was detected in blood leukocyte, lung, at concentrations of 2050 ug of protein/mL at 4°C.
placenta, small intestine, liver, kidney, spleen, thymus, colon, However, the binding of-VLDL was not saturated at the
skeletal muscle, and heart. It was below the detectable levelligand concentration of 509 of protein/mL. From the result
in brain. of this rather insensitive assay1), we could not conclude

In Situ Hybridization AnalysisTo determine what kind  whether LRP9 can bin@-VLDL specifically or not (see
of cells express LRP9 in each tissue, we performed in situ Discussion). To verify the binding and internalization of
hybridization in the liver, kidney, adrenal gland, and brain, -VLDL, we next measured the ability of-VLDL to
areas where members of the LDLR family have been shown stimulate the incorporation of*fCloleate into cholesteryl
to play important roles24—26) (Figure 5). In liver, LRP9 esters41). Intracellular cholesteryl esterification is catalyzed
expression was detected in hepatocytes and at even higheby acyl-coenzyme A:cholester@-acyltransferase (ACAT).
levels in the cells of the sinusoidal lining. The transcripts in Cellular cholesterol synthesis itself does not stimulate ACAT
kidney were restricted to the endothelia of the peritubular activity, but rather ACAT is activated by cholesterol liberated
capillaries. This is in contrast to LRP2/megalin which is from LDL or g-VLDL following receptor-mediated uptake
expressed in the renal tubules0f and to LRP1 which is  (41). This assay is known to be much more sensitive with
expressed in mesangial cel&0j. In the adrenal glands, the  higher specificity than the surface binding assay using an
signals were stronger in the cortex than in the medulla. LRP9 3-labeled ligand§1). As shown in Figure 7, whef-VLDL
mMRNA in brain was expressed specifically in the epithelium was preincubated with increasing amounts of apoE, choles-
of the choroid plexus, ependymal cells of the third ventricle, terol ester formation in IdI-A7/LRP9 cells was upregulated
pia matter, and, to a lesser extent, hippocampal fields CA2 in a dose-dependent manner. The dassponse curve as a
and CA3. function of 3-VLDL showed saturation kinetics. This finding

Western Blot Analysislo estimate binding and internal- is consistent with a limited number of specific surface
ization of apoE-containing lipoproteins by LRP9, the LDLR- binding sites, providing evidence that LRP9 mediates the
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Ficure 5: In situ hybridization of mouse liver, kidney, adrenal glands, and brain. Sections of adult mouse liver (A and D), kidney (B and
E), adrenal glands (C and F), and brain{§ were hybridized with LRP9 antisense {AC and G-I) or sense control (BF and J-L)
riboprobes and counterstained through emulsion with hematoxylin. Arrows indicate the signals of the choroid plexus, ependyma of the
third ventricle, hippocampal fields CA2 and CA3, and pia matter. CV, central vein; PV, branch of the portal vein; RC, renal corpuscle; RT,
renal tubules; HI, hippocampus; DG, dentate gyrus; 3V, third ventricle; D3V, dorsal third ventricle; LV, lateral ventricle; PM, pia matter.

uptake of apoE-enriched@-VLDL in vitro. Neither LDL 3’ untranslated region. A primer pair was designed based
(which contains apoB-100), HDL (which contains apoA-l on this sequence, and radiation hybrid mapping was per-
and apoA-Il), nor acetyl-LDL was capable of stimulating formed. The humarrp9 gene was mapped close to the
cholesterol ester formation in Idl-A7/LRP9 cells (data not markers SHGC-5794, SHGC-20845, and SHGC-11082 on
shown). chromosome 14q11.2 (Figure 8B). The homologous relation-
Chromosomal Mappind-he mousérp9 gene was mapped  ship between these two chromosome regions of the mouse
close to the markers D14Mit142, D14Mit259, and D14Mit260 and human is supported by the finding that human and mouse
on chromosome 14 using radiation hybrid (RH) mapping genes for T cell receptor alpha polypeptide are located very
(Figure 8A). Human EST clones AW408759, AW410963, close to both of these sites.
N47448, AA536207, and AA040020 collectively constitute
a single fragment of 1565 bases and are 86% identical toDISCUSSION
the corresponding cDNA sequence of mouse LRP9. The In this paper, we have described the isolation and
AA040020 clone contains the sequence corresponding to thecharacterization of LRP9, a novel member of the LDLR
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IdI-A7 with and without stably transfected LRP9 cDNA. Cell lysates ) ) o
were prepared as described under Experimental Procedures, imFIGURE 7: Stimulation of cholesteryt{Cloleate formation in Id!-
munoprecipitated with an anti-HA monoclonal antibody, and A7/LRP9 and IdI-A7 cells by apoE-enrichgdVLDL. After 24 h

electrophoresed on an-86% gradient gel. The membrane was ©Of growth in medium containing lipoprotein-deficient serum, cell
blotted with an anti-HA polyclonal antibody. (B) Surface binding Monolayers were incubated with the indicated concentration of

of 128-labeled 8-VLDL to monolayers of IdI-A7/LRP9 @), IdI- B-VLDL preincubated with 0Q), 10 (»), and 40 (J) ug/mL apoE.
A7 (»), and CHO-K1 [0) cells at 4°C. After 24 h of growth in After 5 h, the cells were pulse-labeledrf@ h with [*“Cloleate,

medium containing lipoprotein-deficient serum, cell monolayers and the content of cholesterj#*Cloleate was determined. Each
were incubated with the indicated concentration&f-labeled value is the average of duplicate incubations, which were corrected

B-VLDL (412 cpm/ng of protein). After incubation f@ h at 4°C, for radioactivity observed in incubations containing no lipoproteins
the cells were washed 6 times. The amounts of surface-bound[0-65, 0.68, and 0.70 nmdt~*(mg of protein)™ for IdI-A7 with
129-|abeledg-VLDL were determined as dextran sulfate-releasable 0. 10, and 40ug/mL apoE, respectively; 0.97, 0.96, and 0.99
fractions. The values presented are the differences betweennMokh™(mg of protein)* for IdI-A7/LRP9 with 0, 10, and 40
determinations made in the absence and presence of exces#9/ML apoE, respectively]. IdI-A7/LRP9, solid line; IdI-A7, broken
unlabeleds-VLDL, representing specific and high-affinity values. line.

Each value is the average of triplicate incubations. Error bars

indicate the standard deviation. surface binding assay81), similar to the case of LRP9 in

this study. Liver-specific disruption of LRP1 in LDL
family. Several unique structural features distinguish LRP9 receptor-deficient mice resulted in accumulation of cholesterol-
from the two representative subgroups of this family (with rich remnant lipoproteins in the circulation, indicating a
the LDLR, the VLDLR, and apoER2 comprising one physiological role for mouse LRP1 in the uptake of remnant
subgroup and LRP1 and LRP2 comprising the other): (1) a lipoproteins in the liver§4). It is believed that in vivo, apoE-
relatively small number of LBRs, (2) the presence of CUB rich lipoproteins similar to apoE-enrichef-VLDL are
domains, (3) the presence of a proline-rich region, (4) the normally formed in the physiologic microenvironment prior
absence of EGF precursor homology domains and of anto uptake by hepatocyteS%). Thus, the present study raises
O-linked sugar domain, and (5) a relatively large intracellular the possibility that LRP9 may function in an analogous
region. The previously reported proteins LRP3 and ST7 also fashion, as a novel receptor for apoE-containing lipoproteins.
share these features with LRP9, suggesting that they mayThe observation that LRP9 transcripts are expressed in
constitute a unique subgroup of their own within the LDLR hepatocytes and the adrenal cortex supports this hypothesis.
family. However, the tissue distribution of LRP9 differs from  Although LRP9 has a relatively small number of LBRs (four
that of LRP3 (1) and ST7 18). Human LRP3 and ST7 LBRs), it was previously demonstrated that three LBRs in
transcripts are expressed abundantly in brain, but their mMRNAan alternatively spliced form of apoER2 were sufficient to
is barely detectable in liver and kidney. Thus, we expect bind3-VLDL with the same affinity as its normal forno6).
that LRP9, LRP3, and ST7 may play different roles in vivo.  Alternatively, it is also possible that LRP9 may have
The physiological importance of LRP9 is suggested by (1) another physiological ligand(s) in vivo other than apoE-
the existence of two structurally related molecules which may containing lipoproteins. Some LDL receptor family members,
function differently, (2) a corresponding EST clone expressed such as VLDLR, apoER2, and LRP2, have been shown to
in the blastocyst stage, and (3) the highly conserved sequencéind apoE-containing lipoproteins in vitro5,( 7, 52.
alignment between mouse LRP9 and human EST clones. However, elevated plasma concentrations of apoE-containing

It is intriguing that LRP9 is expressed in hepatocytes lipoproteins have not been reported in mice deficient in these
(Figure 4A), and that IdI-A7 cells expressing LRP9 internal- genes. More conclusive evidence for LRP9 function will
ized and hydrolyzed cholesterol esters in apoE-enrichedrequire the generation and analysis of mice lacking LRP9.
B-VLDL (Figure 7). LRP1 has also been previously reported ~ What will be the biological role of LRP9 in the brain?
to mediate internalization and hydrolysis of cholesterol esters The expression of LRP9 in brain was observed to be most
in -VLDL following preincubation with apoEX1). How- abundant in the epithelium of the choroid plexus and the
ever, binding of5-VLDL to LRP1 could not be detected in  ependyma of the third ventricle (Figure 5). This may correlate
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Ficure 8: Mapping of the mouse and humhkp9 genes. (A) The
mouselrp9 gene was assigned to chromosome 14 by radiation
hybrid (RH) mapping with LODs of 13.5 to D14Mit142, 11.5 to
D14Mit259, and 11.1 to D14Mit260. Data on marker and gene
positions were obtained from the Jackson Laboratory. Numbers on
the left denote cM positions. The positions of loci in human
chromosomes (where known) are shown to the right. (B) Human
Irp9 gene was mapped on 14g11.2 by RH mapping with LODs of
13.67 to SHGC-5794, 13.23 to SHGC-20845, and 12.75 to SHGC-
11082 [T cell receptor, alpha (V, D, J, C)]. Data on marker and
gene positions were obtained from the Stanford Human Genome
Center (SHGC).

with the presence of apoE-containing lipoproteins in cere-
brospinal fluid 67—61). Interestingly, the localization of
LRP9 in mouse brain is relatively close to that of LRP2/

megalin. LRP2/megalin transcripts have been detected by 11.

immunohistochemistry in ependymal cells of adult 1&)(
and embryonic mouse6®) and in the choroid plexus of
mouse embryo§2). Mice lacking LRP2/megalin display
holoprosencephalic syndrome which is characterized by a
lack of olfactory bulbs, forebrain fusion, and a common
ventricular system24). The molecular mechanism respon-
sible for this phenotype is currently not known.

Another interesting observation is the widespread distribu-
tion of LRP9 in the vascular tissues. In particular, LRP9 is
highly expressed in the peritubular capillaries of the kidney.

Sugiyama et al.

association of LRP9 with these two diseases remains to be
determined.

In summary, we cloned a new LDL receptor-related
protein, LRP9. The protein was capable of mediating the
cellular uptake and lysosomal hydrolysis of cholesterol esters
in apoE-enriche@-VLDL in vitro. Further investigation is
needed to clarify the biological functions of this molecule.
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