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ABSTRACT: In 1997, McCormick and co-workers identified a novel putative tumor suppressor gene,
designatedST7, encoding a unique protein with transmembrane receptor characteristics [Qing et al. (1999)
Oncogene 18, 335-342]. Using degenerate primers corresponding to the highly conserved region of the
ligand-binding domains of members of the low-density lipoprotein receptor (LDLR) superfamily, Ishii et
al. [Genomics(1998)51, 132-135] discovered a low-density lipoprotein receptor-related protein (LRP)
that closely resembles ST7. Later, another LRP closely resembling ST7 and LRP3 was found (murine
LRP9) [Sugiyama et al. (2000)Biochemistry 39, 15817-15825]. These results strongly suggested that
ST7 was also a novel member of the low-density lipoprotein receptor superfamily. Proteins of this
superfamily have been shown to function in endocytosis and/or signal transduction. To evaluate the
relationship of ST7 to the LDLR superfamily proteins and to determine whether ST7 may function in
endocytosis and/or signal transduction, we used proteomic tools to analyze the functional motifs present
in the protein. Our results indicate that ST7 is a member of a subfamily of the LDLR superfamily and
that its cytoplasmic domain contains several motifs implicated in endocytosis and signal transduction.
Use of the yeast two-hybrid system to identify proteins that associate with ST7’s cytoplasmic domain
revealed that this domain interacts with three proteins involved in signal transduction and/or endocytosis,
viz., receptor for activated protein C kinase 1 (RACK1), muscle integrin binding protein (MIBP), and
SMAD anchor for receptor activation (SARA), suggesting that ST7, like other proteins in the LDLR
superfamily, functions in these two pathways. Clearly, ST7 is an LRP, and therefore, it should now be
referred to as LRP12.

To define the number and nature of genetic and/or
epigenetic changes required to turn a normal human cell into
a malignant cell, McCormick and Maher (1) developed a
model system in which normal human fibroblasts in culture
can be transformed into malignant fibroblasts by acquiring
a series of genetic changes, each conferring a growth
advantage that allows sequential clonal expansion. In 1997,
McCormick and co-workers (2), using differential mRNA
display to compare an infinite life span nontumorigenic
human fibroblast cell strain with its carcinogen-transformed,
malignant derivative, identified a transcript whose expression
was lost in the latter cells. Comparison of the transcript’s
sequence to known gene sequences revealed that it was novel.
The protein encoded by the gene, designatedST7, had the

characteristics of a transmembrane receptor. As compared
to the level of expression in the parental cell strain,ST7was
strongly down-regulated in the tumorigenic cell line. Several
malignant cell lines derived from patients’ fibrosarcomas also
were found to have a low level of ST7, suggesting thatST7
is a tumor suppressor gene. Support for this hypothesis comes
from the results of recent studies from this laboratory, to be
published elsewhere, showing that expression of ST7 protein
in a patient’s fibrosarcoma-derived cell line inhibited its
tumor-forming ability. Expression of a truncated ST7 protein,
lacking most of the C-terminus, failed to do so.

At the time the novel geneST7was discovered, Qing et
al. (2) recognized that the protein it encoded had the
characteristics of a transmembrane protein, but no other
proteins with significant similarity to ST7 had been reported.
About a year later, Yamamoto and co-workers (3), using
degenerate oligonucleotides corresponding to the highly
conserved region of the ligand-binding domains of members
of the low-density lipoprotein receptor (LDLR)1 superfamily,
discovered a novel gene coding for a LDLR-related protein
(LRP), which they designatedLRP3.After the sequence of
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LRP3 had been submitted to the databases, our search of
databases for proteins structurally related to ST7 revealed a
very strong similarity between LRP3 and ST7, enabling us
to recognize that, although ST7 differed significantly from
the LDLR prototype, it also was an LRP. Although proteins
of the LDLR superfamily are best known as endocytic
receptors (reviewed in refs4-6), recent studies show that
the cytoplasmic domains of LRP1, LRP2, LRP5, LRP6,
LDLR, VLDLR, and ApoER2 interact with a variety of
adaptor and scaffold proteins implicated in signal transduc-
tion (reviewed in refs7-9).

To evaluate ST7’s relationship to the proteins of the LDLR
superfamily and to determine whether ST7 functions in
endocytosis and/or signal transduction, we used proteomic
tools, including similarity searches, sequence alignments,
pattern and profile searches, and posttranslational modifica-
tion prediction programs to analyze the functional motifs
present in ST7. Such analyses showed that ST7 is a novel
member of a subfamily of the LDLR superfamily and that
similar to LDLR and other LDLR-related proteins, ST7’s
cytoplasmic domain contains several motifs implicated in
endocytosis and/or signal transduction. To identify intra-
cellular proteins that interact with ST7’s cytoplasmic domain,
we used the yeast two-hybrid system. We found that ST7’s
cytoplasmic domain interacts with several proteins involved
in signal transduction and/or endocytosis, suggesting that ST7
functions in these pathways.

EXPERIMENTAL PROCEDURES

Materials. The sources of specific materials used are:
restriction enzymes and T4 DNA ligase, New England
Biolabs or Invitrogen; shrimp alkaline phosphatase, Promega;
Pfu polymerase, Stratagene; oligonucleotides, the Michigan
State University Macromolecular Structure, Sequencing, and
Synthesis Facility; yeast culture medium, Clontech; and
antibiotics, Sigma or Roche Molecular Biochemicals.

Cell Culture. SHAC cells, a cell line derived from a
patient’s fibrosarcoma, and all SHAC-derived cell strains
were cultured in Eagle’s minimal essential medium supple-
mented with 0.2 mML-aspartic acid, 0.2 mML-serine, and
1.0 mM sodium pyruvate, and containing 10% (v/v) supple-
mented calf serum, penicillin (100 units/mL), streptomycin
(100 µg/mL), and hydrocortisone (1µg/mL) in a 37 °C
humidified incubator with 5% CO2 in air. HEK 293-T cells
were similarly cultured as above but using high-glucose
Dulbecco’s modified Eagle’s medium containing 10% (v/v)
fetal calf serum (HyClone).

Isolation of ST7 cDNA.To isolate full-lengthST7cDNA,
the GeneTrapper cDNA Positive Selection System (Invitro-
gen) and SuperScript human heart cDNA library (Invitrogen)
were used according to the manufacturer’s directions. Briefly,

single-stranded phagemid DNA was generated by digesting
double-stranded phagemid DNA (5µg) with bacteriophage
f1 gene II protein (a site-specific F1 endonuclease) and
Escherichia coliexonuclease III. A biotinylated ST7-specific
probe (5′-TTGCTCTTGCTTTTCCTCGCTGGGG-3′) was
hybridized with single-stranded DNA for 1 h at 37 °C.
Following hybridization, streptavidin paramagnetic beads
were used to captureST7cDNA-probe complexes. After
several washes, single-stranded DNA bound to the beads was
eluted. To produce double-stranded DNA, captured DNA was
repaired using the provided repair enzyme and the same
unbiotinylated ST7-specific oligonucleotide used in the
capture procedure. Repaired DNA was electroporated into
ultracompetent ElectroMax DH10BE. coli (Invitrogen) and
plated on LB agar plates containing 100µg/mL ampicillin.
DNA isolated from several colonies was screened for the
presence of a full-lengthST7 cDNA insert by restriction
endonuclease digests and by sequencing the 5′ and 3′ ends.
The phagemid containingST7 was designated pCMV-
SPORT-ST7.

DNA Sequencing.The sequence of DNA samples was
determined in one of three ways: manually determined using
a TAQuence cycle sequencing kit (US Biochemicals) or
Fidelity DNA sequencing kit (Oncor); automatically se-
quenced using a Visible Genetics Gene Clipper sequencer
with either a ThermoSequenase Cy 5.5 terminator cycle
sequencing kit or a ThermoSequenase primer (Cy 5.0 or Cy
5.5) cycle sequencing kit (Amersham); or sequenced by the
Michigan State University Genomics Technology Support
Facility.

Preparation of Plasma Membrane-Enriched Fractions and
Western Blotting Analysis. Cells were washed in cold PBS,
collected in hypotonic lysis buffer (10 mM Tris-HCl, pH
7.4, 35 mM NaF, 5 mM MgCl2, 1 mM EGTA, 1 mM
Na3VO4, 1 mM sodium pyrophosphate, 1 mM phenylmethyl-
sulfonyl fluoride, 25µg/mL aprotinin), and incubated on ice
for 10 min. Cells were homogenized by 30 strokes in a
dounce homogenizer. Homogenates were centrifuged (500g)
for 5 min at 4°C. Supernatants were centrifuged (16 900g)
for 1 h at 4°C. Pellets, which are enriched with plasma-
membrane proteins, were resuspended in RIPA buffer (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100,
0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1
mM EDTA, 1 mM Na3VO4, 2 mM phenylmethylsulfonyl
fluoride, and 25µg/mL aprotinin). To obtain cytosolic,
soluble fractions, the supernatants were clarified by cen-
trifugation (100 000g) for 2 h at 4°C. The concentration of
protein in each fraction was determined using a bicinchoninic
acid (BCA) protein assay reagent kit (Pierce) following the
manufacturer’s instructions. Aliquots of each plasma mem-
brane-enriched fraction and cytosolic, soluble fraction con-
taining 20 µg of protein were denatured in 5X Laemelli
sample buffer, separated by SDS-PAGE, and transferred
to Immobilon-P membrane (Millipore). Such membranes
were blocked for 2 h with Tris-buffered saline containing
0.1% Tween-20 and 5% nonfat milk (blocking solution).
Blocked membranes were incubated with a monoclonal V5
antibody (Invitrogen) or a monoclonal Na+/K+ antibody
(Affinity BioReagents, M7-PB-E9) diluted in the blocking
solution for at least 2 h at room temperature and with the
appropriate horseradish peroxidase-conjugated secondary
antibody (Santa Cruz Biotechnology or Sigma) diluted in

1 Abbreviations: CUB, complement factor C1s/C1r, urchin embry-
onic growth factor, bone morphogenetic protein; HA, hemagglutinin;
HEK 293-T, human embryonic kidney 293-T; LDLR, low-density
lipoprotein receptor; LDLRA, low-density lipoprotein receptor type A;
LRP, low-density lipoprotein receptor-related protein; MIBP, muscle
integrin binding protein; PBS, phosphate-buffered saline; PDGF BB,
platelet-derived growth factor BB; PKA, protein kinase A; PKC, protein
kinase C; RACK1, receptor for activated protein kinase C; SARA,
SMAD anchor for receptor activation; SD agar, synthetic drop-out agar;
SNAPIN, SNARE-associated protein; TGF-â, transforming growth
factor â.
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blocking solution for 1 h atroom temperature. SuperSignal
West Pico chemiluminescent substrate (Pierce) was used
according to the manufacturer’s instructions to detect pro-
teins.

Yeast Two-Hybrid Assay.The MATCHMAKER GAL4
Two-Hybrid System 3 (Clontech) was used. The ST7 cyto-
plasmic bait plasmids were constructed using the pGBKT7
bait vector. To generate the bait plasmids, the appropriate
region of ST7’s cytoplasmic domain was amplified from
pCMV-SPORT-ST7 usingPfu polymerase and the appropri-
ate oligonucleotides. ST7cyto1 contains residues 498-840;
ST7cyto2, residues 498-667; ST7cyto3, residues 668-840;
ST7cyto4, residues 498-625; ST7cyto5, residues 498-560; and
ST7cyto6, residues 561-667. The purified PCR products
(QIAquick spin PCR purification kit, Qiagen) were digested
with restriction endonucleasesEcoRI andXhoI and subcloned
into EcoRI andSalI sites of the bait vector pGBKT7. The
Saccharomyces cereVisiae strain AH109, which contains
HIS3, ADE2, andMEL1 reporter genes, was transformed with
the bait plasmid using the lithium acetate method described
in the MATCHMAKER instruction manual (Clontech).
Transformants containing the bait plasmid were selected by
plating the cells on minimal SD agar lacking tryptophan
(SD/-trp). A MATCHMAKER skeletal muscle cDNA library
(Clontech) was amplified following the standard semisolid
amplification procedure described in the MATCHMAKER
instruction manual, and plasmid DNA was prepared using
the QIAGEN plasmid Giga kit. To detect ST7-interacting
proteins, AH109-ST7cyto1 cells were transformed with the
amplified library. Transformants were plated onto medium-
stringency SD/-leu/-trp/-his agar. After incubation at 30°C
for several days, colonies were streaked onto SD/-leu/-trp
and SD/-leu/-trp/-his agar plates. These yeast colonies were
subjected to a higher stringency test (i.e., they were replica
plated onto SD/-leu/-trp/-his/-ade agar plates). The colonies
judged to grow well at high stringency conditions were
restreaked for further analysis. Plasmid DNA was isolated
from yeast colonies using the Zymoprep yeast plasmid
miniprep kit (Zymo Research). Prey plasmids were rescued
by transformingE. coli DH5R with the plasmid DNA isolated
from yeast and by selecting these transformants on LB agar
containing ampicillin at 100µg/mL. The prey plasmids
isolated fromE. coli (QIAprep spin plasmid DNA miniprep
kit, Qiagen) were sequenced. To map various binding
domains in the ST7 cytoplasmic domain, bait plasmids
encoding truncated forms of this domain (ST7cyto2-ST7cyto6)
were engineered, and AH109 strains expressing the truncated
bait proteins were transformed with the pACT2 prey plasmids
isolated in the yeast two-hybrid screen. As a negative control,
these strains were also transformed with a prey plasmid
encoding the SV40 large T-antigen. To assess the specificity
of the interaction between the prey proteins and ST7, a
nonrelated bait protein, p53, was also tested for its interaction
with the preys. The p53 bait plasmid, pGBKT7-p53, was
included in the MATCHMAKER kit. All transformants were
plated on quadruple drop-out agar (SD/-leu/-trp/-his/-ade).
Growth on this medium indicated that the bait proteins tested
interacted with the prey protein of interest.

Oligonucleotides.Primer sequences (5′-3′) used to con-
struct the plasmids for the yeast two-hybrid screen and for
co-immunoprecipitation studies were as follows. Restriction
sites used for cloning are in boldface type, stop codons are

in italics, and template sequences are underlined: 5′ primer
for ST7cyto1, ST7cyto2, ST7cyto4, and ST7cyto5, CGGAATTC -
AAGCTTTATTCTCTGAGA; 3′ primer for ST7cyto1 and
ST7cyto3, CGCTCGAGCTAACAAAGTAACAAAGCCTC;
5′ primer for ST7cyto3, CGGAATTC GCGACAGTAGGAG-
CATGT; 3′ primer for ST7cyto2 and ST7cyto6, CGCTCGAG-
TTATTCCACTGCCGTTGTGGG; 3′ primer for ST7cyto4,
CGCTCGAGTTAGTGAGTATGATTTCT; 3′ primer for
ST7cyto5, CGCTCGAGTTACCTCAGATTTTCCAA; and 5′
primer for ST7cyto6, CGGAATTC CTAGCGGTACGATCT.
The primer sequences (5′-3′) for subcloning HA-tagged
partial prey proteins into pcDNA6-V5/His were as follows:
5′ primer AAGCGGCCGCGCCACCATGGCTTACCC-
ATACGAT and 3′ primer CGACTAGT GAGATGG TGC-
ACGATGCACAGTTG or CGTCTAGA GAGATGGTGCA-
CGATGCACAGTTG. Primer sequences for cloning full-
length myotilin cDNA into the prey plasmid pACT2 were
5′ primer, CGGAATTC TAAGCATGTTTAACTACGAA-
CGT and 3′ primer, CGCTCGAGTTAAAGTTCTTCAC-
TTTCATAG. Primer sequences for isolating full-length
RACK1 cDNA were 5′ primer, AAGATATC CATGACT-
GAGCAGATGACC and 3′ primer, AAGTCGACCTAG
CGTGTGCCA ATGGTCAC. Primer sequences for isolating
full-length MIBP cDNA were 5′ primer, AAGATATC -
CATGAAGCTCATCGTGGGC and 3′ primer AAGTC-
GACTCACATGCTGTCCTGCTGGGA. Primer sequences
for constructing pcDNA6-ST7-V5/His, pcDNA6-ST7tr1-V5/
His, and pcDNA6-ST7tr2-V5/His: 5′ primer, which hybrid-
izes to pCMV-SPORT vector sequence upstream of anEcoRI
site and theST7 start codon, TAGGTGACAC TATAG-
AAGGTACGCCTGCAG; 3′ for ST7-V5/His, CGGAAT-
TCTCGTAC CAAACAAAGTAACAAAGC; 3 ′ primer for
ST7tr1-V5/His, CGCTCGAGTCTTTCAAACAT TCTCAG;
and 3′ primer for ST7tr2-V5/His, CGCTCGAGCTTA-
CAAGTACATCCCAA.

Construction of Mammalian Expression Plasmids.cDNAs
encoding the prey proteins of interest were PCR amplified
from the appropriate pACT2 prey plasmids usingPfu
polymerase. The 5′ primer used hybridizes with the pACT2
HA epitope sequence located upstream of the cDNA insertion
site; the 3′ primer used hybridizes with sequence on pACT2
downstream of the cDNA insertion site. Therefore, each PCR
product contains the entire partial prey cDNA with an
N-terminal HA-tag. The GAL4 activation domain was not
amplified in this procedure. PCR products (QIAquick spin
PCR purification kit, Qiagen) were digested withSpeI or
XbaI, depending upon which 3′ primer was used, and
subcloned into theEcoRV andXbaI sites of the mammalian
expression vector pcDNA6-V5/HisA (Invitrogen). Each PCR
product contains a stop codon so that the proteins would
not be V5/His tagged. Any full-length cDNA inserts isolated
from the yeast library were used to generate an expression
plasmid containing the entire open reading frame with an
N-terminal HA tag. First, the entire open reading frame was
amplified from the pACT2 plasmid containing the ORF using
Pfupolymerase. The purified PCR product was digested with
EcoRI andXhoI and subcloned into the corresponding sites
in pACT2. The HA-tagged, full-length prey protein cDNA
was amplified from this plasmid and subcloned into pcDNA6-
V5/His in the same manner as the others. Additional full-
length cDNAs were amplified from the MATCHMAKER
skeletal muscle cDNA library usingPfu polymerase and the
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appropriate primers. The purified PCR products were di-
gested withEcoRV andSalI and subcloned into theEcoRV
andXhoI sites of pcDNA6-HA, which was constructed by
excising the HA epitope from pcDNA6-HA-MIBPp using
EcoRI and subcloning the epitope into theEcoRI site of
pcDNA6-V5/His. Again, because the primers were designed
to contain the endogenous stop codons, these proteins were
not tagged by V5/His. To construct mammalian expression
plasmids containing full-length V5/His tagged ST7 or
truncated V5/His tagged ST7, the appropriate region of ST7
was amplified from pCMV-SPORT-ST7 usingPfu poly-
merase and the appropriate oligonucleotides. The PCR
products purified by a QIAquick spin PCR purification kit
were digested with restriction endonucleasesEcoRI (ST7)
or with EcoRI andXhoI (ST7tr1 and ST7tr2) and subcloned
into EcoRI or EcoRI and XhoI sites in pcDNA6-V5/HisA
from Invitrogen. Elimination of the endogenous stop codons
caused the proteins encoded by these cDNAs to have
C-terminal V5 and His epitope tags.

Co-Immunoprecipitation of Proteins from Transiently
Transfected 293-T Cells.293-T cells were plated in 60-mm
diameter tissue culture dishes (1.5× 106 cells per dish) 1
day prior to transfection. Cells were transfected with a total
of 10µg of plasmid DNA using LipofectAMINE (Invitrogen)
following the manufacturer’s instructions. Forty-eight h after
transfection, the cells were washed once in cold PBS and
collected in cold lysis buffer (50 mM Tris-HCl, pH 7.2, 150
mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM Na3VO4, 1 mM
benzamidine, 1 mM phenylmethylsulfonyl fluoride, 25µg/
mL aprotinin, and 25µg/mL leupeptin). The cells were
incubated in the lysis buffer for 30 min on ice with periodic
gentle vortexing. The protein extracts were clarified by
centrifugation (25 000g) for 30 min at 4°C. The supernatants
were transferred to fresh tubes and centrifuged (25 000g) for
an additional hour at 4°C. Total protein concentration was
determined using the Coomassie protein assay reagent
(Pierce) following the manufacturer’s instructions. For im-
munoprecipitation, protein extracts (250 or 500µg) were
diluted in buffer containing 25 mM Tris-HCl, pH 7.4, 30
mM MgCl2, 40 mM NaCl, 0.5% NP-40 and precleared using
normal rabbit serum (0.5µg) (Santa Cruz Biotechnology)
and protein A-agarose beads (20µL) (Santa Cruz Biotech-
nology) for 30 min at 4°C with end-over-end mixing. The
precleared supernatants were incubated with 2µg of rabbit
polyclonal anti-HA antibody (Y-11, Santa Cruz Biotechnol-
ogy) for 2 h at 4°C with end-over-end mixing. A control
reaction was carried out for each protein pair in which no
HA antibody was included in the immunoprecipitation
reaction. Protein A-agarose beads (20µL) were added, and
the reactions were incubated for an additional hour at 4°C
with end-over-end mixing. The agarose pellets were washed
three times with a buffer containing 25 mM Tris-HCl, pH

7.4, 30 mM MgCl2, 40 mM NaCl, 1.0% NP-40 and once
with a buffer containing 25 mM Tris-HCl, pH 7.4, 30 mM
MgCl2, 40 mM NaCl. Following the washes, the pellets were
resuspended in 40µL of 1X Laemelli SDS-PAGE sample
buffer. Denatured immunoprecipitated proteins were sepa-
rated by SDS-PAGE and transferred to Immobilon-P
membrane. Such membranes were blocked for 2 h in
blocking solution. Blocked membranes were incubated with
a monoclonal V5 antibody and a monoclonal HA antibody
(F-7, Santa Cruz Biotechnology) diluted in the blocking
solution for at least 2 h at room temperature and with the
appropriate horseradish peroxidase-conjugated secondary
antibody diluted in blocking solution for 1 h at room
temperature. SuperSignal West Pico chemiluminescent sub-
strate was used to detect proteins.

RESULTS

Isolation of ST7 cDNA from a Human Heart Muscle cDNA
Library. Because theST7cDNA fragments originally isolated
had been obtained from multiple cDNA libraries using PCR
with relatively low fidelity DNA polymerases (2), there was
a possibility that they contained PCR-generated mutations.
Therefore, we isolatedST7cDNA from a human heart cDNA
library using the GeneTrapper cDNA Positive Selection
System. Comparison of this DNA sequence to the two
isoforms found by Qing et al. (2) revealed that thisST7
cDNA was the shorter of the two. It lacks 57 nucleotides at
its 5′ end (nucleotides 79-136 of GenBank accession number
NM_013437). To determine whether this isoform could be
the product of alternative splicing of the transcript, we used
the human genome BLAST program to search the human
genomic DNA database for theST7sequence. TheST7gene
was localized to an∼100 kb region of human chromosome
8q (Locus Link ID 29967). This confirmed the fluorescent
in situ hybridization data of Qing et al. (2) showing ST7’s
location to be chromosome 8q22.2-23.1. The sequence
contains seven putative exons (Table 1). The 57 nucleotides
missing in the short isoform correspond to the second exon,
indicating that it may be the product of alternative splicing
of the transcript.

ST7 Is a NoVel LDLR-Related Protein.The similarity
between ST7 and LRP3 strongly suggested that ST7 is a
novel LRP. Comparison of residues 27-604 of ST7 with
residues 42-627 of LRP3 using BLAST revealed that the
two proteins are 50% identical and 66% similar. After this
research had been carried out, Sugiyama et al. (10) reported
the discovery of a murine LDLR-related protein, LRP9,
which closely resembles ST7 and LRP3. They suggested that
LRP9, LRP3, and ST7 constitute a novel subfamily of the
LDLR superfamily. Comparison of ST7 with residues 28-
698 of murine LRP9 showed that the proteins are 35%
identical and 46% similar. The most striking characteristics

Table 1: Structure of theST7Gene

exon intron/exon boundaries exon (bp) exon/intron boundaries intron (kb)

1 79 GGGGTGTACG gtaagtgtcc 55.9
2 ttaattttag GAAATGGTGC 57 GTGTCAACTG gtaagtcatt 22.8
3 tatcttccag CTTGTGGAGA 136 TACTATAAGG gtaattctac 9.4
4 tttttttcag TTTTCAGGAT 203 TATTTTTCAG gtgtgttttt 12.4
5 atcttcacag GGAAATCTGA 1105 TTGAAAGAAG gtcagtatca 1.8
6 ctctcaaaag ATCATTTGAA 133 ACCTAATCAG gtatattgca 3.5
7 atttttgtag GCTTCTGTTT 866 ACTTTGTTAG
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common to all three proteins are that (1) their extracellular
domains contain the same types of functional domains
arranged in an identical configuration (Figure 1); (2) the
juxtamembrane regions of their cytoplasmic domains are

highly conserved (Figure 2), strongly suggesting that this
region is functionally important; and (3) their cytoplasmic
tails contain putative signals for endocytosis and sequences
that may participate in signal transduction (Figure 3). These

FIGURE 1: Structures of representative proteins of the LDLR superfamily (adapted from ref6). The types of domains in these proteins and
the organization of these domains divide the superfamily into at least four subfamilies: (1) LDLR, VLDLR, and ApoER2; (2) LRP1,
LRP1B, and LRP2; (3) LRP5 and LRP6; and (4) ST7, LRP3, and murine LRP9. The cytoplasmic domains of these proteins contain motifs
implicated in endocytosis and/or signal transduction, which are not shown.

FIGURE 2: Alignment of the cytoplasmic domains of ST7, LRP3, and murine LRP9. Regions of identity in these proteins are red, and
regions of similarity are blue. The consensus sequence is shown beneath the alignment in black. Uppercase letters designate amino acids
conserved in all three proteins. Lowercase letters designate amino acids conserved in two of the three proteins. Note the high degree of
sequence conservation in the juxtamembrane region (498-560 of ST7) and in the extreme carboxy terminal region of these proteins.
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highly related features are strong evidence that ST7, LRP3,
and LRP9 comprise an LDLR subfamily.

Analysis of the ST7 Protein.Qing et al. (2) predicted that
ST7encodes a type I single-pass transmembrane protein. To
gain additional information regarding ST7’s protein structure,
its sequence was further analyzed using proteomic analysis
tools available through the ExPASy Molecular Biology
Server (www.expasy.ch). The protein’s putative extracellular
domain, residues 1-473, contains a signal sequence peptide
motif (residues 1-27) as determined by the SignalP predic-
tion program (11). Such motifs are characteristic of proteins
targeted to the plasma membrane (12). This region also
contains five LDLRA domains arranged in two clusters and
two CUB domains, as determined using ScanProsite (13)
(Figure 1). The first LDLRA cluster contains two domains
(146-182 and 195-236), and the second cluster contains
three domains (355-392, 393-430, and 431-467). Each
LDLRA domain consists of∼40 residues, with six conserved
cysteine residues that form three intramolecular disulfide
bonds and with conserved serine, aspartic acid, and glutamic
acid residues at the domain’s C-terminus (14). All of the
members of the LDLR superfamily contain LDLRA domain
repeats (5, 6). In many of these proteins, such domains have
been demonstrated to function as ligand binding sites (14).
A single CUB domain (residues 28-140 and 240-353)
precedes each LDLRA domain cluster (Figure 1). This
feature is unique to the LDLR subfamily consisting of ST7,
LRP3, and LRP9. CUB domains are composed of∼110
amino acids with four conserved cysteine residues that form
two intramolecular disulfide bonds and are believed to
participate in protein-protein interactions (reviewed in refs
15 and16). Exon 2 ofST7, which is lacking in the isoform
used in our studies, encodes the protein sequence between
the signal sequence peptide and the first CUB domain.
Therefore, loss of this exon’s sequence does not affect any
of the functional domains present in ST7’s extracellular
domain. The other ST7 isoform simply contains 19 additional
amino acids immediately upstream of the first CUB domain.

The putative extracellular domain of ST7 is followed by
a single hydrophobic transmembrane helix flanked by
positively charged residues (residues 474-497) (2). The
C-terminal cytoplasmic tail of the protein (residues 498-
840) contains several sequence motifs related to endocytosis
(Figure 3). These endocytic signaling motifs include an

YXXø motif (YGQL, 530-533), a NPXY-like motif
(EDFPVC, 543-548), and three potential dileucine repeats
(521-522, 776-777, and 837-839). In these consensus
sequences, X represents virtually any amino acid, and ø
represents any amino acid with a bulky hydrophobic group
(endocytic signals reviewed in ref17). Several putative
signaling motifs were also found. Four PDZ domain binding
motifs, (S/T)XV (SRV, 515-517; TSV, 570-572; TAV,
664-666; and TSV, 693-995), and a WW domain binding
motif, PPXY (PPSY, 527-530), are present (Figure 3).
Moreover, the cytoplasmic domain of ST7 is notably rich in
proline, serine, and threonine residues. Proline-rich regions
are often involved in protein-protein interactions (18).
Because the phosphorylation of residues in the tails of
receptors can regulate their interactions with intracellular
proteins, we analyzed the cytoplasmic tail of ST7 for putative
serine, threonine, and tyrosine phosphorylation sites using
NetPhos 2.0 prediction software (19). Twenty-five serines
and seven threonines were predicted to be potential sites of
phosphorylation (based on a score of∼0.5 or greater) (Figure
3). Six of the 32 putative phosphorylation sites, three serines
and three threonines, are located within the consensus
sequence for phosphorylation by PKC (Table 2). Eight sites,
five serines and three threonines, are located within the
consensus sequence for phosphorylation by PKA (Table 2).
Serine and threonine residues constituting three of the four
PDZ domain binding motifs, as well as the serine residue
present in the WW domain binding motif, were also predicted
to be potential phosphorylation sites. The three tyrosines
present in ST7’s cytoplasmic domain were not predicted to
be phosphorylated. However, one of these tyrosine residues
is shared by the WW domain-binding motif and the YXXø
internalization motif (PPS-Y-GQL), and several groups have
reported phosphorylation of tyrosines in the context of either
motif (20-22).

Plasma Membrane Localization of ST7-V5/His.To deter-
mine whether ST7 localizes to cellular membranes, as
predicted by our analysis of the structure of ST7 protein,
we isolated plasma membrane-enriched and soluble fractions
from SHAC cells transfected with a plasmid encoding V5/
His epitope tagged ST7 or with the empty plasmid (vector-
transfected control). The fractions were analyzed by Western
blotting using the anti-V5 antibody. ST7-V5/His was detected
in the appropriate plasma membrane-enriched fraction and
was not in the matching soluble fraction, indicating that V5/
His tagged ST7 localizes to the plasma membrane (Figure
4). As a control, we also analyzed these fractions by blotting
with an antibody against Na+/K+ ATPase, an integral

FIGURE 3: Putative endocytic and signal transduction motifs
identified in ST7’s cytoplasmic domain. The YXXø internalization
motif is indicated by a double underline. The NPXY-like internal-
ization motif is shown by a dotted underline. A single underline
denotes the three dileucine motifs. Potential phosphorylation sites
are boxed. The four PDZ domain binding motifs are shown in
boldface italic font. A line is drawn above the WW domain binding
motif.

Table 2: Putative PKC and PKA Phosphorylation Sites in ST7’s
Cytoplasmic Domain

position sequence kinase

509 FERRSFETQ PKA
581 AGRSSNIWN PKA
596 RSRHSGSLA PKA
615 PSQSTSREP PKC
624 ERNHTHRSL PKA, PKC
680 SSTQSTRGG PKC
693 GRDVTSVEP PKA
724 WVRFTLGRS PKA
730 GRSSSLSQN PKA
746 DNGVSGRED PKC
801 GVRPSNRDG PKA, PKC
826 CLEVTLKNE PKC
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membrane protein. As expected, this latter protein was
detected in the plasma membrane-enriched fractions and was
not in the soluble fractions.

Identification of Proteins that Interact with the Cytoplas-
mic Domain of the ST7 Protein.Tumorigenicity studies
recently conducted in this laboratory strongly suggest a
functional role for ST7’s cytoplasmic tail in inhibiting tumor
formation (data to be published elsewhere). Because of this
finding and because our analysis of ST7’s cytoplasmic
domain revealed several potential endocytic and signal
transduction motifs, we chose to identify proteins that interact
with ST7’s cytoplasmic C-terminus, using the yeast two-
hybrid system (described in detail under Experimental
Procedures). More than 30 different ST7-interacting cDNAs
were identified. Of these, six cDNAs, encoding proteins of
the greatest interest, were chosen for further study. These
are (1) RACK1, a WD domain-containing protein implicated
as a key cellular scaffold protein that interacts with multiple
cellular receptors (23-25); (2) MIBP, an integrin binding
protein believed to participate in signal transduction pathways
regulating myogenesis (26); (3) SARA, a FYVE domain-
containing cellular scaffold protein that shuttles SMAD2 and
SMAD3 to the cytoplasmic domains of TGFâ receptors (27)
[recent studies also implicate SARA in the Rab5-mediated
endocytic pathway (28)]; (4) R-actinin-2, a cytoskeletal
protein considered to link plasma membrane receptors to the
cytoskeleton (29); (5) myotilin, a novel cytoskeletal protein
that interacts withR-actinin-2 [defects in myotilin cause limb-
girdle muscular dystrophy type 1A (30-32)]; and (6)
SNAPIN, a novel binding partner for the SNAP-25 compo-
nent of the SNARE vesicular transport complex (33). To
verify that these six cDNAs encode the proteins responsible
for the interactions we observed in our yeast two-hybrid
screen, AH109 yeast cells containing the ST7cyto1bait plasmid
were transformed with each of the six prey plasmids, and
the transformants were plated on selection medium. Each
of the proteins tested interacted with the cytoplasmic domain
of ST7, as detected by reporter gene activity.

Polymerase chain reaction (PCR) was used to subclone
each of the six prey cDNAs into mammalian expression
vector pcDNA6-V5/His. An N-terminal HA-epitope tag was
included to facilitate detection of the proteins, and a stop
codon was included at the 3′ end of each cDNA to exclude

the V5 and His epitope tags from the resulting proteins. Table
3 indicates the cDNAs isolated from yeast. Those encoding
only a portion of the prey protein are designated by a
subscript p. Because three of the four myotilin cDNAs
isolated from yeast contained the entire open reading frame
and some 5′ upstream untranslated sequence, the entire
myotilin open reading frame was subcloned into the ex-
pression vector. Sequencing of each insert to verify the
fidelity of the PCR reactions revealed that we had isolated
the longer isoform of theMIBP cDNA (GenBank accession
number AK001663), which contains a 132-nucleotide in-
frame insertion between nucleotides 328 and 329 of the
shorterMIBP coding sequence (GenBank accession number
NM_014446). The sequences of the two MIBP proteins are
identical except for an additional 44 residues in the longer
form. Sequencing also demonstrated that a variantSARA
cDNA had been isolated. To date, threeSARAtranscript
variants have been observed and are reported in GenBank.
Our partial cDNA, which lacks the 81 nucleotides of exon
14, represents a fourthSARAtranscript variant.

Confirmation of the Protein-Protein Interactions within
Human Cells.Protein-protein interactions identified using
the yeast two-hybrid assay are considered valid only if
verified by other biochemical methods. Therefore, we used
co-immunoprecipitation to determine whether the six prey
proteins identified interact with ST7’s cytoplasmic domain
in human cells. HEK293-T cells were transiently cotrans-
fected with plasmids encoding an HA-tagged partial prey
protein and ST7-V5/His protein, and the HA-tagged prey
protein was immunoprecipitated from lysates of these cells.
The immunoprecipitation products were analyzed by Western
blotting with a monoclonal V5 antibody to detect ST7-V5/
His and a monoclonal HA antibody to detect the HA-tagged
prey proteins. The ST7-V5/His protein was co-immuno-
precipitated with HA-RACK1p (Figure 5A), HA-MIBPp

(Figure 5B), and HA-SARAp (Figure 5C), indicating
an interaction between these protein pairs. ST7-V5/His
failed to co-immunoprecipitate with HA-R-actinin2p, HA-
SNAPINp, and HA-myotilin. An example is shown in Figure
5D. Failure to detect an interaction between these three prey
proteins and ST7-V5/His by co-immunoprecipitation does
not exclude these as ST7-interacting proteins because the

FIGURE 4: V5/His tagged ST7 protein encoded by the transfected
plasmid is localized in the membrane of the SHAC cell recipients.
Plasma membrane-enriched (M) and soluble, cytosolic (S) fractions
were isolated from a vector control transfected SHAC cell strain
(lanes 1 and 2) and from a transfectant overexpressing full-length
ST7 (lanes 3 and 4). A total of 20µg of each fraction was separated
in a 10% SDS-polyacrylamide gel, transferred to PVDF membrane,
and probed with anti-V5 antibody (upper panel) and an antibody
specific for a membrane protein, that is, anti-Na+/K+ ATPase
antibody (lower panel). The latter protein has multiple isoforms.

Table 3: Identification of Proteins that Interact with the
Cytoplasmic Domain of ST7a

name
clones

isolated

ind.
clones

isolated
prey protein

size function/pathway

MIBPp 1 1 92-COOH signal transduction

RACK1p 2 2 65-COOH signal transduction106-COOH
SARAp 1 1 731-COOH signal transduction

myotilin 4 2 5′UTR-COOH actin cytoskeleton250-COOH
R-actinin-2p 1 1 307-COOH actin cytoskeleton
SNAPINp 2 1 17-COOH synaptic transmission

a To identify ST7-interacting proteins, the complete ST7 cytoplasmic
domain was used as bait in a yeast two-hybrid screen of a human
skeletal muscle cDNA library. The majority of positive cDNAs
identified encode a partial prey protein, designated by a subscript p.
Column four lists the region of each prey protein encoded by isolated
cDNAs. Three of the four myotilin prey plasmids isolated contained a
cDNA that includes the entire open reading frame and some of the 5′
untranslated sequence (5′UTR).
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co-immunoprecipitation approach is less sensitive than the
yeast two-hybrid assay. The interaction of these proteins with
ST7 may simply have been missed as the result of being
weaker or transient.

Whether full-length RACK1 and MIBP proteins interact
with ST7 was determined as follows. cDNAs encoding full-
length RACK1 and MIBP were isolated from the MATCH-
MAKER skeletal muscle cDNA library using PCR with
appropriate oligonucleotides and subcloned into pcDNA6-
HA. The endogenous stop codon was retained in each full-
length cDNA so that the resulting proteins would not be
tagged by the V5 and His epitopes. We sequenced theHA-
RACK1and HA-MIBP cDNA inserts and verified that the
PCR reactions were faithful. 293-T cells were transiently
cotransfected with plasmids encoding HA-RACK1 or HA-
MIBP and ST7-V5/His, and the HA-RACK1 or HA-MIBP

protein was immunoprecipitated from lysates of these cells.
The immunoprecipitation products were analyzed by Western
blotting with a monoclonal V5 antibody and a monoclonal
HA antibody. ST7-V5/His was co-immunoprecipitated with
both HA-RACK1 (Figure 6A) and HA-MIBP (Figure 6B),
indicating that the full-length RACK1 and MIBP proteins
interact with ST7. The ability of full-length SARA to interact
with ST7 has not yet been determined because we were
unable to amplify a cDNA containing the full-length variant
SARAusing PCR.

Identification of the RACK1, MIBP, and SARA Binding
Domains within ST7’s Cytoplasmic Domain.To identify the
specific region within ST7's cytoplasmic domain required
for its interaction with RACK1, MIBP, and SARA, we used
the yeast two-hybrid assay with truncated forms of the ST7
cytoplasmic domain as bait (Figure 7). AH109 strains
expressing the truncated ST7cyto bait proteins were trans-
formed with the pACT2 prey plasmids isolated in the yeast
two-hybrid screen. As a negative control, we transformed
these AH109 strains with a prey plasmid encoding the SV40
large T-antigen, which does not interact with ST7. To assess
the specificity of the interaction between the prey proteins
and the ST7 bait proteins, we also tested a nonrelated bait
protein, p53, for its ability to interact with RACK1, MIBP,
and SARA. Transformants were plated on selective agar
(SD/-leu/-trp/-his/-ade). Failure of the transformants to grow
indicated that the truncated ST7cyto bait protein or the p53
bait protein failed to bind to the prey protein. Table 4
summarizes the results of these studies.

As previously determined, the ST7cyto1 bait protein (resi-
dues 498-840) was able to interact with RACK1, MIBP,

FIGURE 5: ST7 interacts with RACK1p, MIBPp, and SARAp in
human cells. (A) Western blotting analysis of HA immunoprecipi-
tation reactions from 293-T cells transiently transfected with ST7-
V5/His, HA-RACKp, or both ST7-V5/His and HA-RACKp. The
upper panel was probed with anti-V5 antibody; the lower panel
was probed with anti-HA antibody. Lanes designated with a minus
(-) sign contain negative control IP reactions (i.e., immuno-
precipitation reactions without HA antibody); lanes designated with
a plus (+) sign contain immunoprecipitation reactions with anti-
HA; lanes designated as input contain 25µg of the lysate used in
the immunoprecipitation reactions; and lanes designated as blank
were not loaded. (B) Same as panel A except cells were transfected
with ST7-V5/His, HA-MIBPp, or both ST7-V5/His and HA-MIBPp.
(C) Same as panel A except cells were transfected with ST7-V5/
His, HA-SARAp, or both ST7-V5/His and HA-SARAp. (D) Same
as panel A except cells were transfected with both ST7-V5/His
and HA-R-actinin-2p.

FIGURE 6: ST7 interacts with full-length RACK1 and MIBP in
human cells. (A) Western blotting analysis of HA immunoprecipi-
tation reactions from 293-T cells transiently transfected with ST7-
V5/His, HA-RACK, or both ST7-V5/His and HA-RACK. The
upper panel was probed with anti-V5 antibody; the lower panel
was probed with anti-HA antibody. Lanes designated with a minus
(-) sign contain negative control IP reactions (i.e., immuno-
precipitation reactions without HA antibody); lanes designated with
a plus (+) sign contain immunoprecipitation reactions with anti-
HA; lanes designated as input contain 25µg of the lysate used in
the immunoprecipitation reactions; and lanes designated as blank
were not loaded. (B) Same as panel A except cells were transfected
with ST7-V5/His, HA-MIBP, or both ST7-V5/His and HA-MIBP.
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and SARA but not with SV40 large T-antigen, the negative
control. The ST7cyto1 bait was divided into an N-terminal
ST7cyto2 fragment (residues 498-667) and a C-terminal
ST7cyto3 fragment (residues 668-840). RACK1, MIBP, and
SARA interacted with ST7cyto2; the negative control did not.
When we tested the ST7cyto3 fragment in the absence of prey,
it activated reporter gene expression in AH109. Therefore,
it was uninformative in these studies. Because our proteomic
analysis of ST7 indicated that the juxtamembrane region of
the cytoplasmic tail may constitute a functionally important
domain, we further divided the N-terminal ST7cyto2 fragment
into three parts, ST7cyto4 (residues 498-625), ST7cyto5

(residues 498-560), and ST7cyto6 (residues 561-625). The
negative control did not interact with any of these fragments.
RACK1, MIBP, and SARA each interacted with ST7cyto4 and
ST7cyto5. Only RACK1 was able to interact with the ST7cyto6.
ST7cyto6 lacks the highly conserved residues of the juxta-
membrane region of ST7’s cytoplasmic domain. These results
demonstrate that the membrane-proximal 63 amino acids of
ST7 contain the critical residues involved in its interaction
with MIBP and SARA. Because RACK1 interacted with all

of the bait proteins spanning residues 498-667, the critical
residues for its interaction with ST7 must be contained in
these truncated proteins. None of the prey proteins tested
interacted with the nonrelated bait protein, p53, indicating
that the interaction between the ST7 bait proteins and the
prey proteins is likely to be specific. As expected, the SV40
large T-antigen prey protein interacted with p53.

Once the MIBP binding domain had been mapped to the
membrane proximal region of ST7, co-immunoprecipitation
studies using transiently cotransfected 293-T cells were
carried out to determine whether this protein interacts with
ST7 protein truncated within its juxtamembrane region. Two
plasmids encoding a V5/His tagged truncated ST7 protein
were used. Plasmid V5/His-tagged ST7tr1 encodes a truncated
protein (residues 1-507). It contains ST7’s extra-
cellular and transmembrane domains but only the first 10
residues of its 343 amino acid cytoplasmic domain. When
tested, this truncated protein was shown to lack the ability
to block tumor formation. Plasmid V5/His-tagged ST7tr2

encodes a truncated protein (residues 1-498). It contains
ST7’s extracellular and transmembrane domains but only the
first amino acid of its cytoplasmic domain. 293-T cells were
transiently cotransfected with plasmids encoding HA-tagged
full-length MIBP and ST7-V5/His, ST7tr1-V5/His, or ST7tr2-
V5/His. HA-MIBP was immunoprecipitated from lysates of
the transiently cotransfected cells. The immunoprecipitation
products were analyzed by Western blotting with a mono-
clonal V5 antibody to detect V5-tagged ST7 proteins and a
monoclonal HA antibody to detect HA-MIBP. Both ST7-
V5/His and the ST7tr1-V5/His were strongly co-immuno-
precipitated with HA-MIBP (Figure 8), indicating an interac-
tion between these protein pairs. Figure 8 shows that the
ST7tr2-V5/His protein was also co-immunoprecipitated with
HA-MIBP, although to a much lesser extent. This was
somewhat surprising.

FIGURE 7: Illustration of the truncated ST7 cytoplasmic domain
bait proteins used to determine the location of the MIBP, SARA,
and RACK1 binding sites in ST7. The appropriate bait-containing
AH109 strains were transformed with an MIBPp, SARAp, or
RACK1p prey plasmid. As a negative control, the bait-containing
AH109 strains were also transformed with a prey plasmid encod-
ing the SV40 large T-antigen, which does not bind to ST7.
Transformants were plated on the most stringent medium,
SD/-trp/-leu/-his/-ade. Growth on this medium indicated that the
bait and prey proteins tested were able to interact within yeast cells.

Table 4: Interaction of Prey Proteins with Truncated ST7 Bait
Proteinsa

PREY
BAIT MIBPp SARAp RACK1p SV40 T-Ag

ST7cyto1 + + + -
ST7cyto2 + + + -
ST7cyto3 NA NA NA NA
ST7cyto4 + + + -
ST7cyto5 + + + -
ST7cyto6 - - + -
p53 - - - +
a Full-length and truncated ST7 cytoplasmic domains (shown in

Figure 7) were used as bait to identify the MIBP, SARA, and RACK1
binding sites in ST7. SV40 large T-antigen (SV40 T-Ag), which does
not interact with ST7’s cytoplasmic domain, served as the negative
control. To assess the specificity of the interaction between the prey
proteins and ST7, a nonrelated bait protein, p53, was tested for its
interaction with the preys. Plus (+) signs indicate that a bait protein
interacted with the prey protein tested; minus (-) signs indicate that
these proteins did not interact. NA, not applicable because the ST7cyto3

bait protein self-activated the yeast reporter genes.

FIGURE 8: The first 10 amino acids of the ST7 cytoplasmic domain
may suffice for MIBP binding. Western blotting analysis of HA
immunoprecipitation reactions from 293-T cells transiently trans-
fected with ST7-V5/His and HA-MIBP, ST7tr1-V5/His and HA-
MIBP, or ST7tr2-V5/His and HA-MIBP. The upper panel was
probed with anti-V5 antibody to detect both the full-length and the
truncated V5-tagged ST7 proteins; the lower panel was probed with
anti-HA antibody to detect HA-MIBP. Lanes designated with a
minus (-) sign contain negative control IP reactions (i.e., immuno-
precipitation reactions without HA antibody); lanes designated with
a plus (+) sign contain immunoprecipitation reactions with anti-
HA; lanes designated as input contain 25µg of the lysate used in
the immunoprecipitation reactions; and lanes designated as blank
were not loaded.
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DISCUSSION

On the basis of our analysis of the structure of ST7 protein,
we conclude that it is a novel member of the LDLR
superfamily, and in particular, is closely related to LRP3 and
murine LRP9. The striking similarity between the structures
of these three proteins (see Figures 1 and 2) indicates that
they constitute a distinct LDLR subfamily, as first suggested
by Sugiyama et al. (10). Therefore, ST7 should now be
referred to as LRP12. ST7 contains four critical structural
motifs linking it to this superfamily: (1) an N-terminal signal
sequence; (2) multiple LDLRA domains arranged in clusters
in the extracellular region of the protein; (3) a single
transmembrane domain; and (4) a cytoplasmic tail containing
motifs believed to function in endocytosis and/or signal
transduction. The extracellular region of every LDLR super-
family protein contains various numbers of LDLRA domain
repeats arranged in clusters, and these domains function in
ligand binding (5, 6, 14). Unlike the prototypical members
of the LDLR superfamily, ST7, LRP3, and murine LRP9
lack EGF-like repeats and YWTD-containing domains, and
instead, contain CUB domains. The latter structures are found
in a diverse array of functionally unrelated extracellular
proteins (reviewed in ref15). For example, the peripheral
membrane protein cubilin, anchored in the external side of
the plasma membrane through its N-terminus, contains 27
extracellular CUB domains that function in ligand binding
(reviewed in ref16). The LDLRA and CUB domains present
in ST7 probably enable ST7 to bind to extracellular ligands.
No ST7 ligands have yet been identified, but ongoing work
in our laboratory is directed toward this goal. Members of
the LDLR superfamily also contain endocytic signals in their
cytoplasmic domains. The presence of putative endocytic
motifs in ST7’s cytoplasmic tail suggests that, like other
members of the superfamily, ST7 functions in endocytosis.
In addition to putative internalization signals, we found that
ST7’s cytoplasmic domain contains several putative signal
transduction motifs, as well as sites of potential phos-
phorylation (Figure 3 and Table 2). Their presence suggests
that ST7 also plays a role in signal transduction. Recent
studies show that several other LDLR family proteins
function in signal transduction (34-44). The fact that ST7
localizes to the plasma membrane (Figure 4) is consistent
with our hypothesis that ST7 functions as a plasma mem-
brane receptor.

Figures 5 and 6 support the hypothesis that the cytoplasmic
domain of ST7, like that of other members of the LDLR
superfamily, functions in signal transduction. We recognize
that in these experiments the proteins were overexpressed;
therefore, the interactions observed do not imply that same
interactions necessarily occur under normal expression
conditions. However, RACK1 and SARA have been shown
to be involved in signal transduction pathways. RACK1 was
first identified as a shuttling protein for activated PKC (23,
24). Because ST7’s cytoplasmic tail contains six potential
PKC phosphorylation sites (Table 2), it may be that RACK1
shuttles activated PKC to ST7 to phosphorylate it. RACK1
consists of seven WD domains that fold to form aâ propeller
structure (45). Such a structure may allow RACK1 to bind
to several proteins simultaneously, thereby enabling it to
function as a scaffold protein. Consistent with this, RACK1
has been shown to interact with a wide variety of proteins,

in addition to PKC. These include the nonreceptor tyrosine
kinases Src and Fyn (25, 46-48), the cAMP-specific
phosphodiesterase PDE4D5 (49), the Ras GTPase activating
protein p120GAP (50), the angiotensin receptor associated
protein AGTRAP (51), and the signal transducer and
activator of transcription 1 protein (52). RACK1 also
associates with the cytoplasmic domains of cell surface
receptors such asâ1 integrins (53), the insulin-like growth
factor I receptor (54, 55), the protein tyrosine phosphatase
PTPµ (56), and the NR2B subunit of theN-methyl D-
aspartate receptor (48). Because RACK1 interacts with a
plethora of cellular proteins, it is believed to play a key role
in regulating a variety of cellular signaling pathways (25).

The FYVE domain-containing protein SARA (also known
as MADH-interacting protein) was first identified by Tsuka-
zaki et al. (27). They found that SARA serves as a scaffold
protein to link unphosphorylated SMAD2/3 to active TGFâ
receptor heterodimers. By localizing SMAD2/3 to the
membrane, SARA facilitates phosphorylation of these SMADs
by the type I receptor’s kinase domain (27). Phosphorylated
SMAD2/3 dissociate from SARA and associate with SMAD4
to translocate to the nucleus and regulate gene expression.
It was also determined that SARA localizes to early
endosomes, suggesting that endocytosis plays a role in this
SARA-mediated signal transduction pathway (57-59). Most
recently, Hu et al. (28) reported that SARA plays a role in
Rab5-mediated endocytosis. These data support the hypoth-
esis that SARA plays a role in the endocytotic and/or
signaling activity of ST7.

Although little is known about MIBP, it also appears to
be involved in signal transduction. Li et al. (26) first
identified MIBP using a yeast two-hybrid assay to screen
for proteins that bind to the cytoplasmic tails ofâ1-integrins.
They found that myocytes express a high level of MIBP prior
to differentiation and a low level of MIBP after differentiation
and that overexpression of MIBP in myocytes inhibits cell
fusion and differentiation (26). Therefore, MIBP likely plays
an important role in signal transduction pathways regulating
myocyte fusion and differentiation.

Our data showing that ST7’s cytoplasmic domain binds
to proteins related to signal transduction are consistent with
the emerging role of LDLR superfamily proteins as signal
transducers (reviewed in refs8, 9, 60, and61). For example,
Trommsdorff et al. (34, 35) and D’Arcangelo et al. (62)
demonstrated that VLDLR and ApoER2 are coreceptors for
the extracellular protein Reelin. Binding of Reelin to these
receptors has two major consequences, the internalization
of Reelin and the activation of a tyrosine kinase signaling
cascade. This results in the phosphorylation of Dab1 protein
bound to the cytoplasmic domains of these receptors.
Alterations in this pathway cause dysfunction in brain
development (35). Additionally, several groups demonstrated
that LRP5 and LRP6 participate in the Wnt signaling
pathway (37-40, 63). Both proteins serve as coreceptors for
extracellular Wnt glycoproteins. Mao et al. (40) demonstrated
that cytoplasmic domain of LRP5 binds to the scaffolding
protein axin to promoteâ-catenin stabilization and Wnt
responsive gene expression. Mice lacking LRP6 die at birth
as a result of severe developmental defects, including
malformation of the skeleton, limbs, eyes, and urogenital tract
(39). Mutations in the humanLRP5gene result in defects in
bone density and eye development (63-65). Boucher et al.
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(42) and Loukinova et al. (43) showed that LRP1 serves as
a coreceptor for PDGF BB and that the adaptor protein Shc
binds to a phosphotyrosine residue in LRP1’s cytoplasmic
domain upon PDGF BB stimulation. Finally, yeast two-
hybrid studies demonstrated that the cytoplasmic tails of
LRP1, LRP2, LDLR, VLDLR, and ApoER2 interact with
proteins known to be involved in MAP kinase signal
transduction, synaptic transmission regulation, cytoskeletal
organization, cellular adhesion, and endocytosis, adding
further support to the idea that members of the LDLR
superfamily participate not only in endocytosis but also in
signal transduction (36). The ST7-interacting proteins de-
scribed in this paper can be classified into many of the same
categories as those that interact with other LDLR superfamily
members.

Our yeast two-hybrid studies also demonstrated that both
SARA and MIBP bind to the juxtamembrane region of ST7’s
cytoplasmic domain (Figure 7 and Table 4). Because the bait
construct containing ST7 residues 668-840 self-activated
the yeast reporter genes, we cannot exclude the possibility
that this region contains additional MIBP and SARA binding
sites. Co-immunoprecipitation experiments to detect such
binding sites in ST7 were unsuccessful because nonspecific
bands obscured the area of interest. However, the presence
of MIBP and SARA binding sites in the juxtamembrane
region of ST7 supports our hypothesis that this region, which
is highly conserved among the ST7 subfamily proteins, is
important for ST7 function. Moreover, we determined that
the first 10 amino acids of ST7’s cytoplasmic domain might
suffice for MIBP binding (Figure 8). On the basis of signal
intensity, we conclude that the MIBP binds equally well to
ST7 and ST7tr1. Somewhat surprising was the fact that a
small amount of ST7tr2 associated with MIBP. Because the
cytoplasmic tail of this truncated protein contains only one
residue, we did not expect it to interact with MIBP. It is
always possible that this band represents nonspecific antibody
binding. However, because we failed to detect such non-
specific binding in other co-immunoprecipitation experiments
using the V5 antibody, we interpret this band as a specific
signal. The remaining lysine residue may play a critical role
in the ST7-MIBP interaction, and by itself is able to interact
with ST7, but does so much less efficiently. Another possible
explanation is that residues of the transmembrane helix
domain become exposed because of a conformational change
when ST7 is active and participates in the ST7-MIBP
interaction. The growth medium used in these studies may
contain ligands that bind to ST7’s extracellular domain to
activate the receptor and induce such conformational changes.
Studies of integrin cytoplasmic domains suggest that ligand
binding does induce conformational changes that affect the
position of residues within and near the membrane (66, 67).
Because the cells used in our co-immunoprecipitation experi-
ments contain endogenous ST7 protein, it is possible that
the latter protein was responsible for making it appear as if
MIBP interacts with ST7tr2. If dimerization of endogenous
ST7 with ST7tr2 were to occur, the observed interaction could
have resulted from MIBP associating with the full-length
cytoplasmic tail of endogenous ST7 instead of the truncated
cytoplasmic tail. Therefore, immunoprecipitation of MIBP
would cause both endogenous and truncated ST7 to be
coprecipitated. This would seem to be the most likely
explanation of our results with ST7tr2. If dimerization

explained that interaction, then it is possible that dimerization
also explains the interaction between ST7tr1 and MIBP.
However, if it is responsible for both results, then we would
have expected to see an equivalent amount of ST7tr1 and
ST7tr2 pulled down by MIBP. This was not the case (Figure
8). Further studies are necessary to determine if ST7
dimerizes with itself.

Identification of the RACK1 binding site in ST7 proved
to be more difficult using the yeast two-hybrid assay.
Because RACK1 interacted with all of the ST7 bait proteins
spanning residues 498-667, we were only able to determine
that ST7 contains at least one RACK1 binding site in this
region (Table 4 and Figure 7). A limitation of the yeast two-
hybrid assay is that it is not quantitative. Therefore, it cannot
be used to evaluate the strength of the interaction between
RACK1 and the various ST7 bait proteins to more finely
map RACK1’s binding site on ST7. If there is only one
binding site for RACK1 in this region, it must fall between
residues 498-625 because these residues are common to all
of the ST7cyto proteins that associate with RACK1. Moreover,
the observation that RACK1 interacts with both ST7cyto5 and
ST7cyto6, two bait proteins that do not include any common
residues, suggests that each of these proteins contains part
of the RACK1 binding site or that there is more than one
RACK1 binding site in this region of ST7’s cytoplasmic tail,
and each of these bait proteins contain one or more complete
sites. Moreover, because the yeast two-hybrid bait construct
containing ST7 residues 668-840 (ST7cyto3) was able to self-
activate the yeast reporter genes, we cannot exclude the
possibility that this region of ST7 contains additional RACK1
binding sites. Future co-immunoprecipitation experiments
using ST7 proteins with various truncated cytoplasmic
domains should clarify the manner in which ST7 interacts
with RACK1.
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