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tein tyrosine phosphatase (PTPase1) that contains two
SHPS-1 (SHP substrate-1) is a glycosylated receptor- SRC homology 2 (SH2) domains (2) and is thought to

like protein with three immunoglobulin-like domains participate in intracellular signaling in response to var-
in its extracellular region and four YXX(L/V/I) motifs, ious growth factors, such as platelet-derived growthpotential tyrosine phosphorylation and SRC homology

factor (PDGF), epidermal growth factor (EGF), and in-2 (SH2) domain binding sites, in its cytoplasmic region.
sulin (3). SHP-2 binds to tyrosine-phosphorylatedVarious mitogens and cell adhesion induce tyrosine
PDGF receptors in response to PDGF (4,5), as well asphosphorylation of SHPS-1 and its subsequent associa-
to tyrosine-phosphorylated insulin receptor substrate-tion with SHP-2, an SH2 domain-containing protein
1 in response to insulin (6). In addition, SHP-2 hastyrosine phosphatase, suggesting that SHPS-1 plays a
been suggested to mediate the activation of RAS orrole in cell signaling in response to both growth factors
mitogen-activated protein kinase, and thereby to in-and cell adhesion. The mouse and human cDNAs en-
duce DNA synthesis, in response to PDGF (7), EGFcoding SHPS-1 have now been isolated. The deduced

amino acid sequences of rat , human, and mouse SHPS- (8), insulin (9-11), and fibroblast growth factor (12).
1 show identities of 65 to 81 %. In addition to the SH2 However, the mechanism by which SHP-2 mediates
domain binding sites, a proline-rich putative SH3 do- growth factor-induced RAS activation is not clear.
main binding site was detected in the cytoplasmic re- We have recently cloned a rat cDNA that encodes a
gion of SHPS-1. Northern blot analysis revealed that glycosylated receptor-like protein of Ç115 to 120 kDa
human SHPS-1 mRNA is most abundant in brain and termed SHPS-1 (SHP substrate-1)(13). SHPS-1 con-
that the mouse mRNA is present in embryos as early tains three immunoglobulin-like domains in its extra-
as day 7. Fluorescence in situ hybridization localized cellular region and four YXX(L/V/I) motifs, potential
the SHPS-1 gene to human chromosome 20p13 and the tyrosine phosphorylation and SH2 domain binding
F3 band of mouse chromosome 2. Furthermore, inter- sites, in its cytoplasmic region. Various mitogens, in-specific backcross analysis placed the mouse SHPS-

cluding serum, insulin, and lysophosphatidic acid, or1 locus 5.0 centimorgans distal and 1.4 centimorgans
cell adhesion induce tyrosine phosphorylation of SHPS-proximal to the microsatellite markers D2Mit63 and
1 and its subsequent association with SHP-2 in cul-D2Mit19, respectively, in a region associated with the
tured cells. The insulin receptor kinase or SRC kinasemutations coloboma (Cm), lethal milk (lm), and well-
may directly catalyze the tyrosine phosphorylation ofhaarig (we). q 1997 Academic Press

SHPS-1 in vivo and in vitro (13,14). Furthermore, the
extent of tyrosine phosphorylation of SHPS-1 was

SHP-2 (also named SH-PTP2, PTP1D, Syp, PTP2C, greatly increased when a catalytically inactive SHP-2
SH-PTP3, and SAP-2) (1) is a non-transmembrane pro- was overexpressed in cultured cells (13-15), suggesting

that SHPS-1 may be a physiological substrate for SHP-
2. SHPS-1 may thus act as a docking protein and in-1 To whom correspondence should be addressed. Fax: 81-78-382-

2080; E-mail: matozaki@med.kobe-u.ac.jp. duce translocation of SHP-2 from the cytosol to the
The abbreviations used are: PTPase, protein tyrosine phosphatase; plasma membrane in response to mitogens and cell ad-SH2 domains, src-homology-2 domains; PDGF, platelet-derived

hesion. After binding to SHPS-1, SHP-2 may catalyzegrowth factor; EGF, epidermal growth factor; PCR, polymerase chain
reaction; FISH, fluorescence in situ hybridization. its dephosphorylation and dissociate, in the process
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41 SSC containing 1% BSA. They were then washed with 41 SSC,possibly activating an SOS-like guanine nucleotide ex-
41 SSC containing 0.1% Nonidet P-40, and 41 SSC for 5 min each,change protein near the plasma membrane by also cat-
incubated for 1 h at 377C with fluorescein-conjugated antibodies toalyzing its tyrosine dephosphorylation. goat IgG (Nordic Immunology) at a 1:500 dilution in 41 SSC, and

In an attempt to clarify further the physiological then washed in a shaker for 10 min each with 41 SSC, 0.1% Nonidet
P-40 in 41 SSC, and 41 SSC. After rinsing with 21 SSC, the slidesfunction of SHPS-1, we have now cloned the corre-
were finally stained with propidium iodide (0.75 mg/ml), observed atsponding mouse and human cDNAs. In addition, we
an excitation wavelength of 450 to 490 nm (Nikon filter set B-2A)have determined the chromosomal locations of the hu-
and an emission wavelength of 365 nm (UV-2A), and photographed

man and mouse SHPS-1 genes. with Kodak Ektachrome ASA100 film.
FISH localization of the human SHPS-1 gene was performed by

See DNA Biotech (Downsview, Ontario, Canada) essentially as de-MATERIALS AND METHODS
scribed previously (19). A 1.6-kb human SHPS-1 cDNA fragment
inserted into pBluescript was used for biotinylation with dATP with

Cloning of mouse and human SHPS-1 cDNAs. A mouse brain the BRL BioNick labeling kit.
Lambda ZAP II cDNA library (Stratagene) was screened with a 1.1-

Linkage mapping with interspecific backcross mice. Recombinantkb fragment (nt 1 to 1104) of rat SHPS-1 cDNA (13) as a probe. The
mice were generated by mating males of feral-derived stocks of M.probe was labeled with [a-32P]dCTP with the use of a Random Primer
spretus with C57BL/6J females and backcrossing the F1 females withDNA Labeling Kit (Takara). Hybridization was performed at 427C
M. spretus males (20). Genomic DNA prepared from the kidneys ofin a solution containing 50% (v/v) formamide, 51 standard saline
the backcross mice was digested with restriction endonuclease, andcitrate (SSC), 51 Denhardt’s solution, 0.1% SDS, and denatured
the resulting fragments were separated by electrophoresis on a 0.8%salmon sperm DNA (100 mg/ml), after which the nitrocellulose filters
agarose gel and transferred to a nylon membrane (Bio-Rad). Thewere washed four times with 21 SSC and 0.05% SDS at room temper-
genotype of individual mice was determined by Southern hybridiza-ature and once with 11 SSC and 0.1% SDS at 557C. Eighteen positive
tion with mouse SHPS-1 cDNA. Microsatellite DNA marker loci forclones isolated from the cDNA library were subcloned into the pBlue-
linkage analysis were chosen on the basis of the results of cytogeneticscript phagemid from Lambda ZAP II with the use of the ExAssist/
mapping by FISH, and obtained from Research Genetics (Huntsville,SORL system (Stratagene) and sequenced by dideoxy termination
AL, USA). All PCRs were performed in a final volume of 15 ml con-methods with a Sequencing Pro kit (TOYOBO). A human brain lgt10
taining 75 ng of genomic DNA and 15 pmol of each oligonucleotidecDNA library (Clontech) was also screened as described above to
primer. The amplification protocol consisted of incubation at 947Cisolate human SHPS-1 cDNA.
for 5 min; 30 cycles of 947C for 30 s, 557C for 30 s, and 727C for 30

Northern blot analysis. A human MTN blot (Clontech) containing s; and 727C for 5 min. The PCR products were analyzed by agarose
2 mg of poly(A)/ RNA from various tissues was incubated consecu- gel electrophoresis.
tively with a 32P-labeled 1.6-kb human SHPS-1 cDNA fragment and
a 32P-labeled human b-actin cDNA fragment as previously described
(13). A mouse embryo MTN blot containing 2 mg of poly(A)/ RNA RESULTS AND DISCUSSION
from various developmental stages was also incubated consecutively
with a 32P-labeled 3.4-kb mouse SHPS-1 cDNA fragment, a 32P-la-

Cloning of Mouse and Human SHPS-1 cDNAsbeled 2.0-kb human SHP-1 cDNA (16), and a 32P-labeled 2.5-kb hu-
man SHP-2 cDNA (9).

Screening of mouse brain cDNA library with a 1.1-kb
Fluorescence in situ hybridization (FISH) with mouse and human fragment of rat SHPS-1 cDNA yielded 10 overlapping

chromosomes. The direct R-banding FISH method was used for clones that encompassed a mouse full-length SHPS-1chromosomal assignment of the mouse SHPS-1 gene. R-banded chro-
cDNA. The mouse cDNA comprised 3979 bp and con-mosomes were prepared and FISH was performed as described pre-

viously (17,18). Mitogen-stimulated cultures of mouse splenocytes tained a single open reading frame of 1527 bp [nucleo-
were synchronized by thymidine block, and were exposed to 5-bromo- tides (nt) 410 to 1936] that encoded a protein of 509
deoxyuridine during the late replication stage for differential replica- amino acids (Fig. 1A). The first ATG codon (nt 410 to
tion staining after the release from excess thymidine. R-band stain- 412) matched the Kozak consensus sequence for trans-ing was performed by exposure of chromosome slides to ultraviolet

lation initiation and presumably represents the startlight after staining with Hoechst 33258. The slides were incubated
at 657C for 2 h, after which chromosomes were denatured at 707C in codon. The 3 * noncoding region of the cDNA contains
21 SSC containing 70% formamide and then dehydrated in a series a typical polyadenylation signal (AATAAA). The NH2-
of ethanol solutions [70, 85, and 100% (v/v)] at 47C. terminal 28 amino acids are hydrophobic and likely

A 3.4-kb mouse SHPS-1 cDNA fragment inserted in the Eco RI
constitute a signal peptide, and residues 344 to 368site of pBluescript was labeled by nick translation with biotin 16-
correspond to a transmembrane domain. The extracel-dUTP (Boehringer Mannheim), precipitated together with salmon

sperm DNA and Escherichia coli tRNA with ethanol, and denatured lular region of mouse SHPS-1 contains three homolo-
at 757C for 10 min in 100% formamide. The probe was then mixed gous immunoglobulin (Ig)-like domains (V, C1, and C1,
with an equal volume of hybridization solution to yield final concen- respectively), as does that of rat SHPS-1 (13), and 14trations of 50% formamide, 21 SSC, 10% dextran sulfate, and bovine

potential N-linked glycosylation sites (NXS or NXT,serum albumin (BSA) (1 mg/ml) (Sigma), and 20 ml of the mixture
where X is any amino acid). The cytoplasmic region of(containing 250 ng of labeled DNA) were transferred to each of the

chromosome slides, which were then covered with plastic film and mouse SHPS-1 contains four potential tyrosine phos-
incubated overnight at 377C. The slides were washed in 21 SSC phorylation sites (Y408ADL, Y432ASI, Y449ADL, and
containing 50% formamide for 20 min at 377C, and then in 21 SSC Y473ASV), as does that of the rat protein (13). Thus,and 11 SSC for 20 min each at room temperature. After rinsing in

the overall structure of mouse SHPS-1 is similar to41 SSC, the slides were incubated under coverslips for 1 h at 377C
with antibodies to biotin (Vector Laboratories) at a 1:500 dilution in that of rat SHPS-1. The cytoplasmic region of mouse

62

AID BBRC 6047 / 6918$$$201 01-14-97 22:11:37 bbrcgs AP: BBRC



Vol. 231, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

FIG. 1. Nucleotide and deduced amino acid sequences of mouse SHPS-1 cDNA. A. The putative signal peptide is indicated by a solid
underline, and the transmembrane region by a bold underline. The AATAAA box near to the polyadenylated 3* end of the cDNA is indicated
by dots. The three Ig-like domains are indicated by dotted (the V-like domain) and dashed (the C1-like domains) lines; cysteine residues
that potentially form disulfide bonds in these domains are boxed. The 14 potential N-linked glycosylation sites (NXS or NXT) are in boldface.
The putative binding sites for SH2 domains of SHP-2 are in boldface with underlines and dots. A potential binding site for SH3 domains
is indicated by a double underline. The numbers to the right of each row refer to nucleotide position (upper) or to amino acid position in
the predicted mature SHPS-1 protein (lower). B. The 12-bp insertion between nt 1681 and 1682 that is likely the result of alternative
splicing and its deduced amino acid sequence. The insertion site is indicated by an arrowhead in (A).

SHPS-1 also contains a polyproline motif, XPfPXXP nt 1681 and 1682 (Fig. 1B). This insertion does not
result in a frame shift, and examination of the genomic(f, hydrophobic residue) (residues 418 to 424), that rep-

resents a potential SH3 domain binding site (21), sug- organization of the mouse gene revealed a splice junc-
tion (22) between nt 1681 and 1682 (data not shown),gesting that SHPS-1 may interact not only with an

SH2 domain-containing PTPase but also with an SH3 suggesting that the additional 12-bp insertion in clone
C is due to alternative splicing.domain-containing signaling molecule such as a SRC

family kinase or GRB2 (21). Screening of a human brain cDNA library with a
32P-labeled rat SHPS-1 cDNA probe yielded 1625-bpOne of the mouse SHPS-1 cDNA clones (clone C) con-

tained a 12-bp insertion (GTACAGTCTTTG) between human SHPS-1 cDNA that contained a single open
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FIG. 2. Alignment of the deduced amino acid sequences of rat, mouse, and human SHPS-1. Dots within the sequences of mouse or
human SHPS-1 represent amino acids that are identical to those in the rat protein. Gaps introduced for optimal alignment are indicated
by hyphens. Other features of the three proteins are indicated as in Fig. 1.

reading frame encoding a protein of 503 amino acids SHPS-1 (KPAPRVP) and mouse SHPS-1 (KPAPRAP)
completely matched the SH3 domain binding site(Fig. 2). The amino acid sequences of rat, human, and

mouse SHPS-1 share overall identities and similarities (XPfPXXP) motif, residues 411 to 417 (KPAPQAA) of
human SHPS-1 only partially match this consensusof Ç65 to 80% and ú90%, respectively (Fig.2, Table

1). The homology between mouse and rat proteins is sequence. The identity of the extracellular domain of
SHPS-1 among the three species, is less than that ofgreater than that of either protein to human SHPS-1,

with regard to both the overall structure and specific the cytoplasmic region (Table 1). Although the three
Ig-like structures are conserved among the three spe-regions. The four potential tyrosine phosphorylation

and SH2 domain binding sites of SHPS-1 (YADL, YASI, cies, only 4 of the 15 potential N-linked glycosylation
sites in rat SHPS-1 are also present in the human pro-YADL, and YASV) are completely conserved among all

three species. Whereas residues 418 to 424 of rat tein.

TABLE 1

Sequence Homology of Rat, Mouse, and Human SHPS-1

Extracellular Transmembrane
Overall domain domain Cytoplasmic domain

Comparison I S I S I S I S

Rat-mouse 80.7 95.2 73.8 92.7 100 100 96.5 100
Rat-human 65.1 91.1 60.2 91.2 68.0 100 79.1 89.6
Mouse-human 66.2 91.5 61.9 91.9 68.0 100 80.0 89.6

The amino acid sequences of rat, mouse, and human SHPS-1 were compared with the GENETYX computer program. The percentages
of amino acid residues that are identical (I) or similar (S) for the full length proteins or the indicated domains were calculated for each
pair of species. Amino acids considered similar are R and K; E and D; T and S; V, I, L, and A; and Y and F.
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FIG. 3. Northern blot analysis of SHPS-1 mRNA in various human tissues and during mouse embryogenesis. A. Poly(A)/ RNA from
various human tissues was subjected to Northern blot analysis with 32P-labeled human SHPS-1 (upper panel) and, subsequently, b-actin
(lower panel) cDNAs as probes. The positions of molecular size standards (in kilobases) are shown on the right. B. Poly(A)/ RNA from
mouse embryos at various stages of development was subjected to Northern blot analysis with 32P-labeled mouse SHPS-1 (upper panel),
human SHP-1 and human SHP-2 (middle panel), and human b-actin (lower panel) cDNAs as probes.

Northern Blot Analysis FISH Mapping of Human and Mouse SHPS-1 Genes
and Interspecific Linkage Mapping in MouseNorthern blot analysis of polyadenylated [poly(A)/]

RNA revealed that the major human SHPS-1 mRNA The chromosomal location of the human SHPS-1
(Ç4.2 kb) was present in all tissues examined, being gene was determined by FISH. A total of 100 meta-
most abundant in brain and with substantial amounts phase cells was examined, 73% of which exhibited spe-
also observed in heart, spleen, testis, ovary, and periph- cific hybridization signals at chromosome 20p13 (Fig.
eral blood leukocytes (Fig. 3A). SHP-2 is enriched in 4A). Thus, these data localize the human SHPS-1 gene
synaptic membranes, indicating that it may be im- to chromosome 20p13. The human SHPS-1 cDNA ap-
portant in neuronal function (23). Furthermore, immu- pears to be the same as the CCA53 cDNA and the
nohistochemical staining of human brain cortex CCA12 cDNA, both of which were recently cloned by
showed that SHPS-1 is localized in neuronal cells (Fu- direct screening of a human brain cDNA library with
kunaga, K., Matozaki, T. and Kasuga M., unpublished an oligonucleotide containing CCA repeats (26). How-
data), suggesting that both SHPS-1 and SHP-2 may ever, the nucleotide sequence of the CCA53 cDNA sub-
play a role in neurons. In addition to the 4.2-kb SHPS-
1 mRNA, transcripts of smaller size (Ç2.4 or õ2.4 kb)
were also observed in heart, muscle, testis, and leuko-
cytes, suggesting that multiple alternatively spliced
forms of the primary SHPS-1 transcript may exist.

Because SHP-2 mRNA is present in the early mouse
embryo (4), we also determined the abundance of
SHPS-1 mRNA in the mouse embryo. SHPS-1 mRNA
was detected together with SHP-2 mRNA in 7-day em-
bryos, and both were present through 17 days (Fig. 3B).
SHP-1, another SH2 domain-containing PTPase (1),
forms a complex with tyrosine-phosphorylated SHPS-
1 in v-Src-transformed rat fibroblasts (13,24). SHP-1
is predominantly expressed in hematopoietic cells and
is thought to play an inhibitory role in cytokine-stimu-
lated proliferation of these cells (1,3). In contrast to FIG. 4. FISH localization of the human and mouse SHPS-1 gene.
SHP-2 mRNA, SHP-1 transcripts were virtually unde- A. FISH was performed as described in Materials and Methods. Dou-

ble fluorescence spots were detected on R-banded chromosome 20 attectable in 7- to 17- day-stage mouse embryos (Fig. 3B).
the p13 region (arrow). B. The mouse SHPS-1 gene was localized onHomozygous SHP-2 knockout mice die before day 10.5
mouse R-banded chromosomes by FISH with a biotinylated 3.4-kbof embryonic development (25). Thus, these results sug- cDNA fragment as probe. The hybridization signals (arrows) are lo-

gest that SHPS-1 together with SHP-2 may play an cated in the F3 band of chromosome 2. The metaphase spreads were
photographed with a Nikon B-2A.important role in early embryogenesis.
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mitted to the database appears to contain multiple er-
rors and the function of its encoded protein was not
identified. We also detected 17 CCA repeats Ç400 bp
downstream from the stop codon in the 3 * untranslated
region of our human SHPS-1 cDNA clone (data not
shown). Expansion of trinucleotide repeats has been
suggested to be responsible for several hereditary neu-
rological disorders, including myotonic dystrophy, frag-
ile X syndrome, spinal and bulbar atrophy, Hunting-
ton’s disease, spinocerebellar ataxia, Machado-Joseph
disease, and dentatorubral-pallidoluysian atrophy
(26,27). According to the OMIM database, no heredi-
tary neuronal disorder has so far been mapped to chro-
mosome 20p13. However, given that human SHPS-1
mRNA is most abundant in the brain, expansion of the
triplet repeats in the SHPS-1 gene may well underlie
some neurological disease.

The chromosomal localization of the mouse SHPS-1
gene was also determined by direct R-banding FISH
with a mouse cDNA fragment as the probe. The mouse
gene was localized to the R-positive F3 band of chromo-
some 2 (17,28) (Fig. 4B), a locus that corresponds well
to human chromosome 20p13 (29), the side of the hu-
man gene.

To characterize further the mouse SHPS-1 locus
(Shps1), we performed fine linkage mapping by inter-
specific backcross analysis with progeny derived from FIG. 5. Linkage mapping of mouse Shps1 on chromosome 2. A.
the mating of C57BL/6 mice and Mus spretus. Genomic Segregation patterns of mouse Shps1 and flanking microsatellite

markers (D2Mit43, D2Mit58, D2Mit63, and D2Mit19) in backcrossDNAs from C57BL/61M. spretus F1 mice was digested
mice. Each column represents the chromosome identified in the back-separately with each of six different restriction endonu-
cross progeny that was inherited from the C57BL/6 1 M. spretus F1cleases (Apa I, Bam HI, Eco RI, Hind III, Kpn I, and parent. The open squares represent the presence of the M. spretus

Pst I) and analyzed by Southern blot hybridization for allele, and the closed squares the C57BL/6 allele. The number of
offspring inheriting each type of chromosome is given at the bottominformative restriction fragment length variants
of each column. B. Partial linkage map of chromosome 2 showing(RFLVs) with a 238-bp mouse SHPS-1 cDNA fragment
the location of Shps1 in relation to the flanking DNA markers. Re-as probe. RFLVs between C57BL/6 and M. spretus were
combination distances between loci are shown in centimorgans to

detected by digestion with Eco RI or Kpn I (data not the right of the chromosome.
shown). The RFLVs apparent with Kpn I digestion in
either C57BL/6 or M. spretus were used to follow the
segregation of Shps1 in a total of 139 interspecific back-

parison revealed that three spontaneous mutations,cross mice. We examined the concordance of the segre-
wellhaarig (we), lethal milk (lm), and coloboma (Cm),gation of RFLVs identified by Southern blot hybridiza-
map close to Shps1. Mice heterozygous for the semi-tion with the segregation of four microsatellite marker
dominant mutation Cm exhibit ocular dysmorphologyloci: D2Mit43, D2Mit58, D2Mit63, and D2Mit19. Gene
and neuronal abnormalities (30). The size of the eye isorder was determined by minimizing the number of
reduced at birth, and a ventral segment of the choroid,recombination events required to explain the allele dis-
constituting Ç25% of the whole, is absent. In adults,tribution patterns. Comparative pairwise loci analysis
the eyeballs are rotated ventrally so that the pupil mayshowed that the gene order and recombination fre-
be partly hidden by the lower lid. The animals alsoquency, expressed as genetic distance (/SE) in centi-
exhibit abnormal posture as well as head shaking andmorgans (cM) and the number of recombinants, are as
circling (head bobbing). In addition, Cm mice are ex-follows: centromere (Hc2) 0 D2Mit43 0 [6.5 { 2.1 (9/
tremely hyperactive, with spontaneous locomotor activ-139)] 0 D2Mit58 0 [5.8 { 2.0 (8/139)] 0 D2Mit63 0
ity three times that of normal mice (31). Cm mice carry[5.0 { 1.9 (7/139)] 0 Shps1 0 [1.4 { 1.0 (2/139)] 0
a 1- to 2-cM deletion on chromosome 2 that encom-D2Mit19 0 telomere (Fig. 5). We have compared our
passes the genes encoding the nerve terminal proteininterspecific linkage map of mouse chromosome 2 with
SNAP-25 and phospholipase C-b1 (31,32). The incorpo-a recent composite mouse linkage map showing the

location of uncloned mouse mutations (29). The com- ration of a transgene encoding SNAP-25 into the Cm
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