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P84 is a neuronal membrane glycoprotein that promotes the
attachment and neurite outgrowth of cultured murine cerebellar
cells. The heterophilic adhesive properties of P84 and its local-
ization at sites of synaptogenesis suggest that it may be in-
volved in regulation of synapse formation or maintenance. P84
is expressed in subsets of neurons throughout the CNS. By
cloning the cDNA encoding murine P84, we have discovered
that this molecule is a member of a family of phosphatase-

binding proteins and is identical to the murine SHPS-1 cDNA.
Here we report the cloning of two alternatively spliced forms of
P84 and describe its localization within the CNS by in situ
hybridization.
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Two important processes during development of the CNS are the
growth of axons along specific pathways and the formation of
synaptic contacts with appropriate targets. Molecules that are
known to guide developing axons include cell–cell or cell–sub-
strate adhesion molecules, as well as repulsive molecules (Culotti
and Kolodkin, 1996; Goodman, 1996). Much less is known about
the adhesive interactions that determine target selection, termi-
nation of growth, and synaptogenesis (Fields and Itoh, 1996),
although a role for cadherins in the formation of synaptic junc-
tions in the CNS has been proposed recently (Fannon and Col-
man, 1996). In this report, we describe the molecular character-
ization of P84, a neural adhesion molecule that may have a role in
synapse formation.

P84 was originally detected as a membrane protein recognized
by a monoclonal antibody raised against mouse brain membrane
fractions (Chuang and Lagenaur, 1990). Immobilized P84 antigen
was shown to promote the adhesion of neurons and glial cells to
the antigen-coated substrate as well as to promote the growth of
neurites (Chuang and Lagenaur, 1990). The fact that cultured
cerebellar neurons did not express P84 until after 4 d in vitro and
the observation that glial cells that did not express P84 could
adhere to the P84 substrate suggested that P84 had a heterophilic
binding mechanism. The morphology of neurites and the growth
cone motility of cells grown on P84 differed from cells grown on
N-CAM (neural cell adhesion molecule) or L1, implying that
each molecule promoted growth by distinct mechanisms (Abosch
and Lagenaur, 1993).

Prenatally, P84 was detected in the floor plate region of the
embryonic spinal cord as early as embryonic day 9 (E9) but was
not detectable in the rest of the embryonic nervous system.
Postnatally, P84 was expressed widely in the CNS, primarily in
regions rich in neuropil, appearing in most areas after the second
postnatal day (Chuang and Lagenaur, 1990). P84 staining was not
observed in the peripheral nerves or in non-neural tissues.

In this paper, we describe the cloning and characterization of
the murine P84 adhesion molecule. We have discovered that P84
is identical to SHPS-1 and homologous to signal-regulatory pro-
tein a1 (SIRP-a1), both being membrane glycoproteins identified
as proteins that bind to tyrosine phosphatases SHP-2 and SHP-1
(Fujioka et al., 1996; Kharitonenkov et al., 1997). These obser-
vations suggest that P84 may serve to bind and modulate the
activity of tyrosine phosphatases and may play a key role in
intracellular signaling during synaptogenesis and in synaptic
function. The combined heterophilic adhesion properties and
synaptic localization of P84, as well as its potential involvement in
cell signaling, suggest intriguing possible roles for P84 in regula-
tion of synaptic stability or function. We expect that these studies
will add to the growing body of knowledge dealing with the signal
transduction pathways that are involved in growth-cone target
interactions and synapse formation.

MATERIALS AND METHODS
Peptide f ragment preparation and sequencing. P84 antigen was purified by
immunoaffinity chromatography as described previously (Chuang and
Lagenaur, 1990), and the 77 and 86 kDa bands were isolated from 8%
SDS–PAGE gels as described by Mendel-Hartwig (1982). Both purified
bands were reduced, alkylated, and subjected to N-terminal sequence
analysis. The 86 kDa band was also treated with trypsin, and peptides
were isolated on a microbore C18 column (Vydac). One internal peptide
was selected for sequence analysis.

Oligonucleotide primer design. Custom oligonucleotides were synthe-
sized (Genosys Inc.). R represents A or G; Y represents T or C; and I
represents inosine, which pairs with any base. The N-terminal peptide
sequence was KELKVTQPEKSVSVAAGDSTVL, and the upper
primer corresponded to the first six amino acids (P84.U1, 59-AAR GAR
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YTI AAR GTI ACI CA). The sequence of the internal tryptic peptide
was ITQIQDTN, and the lower antisense primer corresponded to the last
seven amino acids (P84.L1, 59-TT IGT RTC YTG IAT YTG IGT-39).

cDNA cloning and sequencing. Starting with total RNA extracted from
postnatal day 15 (P15) mouse cerebella, we prepared cDNA with the
P84.L1 degenerate primer and then amplified it with P84.U1 and P84.L1.
Amplified fragments were gel purified, cloned into pBluescript (Strat-
agene, La Jolla, CA), and sequenced. These fragments were also used to
screen a neonatal mouse brain cDNA library constructed in UniZAP
(Stratagene). Gene specific primers were synthesized for 39- and 59-end
amplification and further sequencing. The 39 end was obtained by PCR
amplification using Marathon Ready cDNA pools from mouse brain
(Clontech, Cambridge, UK). The 59 end was isolated by a modified
single-strand ligation to ss-cDNA method (Dumas et al., 1991). Starting
with mouse cerebellar RNA, first-strand cDNA was synthesized with a
P84-specific primer (59-CCC ACA CCG ATG AAG ACA-39), followed
by alkaline hydrolysis of the RNA and purification of the cDNA. An
anchor primer (59-phosphate CTA TAG TGT CAC CTA AAT CGT
ATG TGT ATG ATA C-39, C6 amino modifier) was ligated to the
single-stranded cDNA using T4 RNA ligase (New England Biolabs,
Beverly, MA) in a buffer containing 1 mM hexammonium cobalt chloride,
20 uM ATP, and 25% polyethylene glycol 8000 (Apte and Siebert, 1993).
An aliquot of this anchor-ligated cDNA was used in a PCR reaction with
an adapter primer (SP-6, 59-CAT ACG ATT TAG GTG ACA CTA
TAG-39) complementary to part of the anchor primer and with a P84-
specific primer (59-GGA GTT CTT GCC CAT CTT TG-39). This was
reamplified with SP-6 and a nested primer (59-CCT ACT CCT CTG
TAC CAC TTA ATG-39). PCR fragments were gel-purified and cloned
into pT7-Blue vector (Novagen, Madison, WI). Both strands of the
full-length cDNA were sequenced using a panel of internal primers.

RNA analysis. Northern blots were prepared by electrophoresis of total
RNA through formaldehyde-agarose gels and transferred to nylon mem-
branes via use of standard protocols. Blots were stained with methylene
blue to verify even intensity of ribosomal RNA bands (Herrin and
Schmidt, 1988). Blots were hybridized with the SC500 cDNA probe.

For reverse transcriptase (RT)–PCR studies of the relative abundance
of the different P84 isoforms, total RNA was extracted from various
murine tissues, and cDNA was synthesized using the L2800 primer
(59-CCA GAT AGT CAG GGT TGC-39). These cDNA pools were used
as templates for PCR amplification using primers U36 (59-GTC TGT
TGC TGC TGG GGA TTC-39) and L647 (59-CCC ACA CCG ATG
AAG ACA-39). These primers were designed to yield an ;1 kbp band for
the large P84 mRNA and a 340 bp band for the small P84 mRNA. The
full-length P84 cDNA and the SC500 cDNA were used as positive
controls.

In situ hybridization. A BamHI–XbaI fragment of the 39-untranslated
region of the P84 cDNA (see Fig. 1 A) was cloned into pBluescript
(Stratagene). Digoxigenin-labeled sense and antisense riboprobes were
synthesized by in vitro transcription with either T7 or T3 RNA polymer-
ase. Cryostat sections (16 mm) were cut from P15 mouse brains. Hybrid-
ization of digoxigenin-labeled RNA probes with tissue sections essen-
tially followed the protocol of Schaeren-Wiemers and Gerfin-Moser
(1993). In each experiment, control slides were hybridized with sense
RNA probes, washed, and stained for the same time as antisense probed
slides. There was minimal background staining with the sense probe.

Deglycosylation. Affinity-purified P84 containing 86 and 77 kDa bands
was resolved with SDS-PAGE, and the bands were eluted from Com-
massie blue G-stained gels. The purified proteins were boiled in PBS
containing 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sul-
fonate. The samples were adjusted to 10 mM EDTA, and 4 U/ml N-
glycocidase F (Boehringer Mannheim, Indianapolis, IN) was added.
Digestion was performed for 4–7 hr at 37°C and analyzed by SDS-PAGE.

Immunohistochemistry. Animals were perfused with 0.06% glutaralde-
hyde and 2% paraformaldehyde in PBS, cryoprotected with 2.3 M su-
crose, and sectioned at 0.2 mm (Singer et al., 1982). Sections were cut at
liquid nitrogen temperature using a Leitz Ultracryomicrotome. Tissue
sections were collected on pretreated slides (Fisher Scientific, Houston,
TX) and stained with primary antibodies for 1 hr, washed, and incubated
with fluorescence-conjugated secondary antibodies for 1 hr.

RESULTS
Full-length P84 cDNA cloning
The N-terminal amino acid sequences of the 77 and 86 kDa forms
of purified P84 were determined, yielding the first 20 residues of

the 86 kDa form (KELKVTQPEKSVSVAAGDSTVL) and the
first 10 residues of the 77 kDa form (which were identical to the
residues of the 86 kDa sequence). Purified P84 was subjected to
digestion with trypsin, and the amino acid sequences of selected
fragments were determined. The sequence of one of the selected
internal tryptic fragments was ITQIQDTN. We designed degen-
erate, inosine-containing primers based on these two peptide
sequences and used them to amplify the corresponding cDNA.
Starting with P15 mouse cerebellar polyA RNA and using P84.L1
to prime first-strand cDNA synthesis and the combination of
P84.U1 with P84.L1 for PCR amplification, we detected several
cDNA fragments. The two most prominent (500 and 1200 bp
long) were cloned and sequenced (clones SC500 and SC1200,
respectively). The 1200 bp cDNA fragment contained an inser-
tion of ;700 bp at position 460, indicating that these two species
were derived by alternative splicing from a single gene. Compar-
ison of the translated SC500 and SC1200 amino acid sequences
with the known P84 N-terminal sequence and the internal peptide
fragment sequence confirmed that these two did represent P84.
The SC500 cDNA fragment was then used to screen a mouse
brain cDNA library, and a single positive clone (VN19.11) was
purified and sequenced. Additional oligonucleotide primers were
synthesized that were used to amplify the 39 and the 59 ends of the
cDNA. Pieced together, these encode a 3605 bp cDNA (not
including the polyA tail).

The two forms of P84 mRNA (large and small) are dia-
grammed in Figure 1 A. The smaller form of P84 mRNA lacks
the segment from base pair 461 through 1114, a result of
alternative splicing of exons. By analysis of mouse genomic
clones, we have confirmed that the segment between base pair
461 and 1114 corresponds to a single exon flanked by consensus
splice acceptor and donor sites (data not shown). An open
reading frame extends from position 23 to 1549, encoding a
509-amino-acid peptide, the translated amino acid sequence of
which is shown in Figure 1 B. The expected molecular weight of
this peptide is 56 kDa, with a pI of 8.79. The segment that is
removed by splicing to generate P84 small (accounting for 218
amino acids) is shown. At the N terminal, there is a hydropho-
bic segment that most likely represents the signal peptide, with
a consensus site for signal peptidase at residue 31. Amino acid
residue 32, which immediately follows this signal sequence,
marks the beginning of the N terminal of purified P84 that was
subject to peptide sequencing. A second hydrophobic segment,
which most likely corresponds to a transmembrane domain, lies
between residues 374 and 396. The cytoplasmic segment con-
tains at least one potential phosphorylation site on a Thr
residue (REIT at residue 423) and four potential Tyr phos-
phorylation sites (436, 460, 477, and 501). The extracellular
domain contains 17 potential N-glycosylation sites (NXS
or NXT), suggesting that the discrepancy between the calcu-
lated molecular weight of the peptide and the apparent molec-
ular weight on SDS-PAGE is because of glycosylation. Of
these, only four are present in the P84 small peptide. To
determine the contribution of N-linked carbohydrate to the
apparent molecular weight of P84, we digested the 86 and 77
kDa bands with N-glycosidase F. As shown in Figure 2, mo-
lecular weight shifts from 86 to 64 and from 77 to 42–55 kDa
were observed.

Sequence homologies
Segments of the P84 peptide sequence were used in a BLAST
search of the GenBank protein database (Altschul et al., 1990).
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We found that homologs of P84 have been isolated from rat and
human tissues (Fujioka et al., 1996; Kharitonenkov et al., 1997).
These molecules, SHPS-1 and SIRP-a1, were discovered based
on their ability to bind to a cytoplasmic tyrosine phosphatase that
contained SH2 domains (SHP-2). The murine SHPS-1 sequence
has also been recently published and is identical to the P84
sequence but includes an additional 390 bp of the 59-untranslated
region (Yamao et al., 1997).

The extracellular part (N terminal) of P84 contains three
Ig-like loops formed by Cys–Cys disulfide bridges. The smaller
form of P84 (derived by alternative splicing) includes only the first
Ig loop. The outer Ig loop is similar to the variable (V) region of
k-light chains, whereas the second is similar to the constant (C)
segment of Ig-l, and the third loop is similar to the CH1 segment
of g-heavy chains (Fig. 3A–C). The cytoplasmic domain of P84
has several short regions that are similar to the insulin receptor

Figure 1. A, Diagram of large and small forms of P84 cDNA. The exon corresponding to bases 461–1114 is removed by alternative splicing to generate
the P84 small mRNA. The protein coding region is shown as a shaded box, whereas the signal peptide (SP) and transmembrane domain (TM ) are
indicated as black boxes. The positions of BamHI (B) and XbaI (X ) sites within the 39-untranslated region are shown. The segment of the cDNA that
was used to prepare RNA probes for in situ hybridization is shown as a hatched box over the corresponding BamHI and XbaI sites. B, The translated
peptide sequence corresponding to P84 large mRNA. The peptide segment that is removed by splicing (shown in A) is located between the arrowheads.
Four potential Tyr phosphorylation sites and one possible Thr phosphorylation site in the cytoplasmic domain are shown by shadowing. Potential
N-glycosylation sites in the extracellular domain are shown as bold and underlined characters. The signal peptide and the single transmembrane domain
are indicated by underlining, whereas two Pro-rich segments are indicated by heavy underlining. The N-terminal peptide fragment and the internal tryptic
peptide fragment that were sequenced are boxed.
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substrate-1 (IRS-1) (Fig. 3D), a molecule that is phosphorylated
on Tyr residues on exposure of cells to insulin or other growth
factors (Sun et al., 1991). These regions are near phosphorylation
sites (either Thr or Tyr) and a Pro-rich region. In addition, the
transmembrane and juxtamembrane segments of P84 have con-
siderable similarity to receptor protein tyrosine phosphatase a
(Fig. 3E).

The human homolog of P84 (accession number HSU06701)
was first isolated from a human brain cDNA library in a search
for sequences that contained triplet repeats (Margolis et al.,
1995). This particular sequence contained a short CCA repeat,
with either 10 or 11 repeats in the various individuals that were
studied. Whether expansion of this triplet repeat occurs in
human disease remains to be seen. HSU06701 was shown to be
on chromosome 20 using human–rodent somatic cell hybrids.
We have recently mapped the human P84 gene to the subte-
lomeric region of chromosome 20, close to the polymorphic
marker D20S199 (Eckert et al., 1997; Yamao et al., 1997).
There is a high degree (90 –95%) of similarity between murine,
rat, and human SHPS-1 (P84) amino acid sequences (Yamao et
al., 1997).

P84 mRNA distribution by Northern analysis, RT–PCR,
and in situ hybridization
The P84 cDNA probe hybridized to an mRNA species that is ;4
kb and is present in the cerebral cortex and cerebellum (Fig. 4,
lef t). In addition to the prominent band at 4 kb, there were lighter
bands visible that corresponded to smaller mRNAs. Whether
these represented cross-hybridization to other mRNA species or
smaller spliced forms of P84 remains to be determined. The P84
mRNA was also detected in the spinal cord and, at much lower
levels, in kidney, heart, and liver (Fig. 4, right).

We have examined the question of relative abundance of the
different P84 mRNA species in a variety of tissues by Northern
blot analysis and by RT–PCR. A 26 bp oligonucleotide,
P84.small.L333 (59-TAG CAT TAT TAC CGA GTA CAT AGA
CC-39), complementary to 13 bp on either side of the splice site
at position 460 in the smaller form of the P84 mRNA, was used as
a probe for Northern blot analysis. Stringency of the washing
condition [64°C in a methyl ammonium chloride wash (Wood et
al., 1985)] was such that partial hybridization of this probe with
the larger form of P84 mRNA would not be detected. A very faint
signal was detected in all tissues tested (data not shown), suggest-
ing that the major form of P84 mRNA was the large form. An
RT–PCR study was also performed with primers U36 and L647,
designed to amplify ;1 kbp and 340 bp bands from the large and
small P84 mRNAs, respectively. As shown in Figure 5, both
mRNA species are detected by RT–PCR in cerebellum, cerebral
cortex, spinal cord, and other tissues, but the intensities of the
bands on this gel may not reflect the relative abundance of these
two species because of the high cycle number used in the ampli-
fication program. When reverse transcriptase is omitted in the
cDNA synthesis step, no PCR bands are amplified, supporting
the idea that these correspond to mRNAs and not genomic DNA.
An intermediate-sized band also appears in this PCR result,
suggesting that there may be other alternatively spliced forms of
this mRNA.

Earlier studies had identified the cerebellum as a site of high
P84 expression. To better examine the distribution of P84 antigen
in the cerebellum, we prepared ultracryomicrotome sections and
stained them for P84. As shown in Figure 6, P84 staining was
intense throughout the molecular layer. Within the granule cell
layer, P84 staining was weak on granule cell bodies, but intense
staining was observed on small ring-shaped structures the dimen-
sions (2–4 mm) and distribution of which correspond to that of
synaptic glomeruli (Palay and Chan-Palay, 1974). We have com-
pared this antibody-staining pattern to the distribution of P84
mRNA within the mouse brain by in situ hybridization. There was
a prominent hybridization signal in the cerebellar granule cell
layer, along with a monolayer of cells just below the Purkinje cell
layer (Fig. 7). These do not represent Purkinje cells (which have
large perikarya) but most likely correspond to Golgi epithelial
cells. The deep cerebellar nuclei do not seem to express this
mRNA. The neurons in the hippocampus and the dentate gyrus
also expressed P84, although a conspicuous region of low expres-
sion is consistently observed at the CA1–CA3 border (Fig. 8).
There was a variation in the level of expression of P84 in different
cortical layers of the cortex resulting in a laminar pattern with the
most prominent expression in layer IV. Figure 8 also demon-
strates expression of P84 mRNA in the olfactory bulb, particu-
larly in the mitral and periglomerular neurons. Thus P84 was
expressed in many, but not all, classes of neurons in the brain.
The Purkinje cells and the deep nuclei of the cerebellum did not
express this gene.

DISCUSSION
P84 antigen was originally identified as a neural membrane pro-
tein that was capable of supporting neurite outgrowth from cul-
tured cerebellar or neocortical cells (Chuang and Lagenaur, 1990;
Abosch and Lagenaur, 1993). In the present study we have shown
that P84 is identical to SHPS-1 (Yamao et al., 1997) and homol-
ogous to the family of SIRP-a and b gene products described by
Kharitonenkov et al. (1997). Our findings, coupled with those of
these other groups, suggest that P84 and related family members

Figure 2. Deglycosylation of P84. Lanes A, C, The 86 and 77 kDa bands
purified by affinity chromatography and electrophoresis. Lanes B, D, The
same peptides treated with N-glycosidase F. Apparent shifts in molecular
weight from 86 to 64 and from 77 to 42–55 kDa are observed. Molecular
weights in kilodaltons are indicated on the lef t.
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represent a group of proteins that potentially interact with non-
receptor tyrosine phosphatases via their cytoplasmic domains
and with cellular receptors via their extracellular domains. It is
not clear whether the binding of extracellular ligands influences
the binding properties or functionality of the cytoplasmic
domains.

P84 is encoded by an ;4 kb mRNA and expressed at high levels
in the CNS and at much lower levels in other tissues (heart, liver,
kidney, spleen, and thymus). Within the brain, the cerebellum,
hippocampus, and olfactory bulb are regions of intense expres-
sion. We have identified two forms of P84 derived by alternative
splicing. Others have found a third splicing variant, generated by
an alternative splice acceptor site (Yamao et al., 1997). Fujioka et
al. (1996) have been able to detect the expression of rat SHPS-1
mRNA as a single 4.2 kb species in brain, lung, and spleen and at
lower levels in other tissues. Similar Northern blot analysis in

human tissues with a SIRP-a probe (Kharitonenkov et al., 1997)
showed hybridization to two major transcripts of 3.9 and 2.5 kb in
all tissues and several weaker bands. The identities of these other
mRNA species is not yet known. Our Northern blot data suggest
that the major species of P84 mRNA corresponds to the 4 kb
mRNA. The small form of P84 mRNA (derived by alternative
splicing) and an intermediate form can be detected by RT–PCR.
Whether stable proteins corresponding to these other forms of
P84 mRNA exist and what their function may be are not known.
Immunoaffinity purification of P84 from brain identifies two
distinct polypeptides; these may represent translation products of
distinct alternatively spliced mRNA species. It is important to
recognize that multiple forms of P84 mRNA (and perhaps pro-
tein) exist. This may represent a strategy to generate many forms
of this adhesion/recognition molecule with varying binding spec-
ificity to its extracellular binding partner.

Figure 3. P84 sequence homologies. A–C, Alignment of the first (A), second (B), and third (C) Ig-like domains of P84 with Ig-k light chain V region,
Ig-l C region, and Ig-g CH1 region, respectively. In each case the P84 sequence is shown on the top line, and amino acid identities are indicated below,
with conservative substitutions indicated by 1. Conserved Cys (C) and Trp (W ) residues are boxed. D, Alignment of the cytoplasmic domain with
segments of the mouse and human IRS-1 peptide. The segments of mouse IRS-1 are not contiguous and are similar to regions of P84 around Thr and
Tyr phosphorylation sites. Also shown here is the similarity to a short Pro-rich segment of human IRS-1. E, Alignment of the transmembrane and
juxtamembrane segments of P84 with receptor protein tyrosine phosphatase a.
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The P84 adhesion molecule contains a single transmembrane
domain. The large form of P84 contains three Ig-like loops in its
extracellular domain, whereas the small form of P84 contains only
one Ig-like loop. The outermost Ig-loop (which is shared by both

large and small forms) is similar to the V region of k-chains,
suggesting a role in specifically recognizing an extracellular bind-
ing partner. The extracellular domain also contains many N-
glycosylation sites, accounting for the difference between calcu-
lated peptide molecular weight and the apparent molecular

Figure 4. Lef t, Northern blot of cerebellum (lane 1) and cerebrum (lane
2) from P15 mouse probed with P84 cDNA demonstrates a thick band just
below the 28S rRNA marker (corresponding to ;4 kb). The blot was
prepared by electrophoresis of 10 mg of total RNA per lane. Right, P84
expression in neural and non-neural tissues. Northern blot prepared with
RNA (10 ug per lane) from liver (lane 1), kidney (lane 2), skeletal muscle
(lane 3), heart (lane 4 ), spinal cord (lane 5), cerebrum (lane 6 ), and
cerebellum (lane 7 ). This represents an overexposed autoradiogram,
showing faint bands in liver, kidney, and heart. Arrowheads and arrows
correspond to 28 and 18 S rRNA bands.

Figure 5. Detection of large and small forms of P84 mRNA in different
tissues by RT–PCR. cDNA pools from cerebellum (lane 1), cerebral cortex
(lane 2), spleen (lane 3), thymus (lane 4 ), liver (lane 5), skeletal muscle (lane
6 ), heart (lane 7 ), and spinal cord (lane 8) were amplified with the U36 and
L647 primers. Lane 9 is a positive control reaction done with the full-length
(large) P84 cDNA as template, and lane 10 is a positive control using SC500
plasmid DNA (partial small cDNA) as template. To the lef t of lane 1 is a 1
kb ladder.

Figure 6. Immunohistochemical localization of P84 in cerebellum. Ul-
tracryomicrotome sections showing intense P84 staining in the molecular
layer ( A–C) and in synaptic glomeruli (ring-shaped structures indicated
by arrows in B and C). Weak staining is observed on granule cell bodies.
pkj, Purkinje cells; other abbreviations are defined in the Figure 7 legend.
Scale bars: A, 200 mm; B, 50 mm; C, 30 mm.
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weight by SDS-PAGE. The cytoplasmic domain contains four
potential Tyr phosphorylation sites, with surrounding sequences
that are shared by proteins (such as IRS-1) that interact with SH2
domains of other proteins. There seems to be some specificity in
the interaction between different SH2 domain-containing pro-
teins and the target phosphotyrosine-containing peptides (Beat-
tie, 1996).

The P84 adhesion molecule is homologous to the rat SHPS-1
protein and to the human SIRP-a1 protein. Both molecules were
recently isolated on the basis of their binding to a cytoplasmic
tyrosine phosphatase, SHP-2 (Fujioka et al., 1996; Kharitonen-
kov et al., 1997). The murine SHPS-1 cDNA has also been
recently cloned and sequenced and is virtually identical to the P84
sequence (Yamao et al., 1997). The rat SHPS-1 protein is most
prominent in brain but appears in a number of other tissues as
well. It binds SHP-2 and SHP-1, both cytoplasmic tyrosine phos-
phatases that contain SH2 domains. Another murine brain mem-
brane protein that binds SHP-2 has recently been identified.
Designated BIT (brain Ig-like molecule with Tyr-based activa-
tion motifs), this 509-amino-acid Tyr-phosphorylated molecule is
thought to stimulate SHP-2 activity (Ohnishi et al., 1996). The
sequences of the primers used to amplify the cytoplasmic seg-
ment of BIT are identical to that of segments of P84, suggesting
that BIT, P84, and SHPS-1 are identical. Recently, it has been

shown that SHP-2 dephosphorylates SIRP-a1 (the human ho-
molog of P84) in vitro (Kharitonenkov et al., 1997). SHP-2 also
seems to serve as an adapter in mediating the interaction between
the insulin receptor and IRS-1 (Kharitonenkov et al., 1995).
Considering the similarity between the cytoplasmic domains of
P84 and IRS-1, one may speculate that SHP-2 (protein tyrosine
phosphatase 1D) may serve a similar adapter function between
P84 and other receptors that are in neurons.

The human homolog of P84 was first isolated as a brain cDNA
that contained a short CCA repeat. This short CCA repeat (10 or
11 repeats) is located within the 39-untranslated region of the
gene. This gene has been mapped to the subtelomeric region of

Figure 7. P84 mRNA distribution in the cerebellum. A, P84 in situ
hybridization of a parasagittal section of adult cerebellum. Prominent
expression is detected in the granule cell layer ( gr), and no signal is
observed in the molecular layer (mol ) or white matter (wm). Particularly
strong expression is observed in a layer immediately below the layer of
Purkinje cells. B, A higher magnification of the cerebellar cortex. Here,
the strong signal in the thin cytoplasm of granule cells is apparent (white
arrow). The Purkinje cells (black arrowheads) are unstained, whereas a
strong layer of staining just below the Purkinje cells is indicated with open
arrows. Scale bar: B, 40 mm.

Figure 8. P84 mRNA distribution in selected brain regions. A, A
parasagittal section of hippocampus. Note the prominent staining of
granule cells of the dentate gyrus (d) and the absence of staining at the
CA1–CA3 border, indicated by the open arrow. B, A parasagittal section
of the caudal portion of neocortex. Note the laminar variation in P84
expression with particularly strong expression in layer IV. p, Pia; s,
subiculum. C, A parasagittal section of olfactory bulb. m, Mitral cell layer;
pg, periglomerular cells; epl, external plexiform layer; and g, granule cells.
Scale bar, 300 mm.
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human chromosome 20 (close to polymorphic marker D20S199;
Eckert et al., 1997). This gene lies outside the critical region for
Hallervorden-Spatz syndrome, a progressive neurological disor-
der mapped to 20p13. We believe that genetic defects in P84 may
not cause major malformations of the brain but may result in
improper synapse formation and thus cause symptoms such as
mental retardation and seizures. There are a number of human
disorders (fragile X syndrome, myotonic dystrophy, Huntington’s
disease, spinocerebellar ataxia, and Friedrich’s ataxia) that are
caused by expansions of triplet repeats (Ashley and Warren, 1995;
Timchenko and Caskey, 1996). It is thus possible that expansion
of the CCA repeat in the human P84 (SHPS-1) gene may cause
such a neurological syndrome.

The immunohistochemical and in situ hybridization data sug-
gest that P84 is localized to regions of the brain that are rich in
synapses. In the cerebellum, P84 mRNA is easily detected in
granule cells but not in Purkinje cells, whereas the protein is
localized to the molecular layer and to synaptic glomeruli within
the granule layer. Because the neuronal components of the mo-
lecular layer of the cerebellum consist mainly of axons of the
granule cells (parallel fibers) and Purkinje cell dendrites, these
observations are consistent with a presynaptic localization of the
protein. Whether this presynaptic localization applies in other
regions of the brain is unknown, and it may be that in certain
structures P84 may appear postsynaptically. P84 mRNA is de-
tected throughout the brain including the hippocampus, cerebral
cortex, olfactory bulb, and retina. This localization of P84 to
synapses, its in vitro function as an adhesion molecule, and the
structural information contained in this paper showing the simi-
larity to V regions of Igs suggest that the interaction between the
extracellular domain of P84 and its receptor (or ligand) may be
important in synapse formation or maintenance. It is not clear
whether extracellular ligand binding influences the binding or
activity of SHP-2 phosphatase. Because P84 becomes localized to
synaptic regions in the CNS, it is possible that its function is to
effect the localization of SHP-2 to this region and thus spatially
regulate SHP-2 expression.

Interesting parallels may be drawn between P84 (SHPS-1)
and SHP-2 association and SHP-1 association with Tyr-
phosphorylated proteins in hematopoietic cells. Natural killer
(NK) cells express a class of killer cell inhibitory receptors
(KIRs) that specifically recognize major histocompatibility
complex-class I molecules on target cells. The cytoplasmic tail
of KIRs contain consensus Tyr-containing domains, which,
when phosphorylated, bind to SHP-1. The interaction between
the SH2 domains of SHP-1 and the phosphotyrosines of KIRs
activates the phosphatase, which in turn inhibits the NK cell
activation pathway. In this system, SHP-1 seems to play a
negative regulatory role in antigen receptor signaling (Binstadt
et al., 1997). A similar negative role has been proposed for
SHP-1 in erythropoietin function. Binding of erythropoietin
results in Tyr phosphorylation of its receptor and activation of
the JAK2 kinase. The phosphorylated erythropoietin receptor
recruits the SHP-1 phosphatase by binding via its SH2 domain,
which in turn dephosphorylates JAK2 and terminates the
erythropoietin-induced proliferation signal (Renard et al.,
1997). P84 may function in a similar manner in the brain by
recruitment of cytoplasmic phosphatases to juxtamembrane
sites, resulting in the dephosphorylation of other proteins
(activated receptors, for example), thus modulating (either
positively or negatively) signaling through tyrosine kinases.

Thus, P84 may serve as a membrane-localizing protein
for cytoplasmic SH2-containing proteins (phosphatases), and
its function in turn may be determined by phosphorylation
of the cytoplasmic Tyr residues. Critical issues that remain
to be addressed include the identity of the extracellular li-
gand that binds P84, whether binding of this ligand results
in phosphorylation of P84, the kinase that phosphorylates
P84, and its precise role in the signaling pathway during
synaptogenesis.
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