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We have isolated cDNA clones and deduced the com- 
plete  amino  acid  sequence of a large  receptor-type 
protein  tyrosine  phosphatase  containing  2307  amino 
acids. The  human  gene  encoding  this  phosphatase,  de- 
noted RPTPB (or PTPT), has been localized to  chro- 
mosome 7q31-33. RPTPB is composed of a large  extra- 
cellular  domain, a single  transmembrane  domain,  and 
a cytoplasmic  portion with  two  tandem  catalytic do- 
mains. We have also cloned a variant of RPTPB lacking 
859 amino  acids  from the  extracellular  domain  but 
with  intact  transmembrane  and cytoplasmic  domains. 
Interestingly,  the  amino-terminal  region of the  extra- 
cellular  domain of RPTPB  contains a stretch of 266 
amino  acids  with  striking homology to the enzyme 
carbonic  anhydrase.  Immunoprecipitation  experi- 
ments  from a human  neuroblastoma  cell  line  indicate 
that  the  apparent molecular  mass of the  core  and gly- 
cosylated forms of RPTPB are approximately 250  and 
300 kDa, respectively. Northern blot analysis  shows 
that RPTPD is strictly  expressed in  the  central  nervous 
system. In situ hybridization  was used to  further lo- 
calize  the  expression  to  different  regions of the  adult 
brain  including  the  Purkinje cell layer of the  cerebel- 
lum, the  dentate  gyrus,  and  the  subependymal  layer of 
the  anterior  horn of the  lateral  ventricle. Hence, 
RPTPB represents  the first mammalian  tyrosine phos- 
phatase whose  expression is restricted  to  the  nervous 
system. The high  level of expression of RPTPB tran- 
scripts  in  the  ventricular  and  subventricular zones of 
the embryonic mouse brain  suggests  the  importance of 
this  tyrosine  phosphatase  in  the development of the 
central  nervous system. 

Phosphorylation of proteins on tyrosine residues plays a 
key  role in the signaling of cell growth, differentiation,  and 
transformation (reviewed in Schlessinger and Ullrich (1992)). 
The net phosphorylation of cellular proteins on tyrosine  res- 
idues is controlled by the balanced action of protein  tyrosine 
kinases and  protein  tyrosine  phosphatases  present in the cell. 
The family of protein tyrosine kinases has been  well charac- 
terized and includes ligand-regulated receptor tyrosine 
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kinases such as  the EGF' receptor and cytoplasmic protein 
tyrosine kinases such as pp6OC-"" (reviewed in Hunter (1987) 
and  in Ullrich and Schlessinger (1990). The tyrosine kinase 
activity of these  proteins  has been shown to be essential for 
their various biological activities (Snyder et al., 1985; Wein- 
master et al., 1986; Kmiecik and Shalloway, 1987; Chou et al., 
1987; Ullrich and Schlessinger, 1990). 

Because tyrosine phosphorylation is a reversible process, it 
is important  to identify and  understand the mode of action of 
protein tyrosine phosphatases. It has been shown that  this 
family of enzymes is  composed  of  two distinct subgroups that 
include low molecular weight, cytosolic protein tyrosine phos- 
phatases  and high molecular weight, receptor-type transmem- 
brane  protein  tyrosine  phosphatases (reviewed by Fischer et 
al. (1991)). The catalytic  phosphatase domains are approxi- 
mately 300 amino acids long and  are 30-50% identical in 
amino acid sequence. The transmembrane  protein tyrosine 
phosphatases resemble growth factor receptors in that they 
contain  a glycosylated extracellular region connected to a 
cytoplasmic domain via a  transmembrane domain. With the 
exception of one isoform, the intracellular region of the  trans- 
membrane protein  tyrosine  phosphatases  contains two tan- 
demly repeated catalytic  phosphatase domains. In contrast  to 
the highly conserved protein tyrosine phosphatase domains, 
the extracellular regions of these  proteins  are fairly distinct 
with respect to both size and amino acid sequence. The 
current hypothesis is that  the activity of the phosphatase is 
regulated by ligands binding to the extracellular domain. 
Identifying these ligands is a major  goal of phosphatase re- 
search. 

Several lines of evidence indicate that tyrosine phosphoryl- 
ation is involved in signal transduction pathways in the 
central nervous system (CNS). High levels of tyrosine kinase 
activity and several tyrosine kinases have been identified in 
different regions of the brain (Swarup et al., 1983; Sorge et 
al., 1984; Sudol and  Hanafusa, 1986; Hirano et al., 1988). 
Moreover, the receptors for nerve growth factor and  other 
neurotrophic factors have been identified as various members 
of the trk family of receptor tyrosine kinases (Cordon-Cardo 
et al., 1991; Hempstead et al., 1991; Kaplan et al., 1991; Klein 
et al., 1991; Nebreda et al., 1991). Very little is known about 
the control of tyrosine phosphorylation in the CNS by protein 
tyrosine  phosphatases.  In  this  report, we describe a novel 
receptor-type tyrosine phosphatase, designated as  RPTPp (or 
PTPC), and  a smaller receptor variant. Interestingly, RPTPp 
contains  a region in the extracellular domain with striking 
sequence similarity to the enzyme carbonic anhydrase  (CAH). 

The abbreviations used are: EGF, epidermal growth factor; CNS, 
central nervous system; CAH, carbonic anhydrase; kb, kilobase(s). 
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We also  provide a preliminary  report  on  the  distribution of 
RPTPP expression  in the  adult  and developing CNS. The 
relatively  high levels of expression of RPTPp  mRNA  in  the 
embryonic  CNS suggest that  this  phosphatase may be  in- 
volved in  the regulation of specific developmental processes 
in  the  CNS. 

EXPERIMENTAL  PROCEDURES 

Isolation of cDNA  Clones and DNA Sequence Analysis-A cDNA 
clone containing  a portion of the coding sequences for RPTPp was 
isolated after screening a Xgtll human infant brainstem cDNA library 
under conditions of reduced stringency with a  nick-translated leuko- 
cyte common antigen probe that included both  phosphatase domains 
(Kaplan  et  al., 1990). Since the  5' end of this gene  was not  present in 
the original clone, the library was rescreened with a DNA fragment 
that was generated from the  5' end of the original clone. The probe 
was labeled with 13*P]dCTP utilizing the random priming method 
(U. S. Biochemical Corp.), and hybridization was performed under 
moderately stringent conditions at 42 "C in  a buffer containing 50% 
formamide, 5 X SSC, 20 mM Tris-C1, pH  7.6,l X Denhardt's solution, 
0.1% SDS, and 100 pg/ml sheared and denatured salmon sperm DNA. 
After hybridization, phage filters were washed three times for 20 min 
at 50 "C in a buffer containing 0.1 X SSC, 0.1% SDS and  then were 
processed for autoradiography. The brainstem library was rescreened 
a total of three times in order to isolate overlapping cDNA clones 
that contained the entire coding sequence for RPTPP. 

cDNA inserts from positive recombinant plaque-purified phage 
were subcloned into  the plasmid vector, Bluescript (Stratagene, La 
Jolla, CA), and sequenced by the dideoxy chain termination method 
using the Sequenase version 2.0 k i t  (U. S. Biochemical Corp.). 

Chromosomal Localization-Isolation, propagation, and character- 
ization of parental and somatic cell hybrids used in this study have 
been described (Durst  et al.,  1987; Huebner  et al., 1991). The presence 
of specific human chromosomes or regions of chromosomes has been 
confirmed by  DNA hybridization using probes for genes assigned to 
specific chromosome regions (see Fig. 3A, which diagrammatically 
depicts the chromosomes or partial chromosomes retained in most of 
the hybrids used). 

Chromosomal in  situ hybridization was performed as described 
(Cannizzaro et al., 1991). Slides containing  metaphase chromosomes 
from normal male (46 XY) peripheral blood lymphocytes were  aged 
at 4 "C for 7-10 days and pretreated with ribonuclease A (Sigma) for 
1 h at 37  "C. The chromosomal DNA  was denatured in a hybridization 
mixture containing  50% formamide, 2 X SSC, and 10% dextran 
sulfate (pH 7.0). Hybridization was carried out at 37 "C overnight. 
After rinsing at 39 "C in three changes of 50% formamide and  2 X 
SSC and five changes of 2 X SSC, slides were dehydrated, air-dried, 
subjected to autoradiography, and banded with Wright's-Giemsa stain 
solution mixed with 1-3 parts of borate buffer, pH 9.2 (Cannizzaro et 
al., 1991). 

Isolation of Mouse Sequences Homologous  to Human RPTPP-Two 
oligonucleotides in conserved phosphatase domain I1 were synthe- 
sized according to  the nucleotide sequence of human RPTPD. These 
oligonucleotides in conjunction with phage DNA  from a mouse brain 
cDNA library (Clontech, Palo Alto, CA)  were used in the polymerase 
chain reaction with Taq polymerase (Perkin-Elmer Cetus Instru- 
ments)  to amplify homologous mouse RPTPP sequences. The ampli- 
fied product was purified and cloned into  the Bluescript plasmid 
vector (Stratagene). Homology  was confirmed by DNA sequence 
analysis as described above. This subcloned fragment is called 
pBSMBDII. 

Northern Analysis-Total cellular RNA was prepared with the 
Stratagene RNA isolation kit.  Poly(A+) RNA  was further selected 
utilizing oligo(dT)-cellulose chromatography (Stratagene). For 
Northern analysis, the RNA  was separated on a 1.0% agarose, 2 M 
formaldehyde gel and transferred to a  Nytran membrane (Schleicher 
and Schuell) by capillary action. The membrane was prehybridized 
and hybridized in 0.5 M sodium phosphate,  pH 7.2, 7% SDS, 1 mM 
EDTA, 100  pg/ml salmon sperm DNA and  then washed in 40 mM 
sodium phosphate,  pH 7.2, 1% SDS, 1 mM EDTA at 65 "C. For the 
blot containing RNA isolated from various mouse tissues, a 32p- 
labeled probe was made utilizing pBSMBDII as template in the 
random priming labeling reaction (U. S. Biochemical Corp.). The 
human glioblastoma and neuroblastoma RNA blots were probed with 
labeled restriction fragments isolated from different parts of the 
human RPTPP cDNA clones. 

Antibodies-A peptide derived from the carboxyl-terminal 15 
amino acids of human RPTPp was synthesized and coupled to keyhole 
limpet hemocyanin according to published procedures (Harlow and 
Lane, 1988). Two rabbits were inoculated to produce polyclonal 
antisera against RPTPB. Anti-EGF receptor immunoprecipitates 
were performed with RK2 antibody, which  recognizes the EGF recep- 
tor  (Kris  et al., 1985). 

cell Labeling and Immunoprecipitation-The human neuro- 
blastoma cell line, Lan 5,  was maintained in Dulbecco's modified 
Eagle's medium containing  10%  fetal bovine serum. Cultured cells 
were incubated with 10 pg/ml tunicamycin (Sigma) for 1 h prior to 
[35S]methionine labeling. Treated  and untreated cells were washed 
twice with methionine-free Dulbecco's  modified Eagle's medium and 
labeled for 4 h with 0.15 mCi/ml [35S]methionine (Du Pont-New 
England Nuclear) in Dulbecco's modified Eagle's  medium minus 
methionine containing 1% dialyzed fetal bovine serum. During the 
labeling period, 10 pg/ml tunicamycin was added to  the medium of 
the treated cells. Cells were then washed with ice-cold phosphate- 
buffered saline and solubilized in a lysis buffer containing 50 mM 
Hepes pH 7.5, 150 mM NaCI, 1.0% Triton X-100, 10% glycerol, 1.5 
mM MgClZ, 1 mM EGTA, 10  pg  of leupeptin/ml, 1 mM phenylmeth- 
ylsulfonyl fluoride, and 10 pg  of aprotinin/ml. Cell lysates were 
clarified and  then immunoprecipitated with normal rabbit  antiserum, 
anti-RPTPP antiserum, or RK2 antiserum for 2  h at 4 "C. The 
immune complexes were precipitated with Protein A-Sepharose 
(Sigma) for 45 min at 4 "C and washed 10 times with RIPA buffer 
(20 mM Tris-C1, pH 7.6,  300 mM NaCI, 2 rnM EDTA, 1.0% Triton X- 
100, 1.0% sodium deoxycholate, and 0.1% SDS).  The immunoprecip- 
itated  material was analyzed on  a 7.5% SDS-polyacrylamide gel and 
by fluorography. 

In  Situ Hybridization Analysis-Fresh frozen tissue was cut on a 
cryostat into 20-gm thick sections and thaw-mounted  onto gelatin- 
coated slides. The sections were  fixed in 4% paraformaldehyde in 0.1 
M sodium phosphate (pH 7.4) for 30 min and rinsed three times for 
5 min each in 0.1 M sodium phosphate and one time for 10 min in 2 
X SSC. Two probes were used in the hybridization analysis, a 49- 
base oligonucleotide complementary to phosphatase domain I1 and  a 
50-base oligonucleotide complementary to  the carbonic anhydrase 
domain. The oligonucleotides were labeled with ~ ~ ~ S - l a b e l e d  dATP 
(Du Pont-New  England Nuclear) using terminal deoxynucleotidyl- 
transferase (Boehringer Mannheim) and purified using Sephadex G- 
25 quick spin columns (Boehringer Mannheim). The specific activity 
of the labeled probes was between 5 X 10' and 1 X lo9 cpm/pg. 
Prehybridizations and hybridizations were carried out  in  a buffer 
containing 50% deionized formamide, 4 X SSC, 1 X Denhardt's 
solution, 500 pg/ml denatured salmon sperm DNA, 250 pg/ml yeast 
tRNA, and 10% dextran  sulfate. The tissue was incubated for 12 h at  
45  "C in hybridization solution containing the labeled probe (1 x lo6 
cpm/section) and 10 mM dithiothreitol. Controls for specificity were 
performed on adjacent sections by diluting the labeled oligonucleo- 
tides with a 30-fold concentration of the appropriate unlabeled oli- 
gonucleotide and by hybridization with a sense probe. After hybridi- 
zation, the sections were washed in two changes of 2 X SSC at room 
temperature  for 1 h, 1 x SSC at 55  "C for 30 min, 0.5 X SSC at 55 "c 
for 30 min, and 0.5 X SSC at room temperature for 15 min and  then 
dehydrated in 60,80, and 100% ethanol. After air drying, the sections 
were exposed to x-ray film for 5-10 days. 

RESULTS 

The  Primary  Amino  Acid  Sequence and Chromosomal LO- 
calization of RPTPP-We have previously  isolated  a portion 
of a novel receptor-type  phosphatase  denoted RPTPP  (Ka- 
plan et  al., 1990). This  phosphatase was independently cloned 
by another  group  and is also called PTP{ (Krueger et  al., 
1990; Krueger  and  Saito, 1992). The reason for minor  se- 
quence  differences between RPTPp  and  PTP{is  not  yet  clear. 
Four overlapping cDNA clones containing  the  entire coding 
sequence  for RPTPp were isolated  from  a human  brainstem 
library. The deduced amino acid  sequence  reveals an  open 
reading frame of 2307 amino  acids (Fig. 1). RPTPP belongs 
to  the high  molecular  weight transmembrane  class of tyrosine 
phosphatases. The sequence contains a signal  peptide (under- 
lined in Fig. 1) followed by  a long  extracellular  domain of 
1611 amino  acids  containing  21  potential N-glycosylation 
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FIG. 1. The amino acid sequence of RPTPP. Protein sequence of RPTPp is presented. The hydrophobic signal peptide is underlined, 
and  the transmembrane peptide is designated in boldface  type. The 21 potential N-glycosylation sites  are indicated by the filled arrows. The 
CAH-related domain and  the two phosphatase domains, D l  and DII,  are indicated by the boxes. The open arrows represent the boundaries of 
the deletion in the variant RPTPp clones. 

sites  (indicated by arrows). A  hydrophobic, transmembrane 
peptide (boldface sequences) joins  the  extracellular  portion of 
the  protein  to two tandemly  repeated  and conserved phospha- 
tase  domains  (designated DI and D I I ) .  One  distinguishing 
feature of this  phosphatase  is  the homology it  shares with 
different isoforms of CAH over a stretch of 283 amino  acids 
located at   the extreme  amino  terminus of the  protein (desig- 
nated in  Fig. 1 as C A H ) .  In  addition  to  RPTPP,  the  extracel- 
lular  domain of a related  transmembrane-type  phosphatase, 

RPTPr ,  shares homology with CAH (Barnea et al., 1993). 
Alignment of the  CAH-related  domains of RPTPp  and 
R P T P r  with  the six  known  isoforms of CAH is shown in Fig. 
2 A .  Fig. 2B shows the  percent  similarity,  taking  into  account 
conservative  amino acid substitutions between the  CAH-re- 
lated  domain of RPTPP,  the  corresponding  domain of 
RPTPr,   and  the six  CAH  enzymes. The  similarity of the 
CAH-related  domain of RPTPP  to  the six different isoforms 
of CAH ranges from 45 to 50% in amino acid  sequence 
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similarity. The highest degree of similarity  (58%)  exists  be- 
tween the  CAH-related sequences of RPTPP  and  RPTPy. 
Therefore, RPTPp  and  RPTPy  represent a new subgroup of 
tyrosine  phosphatases  characterized by the  presence of CAH- 
related regions in  the  amino-terminal regions of their  extra- 
cellular  domains. 

The chromosomal localization of the  human  RPTPp gene 
was initially  determined utilizing  a panel of rodent-human 
hybrids  carrying defined human chromosomes or chromosome 
regions. The  results from screening  the  rodent-human  hy- 
brids, which are  summarized  in Fig. 3A, correlate  the  presence 
of the  human  RPTPp locus in  hybrid cells with  human 
chromosome 7. A  more  precise  localization of the  RPTPP 
gene was determined by chromosomal in  situ hybridization to 
metaphase chromosomes of normal  human lymphocytes. This 
technique places the  RPTPp gene at  7q31-33 with  the  most 
likely position at  7q31.3-q32, which is  diagramatically shown 
to  the right of the chromosome  7 sketch in Fig. 3B. 

Detection of RPTPP Expression in  a Human Neuroblastoma 
Cell Line,  Lan 5-Since all of the clones encoding  the  entire 
sequence  for RPTPp were isolated  from a human  brainstem 
library, we have examined  the  expression of RPTPp mRNA 
in  different  human glioblastoma cell lines  and a human  neuro- 

A 

FIG. 3. Chromosomal localization 
of human RPTPj3. A ,  the  presence of 
the  RPTPp (PTPP) gene in a panel of 
17 rodent-human  hybrids  is shown. A 
completely  stippled  box indicates that  the 
hybrid  named  in  the left  column contains 
the chromosome indicated  in  the upper 
row. Lower  right  stippling indicates  the 
presence of the long arm  (or  part of the 
long arm, as indicated by  a smaller  frac- 
tion of stippling) of the  chromosome 
shown above the column.  Upper  left  stip- 
pling indicates  the  presence of the  short 
arm (or partial  short  arm) of the  chro- 
mosome listed aboue the column. An open 
box indicates  the absence of the  chro- 
mosome above the column. The column 
for chromosome  7 is boldly  outlined and 
stippled to highlight correlation of the 
presence of this chromosome with  the 
presence of the  RPTPp gene. The  pat- 
tern of retention of the  RPTPp se- 
quences  in  the hybrids is shown to  the 
right, where the  presence of the gene in 
the  hybrids  is  indicated by a stippled box 
with a plus sign, and  the absence of the 
gene is  indicated by an open box enclos- 
ing a minus  sign. B ,  RPTPp maps  to 
7q31-q33 are shown. Chromosomal i n  
situ hybridization of a 1.8-kb RPTPp 
cDNA  to  normal  human  metaphases 
confirmed  localization of the gene to 7q 
and revealed  a peak of grains  centered 
over region 7q31.3-q32 as  illustrated  on 
the  right of the chromosome sketch. 
Each dot represents  an  autoradiographic 
grain. AF3 and 36is represent  additional 
rodent-human  hybrids  not  shown  in A 
that  were tested for the  presence of 
RPTPR. 

blastoma cell line,  Lan 5 (Sonnenfield  and Ishii,  1982).  A 
human  RPTPp probe  hybridized to  three major transcripts 
of 8.8,7.5, and 6.4 kb, respectively  (Fig. 4A). These  transcripts 
were detected only in  RNA isolated from  the  Lan 5 neuro- 
blastoma cell line  and were absent  in  the  RNA  isolated  from 
the four  glioblastoma cell lines even though  similar  amounts 
of total cellular RNA were loaded as revealed by ethidium 
bromide  staining of the 28 S and 18 S ribosomal RNAs  (data 
not  shown). 

In  order  to  obtain  further  insights  into  the  nature of the 
three  RPTPp  transcripts, we performed an  additional  North- 
ern  analysis  on  RNA  isolated from Lan 5  cells with probes 
derived  from nonconserved sequences in  the  extracellular 
domain of RPTPP. An identical  pattern of transcripts was 
revealed utilizing  these  probes  (data  not  shown). 

The  Lan 5 neuroblastoma cell line was used  to  study  the 
endogenous expression of RPTPp protein. Cell lysates  pre- 
pared  from  cultures labeled  with [35S]methionine for 4 h were 
immunoprecipitated  with  normal  rabbit  serum  or  anti- 
RPTP/3  antiserum (Fig. 5 ) .  A protein  with  an  apparent mo- 
lecular mass of approximately 300 kDa was recognized by the 
immune  but  not by normal  rabbit  serum (lanes 1 and 2) .  
Since  there  are 21  potential N-glycosylation sites, we used 
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FIG. 4. Analysis of the mRNA 

expression of RPTPB in different 
human cell lines nnd various  murine 
tissues. A ,  20 pg of total cellular RNA 
(lanes 1-5) and 1 pg of  poly(A’) RNA 
(lane 6 )  isolated  from the  various glio- 
blastoma (glio.) and  neuroblastoma 
(neuro.) cell lines indicated were  loaded 
onto a 1.0% agarose, 2.2 M formaldehyde 
RNA gel and probed  with a DNA frag- 
ment isolated  from the  human  brainstem 
cDNA  clone that begins with  sequences 
just 5’ of the region encoding  the  trans- 
membrane region and  extends  and  in- 
cludes  all of the sequences in  phospha- 
tase  domain I. B, poly(A+) RNA (1 pg/ 
sample) from the  various  murine  tissues 
indicated were  loaded onto an RNA gel 
and probed with  the polymerase chain 
reaction,  amplified murine  DNA  frag- 
ment,  pBSMBDII (described under “Ex- 
perimental  Procedures”). C, the  blot  in 
B was stripped of probe  and rehybridized 
with a 32P-labeled rat  actin probe. 
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FIG. 5. Identification of endogenous  RPTPB  protein  expres- 

sion  in  Lan 5 cells. Immunoprecipitation of RPTPp  with  normal 
rabbit  serum (NRS,  lane I )  and  immune  RPTPO  antiserum (aPTPp, 
lanes 2 and 3) from lysates of [35S]methionine-labeled  Lan 5 cells in 
the  absence (lanes 1 and 2 )  or presence  (lane 3 )  of tunicamycin,  and 
immunoprecipitation of the EGF receptor  with  RK2  antibody 
(otEGFR, lanes 4 and 5) from  lysates of [35S]methionine-labeled Lan 
5 cells  labeled in the  absence  (lane 4 )  or presence  (lane 5)  of tunica- 
mycin are shown. 

tunicamycin  to  examine  the possibility that   the 300-kDa 
protein  immunoprecipitated by the  anti-RPTPP  antiserum 
represents a glycosylated form of RPTPP.  The  effects of 
tunicamycin  treatment  on  the mobility of RPTPP  immuno- 
precipitated from  [35S]methionine-labeled  cells were com- 

pared  with  its  ability  to  inhibit  the glycosylation of the  EGF 
receptor, which is  also expressed  in this cell line. Untreated 
cell lysates  and  lysates  prepared from cells treated with tuni- 
camycin were immunoprecipitated with anti-EGF receptor 
antibodies  (RK2)  that recognize the  170-kDa glycosylated 
and  the 135-kDa  nonglycosylated forms of the  EGF receptor 
(Kris et al., 1985) (Fig. 5, lanes 4 and 5). The  protein  immu- 
noprecipitated  with  anti-RPTPP  antiserum from Lan 5 cells 
that  had been  metabolically  labeled in  the presence of tuni- 
camycin (Fig. 5, lune 3 )  migrated with  an  apparent molecular 
mass of 250 kDa, a  value consistent with the predicted molec- 
ular  mass of 254 kDa deduced  from the  amino acid  sequence 
of RPTPB. 

Identification of a Variant Form of RPTPP-The overlap- 
ping  human cDNA  clones collectively contain approximately 
8.1 kb of coding and noncoding  sequences and  appear  to 
represent  the  largest  transcript  that is 8.8 kb in  length. In 
screening  the  human  brainstem  library  and a human  caudate 
library  (Stratagene), we isolated  two independent cDNA 
clones  that  each  contained  an identical  deletion of 2577 
nucleotides  from the  extracellular  domain of RPTPP.  This 
in-frame  deletion  joined  amino acid 754 to 1614 (shown by 
the open arrows in Fig. 1 and shown  in Fig. 6A) thereby 
maintaining  the  transmembrane  domain  and  the two phos- 
phatase  domains. A  deletion of this size could account for the 
difference  between the 8.8- and 6.4-kb transcripts expressed 
in  the  Lan 5 neuroblastoma cell line (Fig. 4A). Hence,  dupli- 
cate  blots were made from  RNA  isolated  from the  Lan 5 cell 
line.  One blot was  analyzed  with  a  probe that should hybridize 
to  both  the full-length and deleted forms of RPTPP ( P I ) .  
The  other  blot was analyzed with a  probe that should  hybrid- 
ize only to  the  full-length form (PZ).  The location of probes 
1 and 2  in the full-length RPTPP cDNA is shown in Fig.  6A. 
Northern  analysis  with  the two  probes  shown in Fig. 6B 
revealed that  probe 1 hybridized to  the  three  distinct  tran- 
scripts ( P I ) ,  whereas probe  2  hybridized  only to  the 7.5- and 
8.8-kb transcripts (PZ). This  experiment suggests that  the 
6.4-kb transcript  represents a deleted variant form of RPTPP, 
which  could  be the  result of alternative  mRNA splicing. 
However, only the high  molecular  weight  form of RPTPB was 
detected following immunoprecipitation with anti-RPTPP  an- 
tibodies  and  SDS-polyacrylamide gel electrophoresis  analysis 
(Fig. 5). The reason  for the  inability  to  detect  the low molec- 
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FIG. 6. Northern  blots  to  identify 
the  variant  form of RPTPB. A, a sche- 
matic diagram of the protein encoded by 
the full-length RPTPO cDNA compared 
with the putative protein encoded by the 
two independently isolated cDNA clones 
that carry an identical deletion of 2577 
base pairs in the extracellular region of 
the protein. The position of the deletion 
is indicated by the dotted line with the 
number of the amino acid that remains 
at both the 5’ and 3‘ ends of the deletion 
indicated. The locations of the two 
probes used in Northern analysis (probes 
1 and 2 )  are indicated. TM, transmem- 
brane peptide; DI,  phosphatase domain 
I; and DII ,  phosphatase domain 11. B, 
poly(A+) RNA (1 pg) isolated from the 
Lan 5 neuroblastoma cell line was sepa- 
rated on  an RNA formaldehyde gel and 
probed with human probe 1 (PI) that 
contains 1.3 kb of sequences derived 
from the extreme 5’ end of the  cDNA 
clone  and human probe 2 (P2) that con- 
tains  1.6 kb of sequences derived from 
the portion of the full-length cDNA 
clone  that  is deleted in the variant cDNA 
clones. 
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ular weight  form in  lysates  from RPTPP  in  Lan 5 cells is  not 
clear. 

Tissue-specific Expression of RPTPP-Northern  analysis of 
various  tissue  RNAs  was  performed to  determine  the  tissue- 
specific expression of RPTPP.  The  probe  used  in  this  analysis 
was a portion of the  murine homolog of RPTPP  that was 
amplified  in the polymerase chain  reaction  (see  “Experimen- 
tal  Procedures”)  and  contains 405 nucleotides  encoding 135 
amino  acids of Domain 11. Based  on a  nucleotide  sequence 
comparison  with  the  equivalent region of the  human cDNA 
clone, the  murine  and  human  clones  are  88%  identical at the 
nucleotide level in  this region of Domain I1 of RPTPP.  The 
results of this  Northern  analysis (Fig. 4B)  indicate  the  pres- 
ence of two  major transcripts of 8.8 and 6.4 kb, respectively. 
These two transcripts  are  similar  in size to  the  largest  and 
smallest  transcripts observed in  Lan 5 RNA  (see Fig. 4A). 
However, no  band  corresponding to  the 7.5-kb transcript was 
detected.  A minor  transcript of approximately 9.4 kb was 
sometimes observed in  RNA  prepared  from mouse brain  tissue 
and  might  represent  cross-reaction  to a highly related  phos- 
phatase.  RPTPD  transcripts were not  detected  in  the lung, 
heart, liver, spleen, kidney, muscle, testes,  and  thymus.  The 
quality of the  RNA isolated from  the  various  tissues was 
compared by parallel  hybridization  with an  actin  probe of the 
same  blots (Fig. 4C).  Hence,  Northern  hybridization  analysis 
indicates  that  RPTPB  mRNA  is  strictly  expressed  in  the 
brain of the  adult mouse. 

Zn Situ Hybridization Analysis-In order  to  more precisely 
localize the expression of RPTPP, we performed  in  situ hy- 
bridization  in  the  adult  and  the developing  mouse. The  results 

of this  analysis  confirm  that RPTPD is expressed in  the CNS. 
In  day 20 of the mouse  embyro (E ZO), a high level of 
expression was observed  in the  ventricular  and  subventricular 
zones of the  brain (Fig. 7A) and  spinal  cord  (data  not shown). 
The level of expression is lower in the  adult  brain  and is 
localized to  the  Purkinje cell layer of the cerebellum, the 
dentate gyrus, and  the subependymal  layer of the  anterior 
horn of lateral  ventricle (Fig. 7B).  Both probes  (complemen- 
tary  to  the  carbonic  anhydrase  domain  and  the second  phos- 
phatase  domain) gave identical results. The  addition of a 30- 
fold excess of unlabeled  oligonucleotide  completely blocked 
the labeling in all areas  (data  not  shown).  Furthermore, no 
signal  was  observed in  adjacent  sections hybridized  with the 
sense  probe  (data  not  shown),  indicating  that  the probes 
hybridize to mRNA  in a sequence-specific manner. 

DISCUSSION 

We  have cloned and  characterized a human receptor  tyro- 
sine  phosphatase  that  is expressed in  the  central nervous 
system  and  cannot be detected  in  other  murine tissues. Amino 
acid  sequence analysis revealed that  RPTPP  shares a striking 
sequence homology with  various isoforms of the enzyme CAH 
over a stretch of 283 amino acids  located at   the extreme amino 
terminus of the  phosphatase  protein. Recently, we have com- 
pleted  the  amino acid  sequence of another  phosphatase, 
RPTPy,  that  also  contains  CAH-related sequences near  the 
amino  terminus  in  the  extracellular domain (Barnea  et al., 
1993). Therefore,  RPTPP  and  RPTPy  are members of a new 
subgroup of transmembrane  phosphatases  that  can be  classi- 
fied on  the  basis of a CAH-related  domain  present in the 
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FIG. 7. In situ hybridization analysis of RPTPD in devel- 
oping  and  adult mouse brain. A, a sagittal section through  embry- 
onic day 20 (E 20) mouse shows that RPTPO is expressed in the 
developing  nervous system. The highest level of expression is seen in 
the ventricular and  subventricular zones ( V Z ) .  B ,  a sagittal section 
through the adult mouse brain shows discrete  bands of expression in 
the Purkinje cell of the cerebellum ( P K ) ,  the dentate gyrus (DG), 
and the subependymal layer of the anterior horn of the lateral 
ventricle (AH) .  

amino-terminal regions of their  extracellular  domain. We 
have  generated a three-dimensional model of the  CAH-related 
domain of RPTPy based upon  the  known  crystal  structure of 
CAH, and a  detailed description of this model is provided  in 
the  report by Barnea et al. (1993). Since key residues  known 
to  participate in the  catalytic  activity of CAH are missing 
from RPTP-y  and -p, it  is likely that  the CAH domains  in 
these two phosphatases  do  not possess  classical carbonic 
anhydrase  activity  (Barnea et al., 1993). 

It  has been postulated  that  underexpression  or  inactivation 
of protein  tyrosine  phosphatases  might lead to oncogenesis, 
suggesting that  protein  tyrosine  phosphatases may function 
as  tumor  suppressors  (Fischer et al., 1991; La Forgia et al., 
1991). In  support of this  theory, we have  shown  that  the 
phosphatase RPTPy  maps  to  chromosome region 3p21. This 
region is frequently deleted  in both  renal cell and  lung  carci- 
nomas  (La Forgia et al., 1991). In  this  report, we have localized 
the  RPTPp gene to  human  chromosome 7q31.3-q32. Thus,  it 

would be important  to  investigate loss or  mutations in the 
RPTPp gene in  certain  tumor  types, especially those exhib- 
iting  deletions of 7q. 

Alternative mRNA  splicing has been  shown to produce six 
distinct isoforms of CD45 as a result of the differential usage 
of three  exons  encoding sequences in  the  extracellular domain 
(Streuli et al., 1987; Streuli  and  Saito, 1989).  Alternative 
splicing within  the  first  catalytic domain of RPTPa  has also 
been  described (Matthews et al., 1990). The  results of North- 
ern  blot  analysis reveal the presence of multiple  RPTPp 
transcripts in both mouse brain  and a human neuroblastoma 
cell line,  Lan 5, that  appear  to  result  either from alternatively 
spliced transcripts  or from highly related genes. The  Northern 
blot  analyses  indicate  that  the 8.8- and 6.4-kb transcripts  are 
strictly expressed in  the  brain.  It  remains  to be determined 
whether  the two transcripts  are expressed  in the  same region 
of the  CNS.  Northern  blot  analysis described in Fig. 4 in 
conjunction  with  the  analysis of two independently isolated 
cDNA clones suggests that  the  smallest  transcript of  6.4 kb 
may result from  a  deletion of approximately 2.6 kb encoding 
a  large portion of the  extracellular  domain of RPTPP. Defin- 
itive proof that  this deletion is  caused by an  alternatively 
spliced transcript will be provided by analysis of the  intron/ 
exon boundaries of the  RPTPp gene upon isolation of genomic 
clones. Identification of the  variant  protein encoded by the 
6.4-kb transcript  is  under  current investigation. 

The  importance of tyrosine  phosphorylation in the  control 
and regulation of specific neuronal processes is  under  intense 
investigation. I t  was demonstrated  that  tyrosine phosphoryl- 
ation is enhanced at  the  time of synaptogenesis  during devel- 
opment  (Cudmore  and  Gurd, 1991; Girault et al., 1992a; Qu 
et al., 1990) and may play  a role in synaptic  plasticity in the 
adult  (Girault et al., 199213). In  addition, nerve  growth  factor 
and  other  neurotrophic  factors  mediate  their effects on neu- 
ronal survival by binding  to  and  activating  receptors with 
tyrosine  kinase  activity  (Cordon-Cardo et al., 1991; Kaplan et 
al., 1991; Klein et al., 1991; Schlessinger and Ullrich, 1992). 
Stimulation of other growth factor receptors  with  tyrosine 
kinase  activities  has profound  effects on survival and differ- 
entiation of cultured  neurons (Aizenman and  de Vellis, 1987; 
Morrison et al., 1987)  suggesting  a potential role in  normal 
neuronal development.  Finally,  several  cytoplasmic  tyrosine 
kinases, including  the  products of the protooncogenes c-src 
and c-yes, are expressed a t  high levels in specific regions of 
the  adult  brain  (Pang et al., 1988a, 1988b; Maness et al., 1988; 
Sudol et al., 1989). 

RPTPp represents  the  first cloned mammalian tyrosine 
phosphatase whose tissue-specific  expression is restricted to 
the  nervous  system.  Several Drosophila receptor-linked  pro- 
tein  tyrosine  phosphatases  have been identified that  are se- 
lectively expressed on  central nervous system  axons in the 
embryo  (Tian et al., 1991; Yang et al., 1991). The identification 
of brain-specific protein  tyrosine  phosphatases, such as 
RPTPP, is an  important  initial  step  toward  understanding 
the regulation of tyrosine  phosphorylation by the protein 
tyrosine  phosphatases in mammalian  neural tissues. The rel- 
atively  high level of RPTPp expression in  the embryonic CNS 
suggests that  it  plays  a role in the development of the nervous 
system. It  is of note  that  the  ventricular  and subventricular 
zones are  the  primary  sites of cell division  in the developing 
CNS  (Altman  and Bayer,  1990). Interestingly,  RPTPP is 
expressed in the few regions of the  adult  brain  that  continue 
to show mitotic  activity  such  as  the  dentate gyrus (Bayer, 
1980) and  the  subependymal layer of the  anterior  horn of the 
lateral  ventricle  (Altman, 1969).  We are  currently applying 
immunocytochemical techniques  to  determine  the precise cel- 
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lular  distribution of RPTPp protein and  to help elucidate its 
role in the regulation of specific developmental and neuronal 
processes. 
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