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The human transmembrane molecule LAR is a protein
tyrosine phosphatase (PTPase) with a cell adhesion
molecule-like extraceliular receptor region. The structure
of LAR hinted at its involvement in the regulation of
tyrosine phosphorylation through cell-cell or cell-
matrix interactions. We show here that LAR is expressed
on the cell surface as a complex of two non-covalently
associated subunits derived from a proprotein. The LAR
E-subunit contains the cell adhesion molecule-like
receptor region, while the LAR P-subunit contains a short
segment of the extracellular region, the transmembrane
peptide and the cytoplasmic PTPase domains. Propro-
tein processing occurs intraceliularly. Analysis of LAR
mutants suggested that cleavage occurs in the LAR
extracellular region at a paired basic amino acid site by
a subtilisin-like endoprotease. A single amino acid
substitution at this site blocked LAR proprotein cleavage.
The LAR E-subunit is shed during cell growth, suggesting
that LAR receptor shedding may be a mechanism for
regulating PTPase function. The use of immunohisto-
chemistry techniques on human tissues demonstrated the
expression of LAR by various cell lineages, including
epithelial cells, smooth muscle cells and cardiac myocytes.
The LAR gene is mapped to chromosome 1, region
p32 -33, which contains candidate tumor suppressor
genes.
Key words: human chromosome 1/immunohistochemistry/
paired basic amino acid site/protein tyrosine phosphorylation

Introduction
Protein tyrosine phosphorylation plays an essential role in
regulating cell proliferation. The recent identification and
characterization of a family of cytosolic and receptor-linked
protein tyrosine phosphatases (PTPases) suggests that the
dephosphorylation, as well as the phosphorylation by protein
tyrosine kinases, of key signal transduction proteins may be

regulated by extracellular signals and that PTPases probably
have substrate and tissue specificities (reviewed by Hunter,
1989; Saito and Streuli, 1991; Fischer et al., 1991; Bishop,
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1991). Thus, PTPases may be important in the regulation
of cell proliferation. Furthermore, given that hyper-
phosphorylation of protein tyrosine residues can cause cell
transformation, it is plausible that lack of dephosphoryla-
tion resulting from loss of a PTPase function may also be
oncogenic. Indeed, the human gene PTPy, which encodes
a receptor-linked PTPase, maps to the chromosomal region
3p21 (LaForgia et al., 1991). This region is frequently
deleted in renal cell and lung carcinomas, suggesting that
the PTP'y gene in particular and PTPase genes in general,
may be candidate tumor suppressor genes.
To date, at least 14 human PTPases have been identified,

all of which contain one or two homologous PTPase domains
(Saito and Streuli, 1991). These PTPase domains are - 300
amino acids long and contain - 40 highly conserved amino
acid positions. Typically, any two individual PTPase
domains are 30-50% identical. Six of these PTPases,
PTP-1B (Charbonneau et al., 1988; Brown-Shimer et al.,
1990; Chernoff et al., 1990; Guan et al., 1990), TC-PTP
(Cool et al., 1989), PTP-MEG (Gu et al., 1991), PTPH1
(Yang and Tonks, 1991), STEP (Lombroso et al., 1991)
and PTP1C (Shen et al., 1991) are cytosolic enzymes with
only one PTPase domain. The other eight human PTPases,
leukocyte common antigen [LCA/CD45 (reviewed by
Thomas, 1989)], LAR (Streuli et al., 1988a), PTPa, , 'y,
6, e and v (Krueger et al., 1990; Kaplan et al., 1990;
Matthews et al., 1990; nomenclature according to Saito and
Streuli, 1991) are all transmembrane proteins with extra-
cellular regions connected to cytoplasmic PTPase domains
by a transmembrane peptide. The extracellular regions of
these proteins are in many cases distinct in size and sequence,
while the cytoplasmic region sequences are all similar
because of their PTPase domains. All of the receptor-linked
PTPases contain two PTPase domains, except HPTP( which
has only one PTPase domain. Site-directed mutagenesis
studies have shown that one conserved cysteine residue,
located in the transmembrane proximal PTPase domain of
both LCA and LAR, is absolutely required for PTPase
activity and that several highly conserved amino acid
positions surrounding the critical cysteine residue may be
directly involved in the catalytic process (Streuli et al., 1989,
1990). Furthermore, although the second (transmembrane-
distal) PTPase domain of LAR and LCA does not appear
to have catalytic activity, it may have a regulatory function
(Streuli et al., 1990).
Among the receptor-linked PTPases, LAR is of particular

interest because its extracellular region resembles that of cell
adhesion molecules (CAMs). The LAR extracellular region
is composed of three Ig domains and eight FN-llI domains
(Streuli et al., 1988a). Ig domains are thought to function
as cell surface recognition structures and are found in several
growth factor receptors such as the PDGF, FGF and IL-6
receptors and in adhesion molecules, including the neural-
CAM (N-CAM) (Williams and Barclay, 1988). FN III
domains are - 90 amino acids long and contain a
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characteristic sequence motif identified initially in fibronectin
(Patthy, 1990). The combination of Ig and FN III domains
is found in a number of known CAMs and also in the putative
tufrior suppressor DCC (deleted in colorectal cancers) gene
product (Fearon et al., 1990). The CAM-like extracellular
region of LAR suggests that it is a cell adhesion receptor
and that LAR PTPase activity is regulated by interactions
at the receptor end of the molecule.
Although there has been considerable progress in

determining the structures and enzymatic properties of
PTPases, very little is known about the biosynthesis,
regulation and tissue distribution of the receptor-linked
PTPases, with the exception of the hematopoietic lineage-
specific LCA PTPase. We have now analyzed the bio-
synthetic and tissue expression of the LAR PTPase using
anti-LAR monoclonal antibodies (mAbs) and have shown
that LAR is proteolytically processed intracellularly into two
subunits that are non-covalently associated on the cell
surface. By mutational analysis, a single amino acid residue
was identified that is required for such proteolytic processing.
Furthermore, the LAR extracellular subunit can be released
from the cell surface, suggesting that LAR function may be
regulated by receptor shedding. Immunohistochemical
analysis demonstrated that LAR is expressed by various cell
types, such as epithelial and smooth muscle cells, in a broad
range of tissues. The LAR gene was mapped to chromosome
1, in a region that contains candidate tumor suppressor genes.

Results
Anti-LAR monoclonal antibodies
LAR is a transmembrane protein with an extracellular region
composed of three Ig domains and eight FN-III domains
connected to the cytoplasmic PTPase domains via a trans-
membrane peptide (Figure 1). Anti-LAR mAbs against the
extracellular region ofLAR were generated by immunizing
mice and screening hybridomas with transfected murine cell
lines that expressed either the human LAR protein or a
hybrid LAR-LCA protein. The hybrid LAR-LCA protein
contained the three Ig domains of LAR embedded in the
N-terminal region of the 180 kDa LCA isoform (Figure 1).
Epitope specificities of the mAbs were determined using the
transfected murine cell lines expressing LAR, hybrid

LAR-LCA or LCA. mAbs that bound to both the LAR-
LCA hybrid and LAR were specific to the LAR Ig domains
(38. 1B, 75.3A and 108.4A), while antibodies that bound
only to LAR were specific to the LAR FN III domains
(l1.1A, 71.2E, 128.4A and 136.1).

Cell surface LAR is composed of two subunits
To characterize LAR biosynthesis, we initially used the
epitheloid carcinoma HeLa cell line because it expressed a
relatively large amount of LAR by FACS analysis. Cell
surface proteins of intact HeLa cells were '251-labelled, and
cell lysates were prepared using NP-40 detergent. LAR
proteins were immunoprecipitated from the lysates using
three anti-LAR mAbs with distinct epitope specificities
(128.4A, ll . IA and 75.3A) and resolved by SDS-PAGE
(Figure 2A, lanes 2-4). The major protein immuno-
precipitated by the three anti-LAR mAbs had an apparent
molecular weight (Mr) of 150 000. This result was un-
expected as the LAR cDNA encodes a putative protein of
1881 amino acids which should have an Mr of at least
200 000 (Streuli et al., 1988a). In contrast to the single
protein detected by cell surface iodination, anti-LAR
immunoprecipitates from lysates made from HeLa cells that
were metabolically labelled with [35S]methionine, all
revealed the existence not only of a 150 kDa protein but also
of an 85 kDa protein (Figure 2B, lanes 1-4). It is unlikely
that the 150 kDa and 85 kDa proteins were fortuitously
cross-reacting with the LAR mAbs, because all three anti-
LAR mAbs recognized the same protein.
To determine the relationship between the 150 kDa and

85 kDa LAR proteins, we performed pulse-chase experi-
ments. HeLa cells were metabolically labelled with [3SI-
methionine for 15 min and chased with an excess of
non-radioactive methionine for 0, 1, 2 or 4 h. Analysis of
the anti-LAR immunoprecipitates revealed the existence of
an -200 kDa precursor protein immediately after the 15
min pulse period (Figure 2C, lane 2); this was chased into
the 150 kDa and 85 kDa proteins within 1 h (Figure 2C,
lanes 3-5). Pretreatment of cells with the antibiotic
tunicamycin, which inhibits addition of N-linked oligo-
saccharides at asparagine residues of proteins, resulted in
a LAR precursor protein of - 190 kDa (Figure 2C, lane
6) and products of - 140 kDa and 85 kDa (Figure 2C, lane

Fig. 1. Anti-LAR monoclonal antibody specificities. Schematically shown are the LAR, LCA and LAR-LCA hybrid proteins expressed in murine
300-19 cells and the reactivity (+) or lack of reactivity (-) of the indicated mAb to the three proteins. The LAR immunoglobulin-like, FN-III and
intracytoplasmic PTPase domains are represented by characteristic disulfide-bonded structures, small hatched boxes and large stippled boxes,
respectively. LAR-LCA contains the three Ig domains of LAR embedded in the N-terminal region of the 180 kDa LCA isoform.
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Fig. 2. Characterization of LAR biosynthesis. (A) SDS-PAGE of anti-LAR immunoprecipitates from 1251-labelled HeLa cell lysates using individual
anti-LAR mAb 128.4A (lane 2), 11.lA (lane 3) or 75.3A (lane 4), or control isotype matched mAb (lane 1). Molecular mass standards in
kilodaltons are shown at left of figures. (B) SDS-PAGE of anti-LAR immunoprecipitates from [35S]methionine-labelled HeLa cell lysates using
individual anti-LAR mAb 128.4A (lane 2), ll.lA (lane 3), 75.3A (lane 4), a 1:1:1 mix of the mAb 128.4A, ll.lA and 75.3A (anti-LAR mix; lane
1), or with control isotype matched mAb (lane 5). (C) Pulse-chase analysis of LAR synthesis. HeLa cells were metabolically pulse-labelled with
[35S]methionine for 15 min and then chased with an excess of non-radioactive methionine for 0 h (lanes 2 and 6), 1 h (lane 3), 2 h (lanes 4 and 7)
or 4 h (lane 5) before cell solubilization. Prior to pulse labelling, some of the cells were preincubated for 1 h with (20 ,ug/ml) tunicamycin (lanes 6
and 7). Anti-LAR (lanes 2-7) or control immunoprecipitates (lane 1) were analyzed by SDS-PAGE. (D) SDS-PAGE analysis of anti-LAR
immunoprecipitates from [35S]methionine-labelled HeLa cell lysates without reduction (lane 2) or with reduction (lane 4). Reduced and non-reduced
samples on the SDS-PAGE gel were originally separated by eight lanes that did not contain 2-mercaptoethanol. Control immunoprecipitates using
isotype matched mAb are shown in lanes 1 and 3. (E) SDS-PAGE analysis of anti-LAR immunoprecipitates using [35S]methionine-labelled cell
lysates from a murine B cell line expressing human LAR cDNA [300-19 (LAR); lane 2], the human epidermoid carcinoma cell line A431 (lane 4)
and normal human epidermal keratinocytes (lane 6). Control immunoprecipitates using isotype matched mAb are shown in lanes 1, 3 and 5.
(F) Protein tyrosine phosphatase activity of anti-LAR immunoprecipitates. LAR protein was immunoprecipitated from HeLa cell lysate (open circle)
or 300-19 (LAR) cell lysate (open square) using the anti-LAR mAb mix, and immunoprecipitates were assayed using [32P]Tyr-Raytide. PTPase
activity from control immunoprecipitates, using isotype-matched mAb, from HeLa lysates (closed circle) or 300-19 (LAR) lysates (closed squares) are
also shown. The amount of radioactivity released as inorganic phosphate is expressed as the percentage of total input radioactivity.

7). These data demonstrated a precursor - product relation-
ship between the -200 kDa protein and the 150 kDa and
85 kDa proteins. This precursor protein must, however, be
expressed only intracellularly because it was not detected
following 125I-labelling of cell surface proteins. Further-
more, the data indicated that the N-linked oligosaccharide

present on the -200 kDa protein was chased into the
150 kDa protein. The pulse-chase data also excluded the
possibility that the 150 kDa and 85 kDa LAR proteins were
generated by non-specific proteolysis during sample
preparation, because the cells lysed immediately following
pulse labelling contained only the - 200 kDa protein. As
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FiF. 3. Identification of the LAR E- and P-subunit structure by deletion analysis. (A) SDS-PAGE analyses of anti-LAR immunoprecipitates from

[3,S]methionine-labelled (lanes 2-7), or "2'I-labelled (lane 8), 300-19 cell lines expressing wild-type LAR (lane 2) or mutant LAR A1184-1181
(lane 3), LAR A503-715 (lane 4), LAR A1125-1198 (lane 5), LAR A1263-1284 (lane 6) or LAR A1345-1881 (lanes 7 and 8). Control

immunoprecipitates using isotype matched mAb are not shown except from [35S]methionine-labelled 300-19 (LAR) cells (lane 1). Molecular mass

standards in kilodaltons are shown at the left of the figure. At the right of the figure are indicated the positions and calculated Mr of the LAR E-

subunit, P-subunit and the LAR precursor proteins. (B) Summary of immunoprecipitation analysis of LAR deletion mutations. At the top of the

figure is schematically shown the structure of the LAR E- and P-subunits with the approximate site of proprotein cleavage. Positions and ranges of

the deletions are shown immediately below the drawing. Below are listed the LAR cDNA with the various deletions that were expressed in 300-19
cells, the corresponding lane number(s) in panel A, and the Mr of the LAR subunits of precursor proteins encoded by the mutant LAR cDNA as

determined by immunoprecipitation in A. TM, transmembrane; wt, wild-type LAR cDNA; ND, not detected.

SDS -PAGE analysis does not adequately resolve large
proteins, it is possible that the 200 kDa protein has an

actual Mr of -235 kDa, which is the sum of 150 kDa and
85 kDa.
To examine if the 150 kDa and 85 kDa proteins were

associated by disulfide bonding, anti-LAR immunoprecip-
itates were analyzed without or with reduction by 2-mer-
captoethanol (2-ME) (Figure 2D, lanes 2 and 4). Under
non-reducing conditions, the mobilities of the 150 kDa and

900

85 kDa proteins were the same as under reducing conditions
except that the 85 kDa protein migrated more diffusely.
Therefore, the 150 kDa and 85 kDa proteins are not disulfide
bonded. However, the association of the 150 kDa and
85 kDa subunits is sufficiently strong to resist disruption
during vigorous washing of the immunoprecipitates.
LAR proteolytic processing was not a peculiarity of HeLa

cells, because anti-LAR immunoprecipitates from [35S]-
methionine-labelled murine B cell line transfected with the
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Fig. 4. Effect of amino acid substitutions of paired basic amino acids
on LAR proprotein processing. SDS-PAGE analysis of anti-LAR
immunoprecipitates from [35S]methionine-labelled 300-19 cell lines
expressing wild-type LAR (lane 2), or LAR proteins harboring the
amino acid substitutions KK(1177-1178) - QL (lane 3),
KR(1209-1210) - QL (lane 4), RRRRR(1148-1152) - RANNN
(lane 5), RRRRR(1148-1152) - RARNR (lane 6),
RRRRR(1148-1152) - RARRR (lane 7) or RRRRR(1148-1152) -

RRRAR (lane 8). LAR amino acid substitution mutations are

designated with the wild-type amino acid sequence at the left, the
amino acid positions in parenthesis and the mutated sequence at the
right (R: arginine, A: alanine, N: asparagine, Q: glutamine). Control
immunoprecipitates using isotype matched mAb are not shown except
for the control immunoprecipitate from 300-19 (LAR) cells (lane 1).
Molecular mass standards in kilodaltons are shown at left. At the right
of the figure are indicated the positions of the LAR E-subunit,
P-subunit and the LAR precursor proteins.

LAR cDNA [300-19 (LAR)], human epidermoid
carcinoma A431 cells and normal human epidermal keratino-
cytes (NHEK), all contained the 150 kDa and 85 kDa LAR
proteins (Figure 2E, lanes 2, 4 and 6). Anti-LAR immuno-
precipitates from 300-19 (LAR), A431 and NHEK cells
also contained a protein of 200 kDa, which was probably
the LAR precursor protein. Furthermore, the finding that
300-19 (LAR) cells expressed the 150 kDa and 85 kDa
proteins excluded the possibility that these two proteins were
derived by alternative splicing, because the 300-19 (LAR)
cells expressed a cDNA-derived LAR.

If anti-LAR mAbs specifically immunoprecipitate LAR,
the precipitates should contain phosphotyrosine-specific
phosphatase activity. The latter was confirmed by assaying
the PTPase activity of the immunoprecipitates using
phosphotyrosine-Raytide substrate (Streuli et al., 1990).
While control immunoprecipitates from HeLa or 300-19
(LAR) cell lysates using isotyped-matched mAb did not have
significant PTPase activity, anti-LAR immunoprecipitates
contained PTPase activity (Figure 2F). Overall the data in
Figure 2 suggested that the precursor LAR protein is
intracellularly cleaved into two subunits that remain
associated as a heterodimeric structure, with the 150 kDa
protein containing the N-terminus and the 85 kDa protein
containing the C-terminus.
To confirm that the 150 kDa and 85 kDa proteins were

the extracellular and cytoplasmic regions of LAR, respect-
ively, we generated cDNA mutants that encoded LAR
proteins with deletions in either the extracellular or

cytoplasmic regions. LAR cDNA containing mutations that
removed either 41 amino acids from the carboxy terminus
(A1841 -1881), 537 amino acids from the carboxy terminus
(A1345- 1881) or 213 amino acids of the LAR extracellular
region (A503 -715) were transfected into 300-19 murine
B cells and resulting cell lines expressing cell surface LAR
were identified by FACS analysis. LAR expressing cells
were also metabolically labelled with [35S]methionine or
surface labelled with 125I and immunoprecipitations using
anti-LAR mAbs were carried out (Figure 3A). As
summarized in Figure 3B, deletion of 41 amino acids from
the carboxy-terminus (A1841-1881) resulted in a shift in
Mr of the 85 kDa protein to 80 kDa, while the Mr of the
150 kDa protein was not affected (Figure 3A, lane 3). The
537 amino acid carboxy-terminal deletion (A1345-1881)
also did not affect the Mr of the 150 kDa protein, but
resulted in the apparent loss of the 85 kDa protein (this
deletion yielded a protein of only - 25 kDa, which ran off
the gels; Figure 3A, lane 7). The cell line expressing LAR
A1345 -1881 also contained a substantial amount of a protein
having an M of 175 kDa (Figure 3A, lane 7). When these
cells were l sI-labelled, only the 150 kDa protein was
labelled (Figure 3A, lane 8), suggesting that the 175 kDa
protein was the cytoplasmically localized precursor protein.
The deletion within the extracellular LAR region
(A503 -715) resulted in a decrease in the Mr of the 150
kDa protein to 125 kDa, while not affecting the Mr of the
85 kDa protein (Figure 3A, lane 4). These results
demonstrate that the 150 kDa protein (designated LAR E-
subunit) is indeed the extracellular portion of LAR and that
the 85 kDa protein (designated LAR P-subunit) contains the
intracytoplasmic PTPase domains and probably the
transmembrane segment (Figure 3B).

Cleavage of the LAR proprotein requires a paired
basic amino acid site
As the 85 kDa LAR P-subunit contains the C-terminal region
and the Mr of the LAR cytoplasmic region alone (623
amino acids) is - 72 000, it is likely that the cleavage site
lies within 150 amino acids of the extracellular region
immediately adjacent to the transmembrane peptide. To
test this possibility, we constructed an LAR cDNA
(A 1125-1198) that deleted 74 amino acids in the extra-
cellular region preceding the transmembrane peptide; when
this was expressed in murine B cells, there was no surface
expression of LAR as determined by FACS analysis
(data not shown). However, immunoprecipitation of
[35S]methionine-labelled proteins from transfected cell lines
revealed that the - 200 kDa precursor LAR protein
accumulated in the cytoplasm (Figure 3A, lane 5). In
contrast, an LAR deletion that removes 22 amino acids of
the cytoplasmic region immediately following the trans-
membrane peptide (A 1263-1284) did not affect LAR
processing (Figure 3A, lane 6); or LAR surface expression
as determined by FACS analysis. Therefore, processing
probably occurs in the LAR extracellular region and the
subregion 1125-1198 contains important amino acids
required for LAR processing and/or cell surface transport.
Because paired basic amino acid sequences are proteolytic

cleavage sites for a number of proproteins (Barr, 1991),
including the insulin receptor proprotein, we altered each
of the paired basic amino acid sequences within the stretch
of amino acids (1125-1198), which were shown to affect
LAR precursor processing, by site-directed mutagenesis.
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Fig. 5. Modulation of LAR E-subunit expression. (A) Flow cytometric analysis of cell surface LAR expression on low and high density HeLa cell

cultures. HeLa cells were grown to a cell density of 4 x 104 cells/cm2 (low density) or 3 x I05 cells/cm2 (high density), harvested and analyzed as

described in Materials and methods. 1 x 106 cells were stained using either the anti-LAR mAb 75.3A, the anti-HLA mAb W6/32 or control

antibody. (B) SDS-PAGE analysis of anti-LAR immunoprecipitates from cell culture supematants following pulse-chase labelling for 0 (lane 1),
1 (lane 3) or 6 h (lane 5), or from a cell lysate following pulse-chase labelling for 6 h (lane 7). Confluent HeLa cells (- 1.5 x I05 cells/cm2)
were metabolically pulse-labelled with [35S]methionine for 15 min and then chased with an excess of non-radioactive methionine for 0, 1, or 6 h.

Cell culture supernatants were harvested following the chase period. Control immunoprecipitates from the 0, 1 or 6 h supernatants are shown in

lanes 2, 4 and 6. The expected positions of the LAR 150 kDa E-subunit and 85 kDa P-subunit are indicated on the right. Molecular mass standards

in kilodaltons are shown at left. The exposure time for the autoradiogram shown in lanes 1-6 was 26 days, and for lane 7, 72 h.

Within this region there is a lysine -lysine (KK) peptide
(positions 1177-1178), a lysine-arginine (KR) peptide
(positions 1209-1210) and a penta-arginine (RRRRR)
sequence (positions 1148-1152). LAR cDNAs containing
the various mutations were expressed in murine 300-19
cells and then transfected cells were labelled with [35S]-
methionine and LAR proteins were immunoprecipitated and
resolved by SDS -PAGE. Changing KK or KR residues at
positions 1177-1178 or 1209-1210 to glutamine-leucine
(QL) residues, had no effect on LAR processing: both the
150 kDa and 85 kDa LAR subunits were present (Figure
4, lanes 3 and 4). When the penta-arginine sequence

(RRRRR) was mutated to RANNN or RARNR, the LAR

902

proteins harboring these mutations were not processed,
i.e. precursor proteins with an apparent Mr of 200 000
were present (Figure 4, lanes 5 and 6). FACS analysis
showed that these two mutant LAR proteins were, however,
expressed on the cell surface as efficiently as wild-type LAR
(data not shown). This result suggested that one or two of
the arginines (amino acid positions 1149 and 1151) within
the LAR penta-arginine sequence are essential for LAR
processing. To delineate further the essential amino acid(s)
within the penta-arginine sequence necessary for LAR
processing, two mutant LARs containing single amino acid
substitutions at amino acid positions 1149 or 1151 were

constructed. The LAR containing the RRRRR - RARRR

M.Streuli et al.
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Tissue Tested
Positive
Per Total

Adrenal:
Cortex
Medulla

Bladder:
Brain:

Glia
Neurones
Meninges

Breast:
Acini
Ducts

Cervix, uterine:
Colon:

Epithelium
Heart:
Kidney:

Glomeruli
Tubules

Liver:
Hepatocyls
Bile ducts
Kuppfer cells

Lung:
Bronchial cells
Alveolar cells
Pheumocytes

Muscle, Skeletal:
Nerve, Peripheral:

Fibroblasts
Neural axons
Schwann cells

Ovary:
Pancreas:

Endocrine cells
Exocrine cells
Ducts

Placenta:
Skin:

Epidermis
Adnex

Small Inestine:
Crypt epithelium
Luminal epithelium

Spinal Cord:
Spleen:

Red pulp
White pulp

Stomach:
Testis:

Germinal cells
Peritubular
myoid cells

Thyroid:
Tonsils:

Lymphoid cells
Epithelium

Trachea:
Epithelium
Glands

Uterus:
Endometrium
Myometrium

3/3.

0/3
0/3

0/3
0/3
0/3

3/3
3/3
0/3
0/3

4/4,

3/3..

3/3,,

0/3
0/3
0/3

2/2'

0/3

0/3

0/3

3/3

0/3

0/3

0/3

0/3

3/3,

3/3,

1/1'

0/3

0/3

0/3

0/2

0/3

0/3

0/3

3/3

3/3

3/3,

0/3

3/3'.

1/1''

3/3'.

2/2"

3/3

Intensity of
Staining
(0-3)

2
0

0

0

0

0

3
3
0

0

2
1 - 2

2
2

0

0

0

1 - 2
0

0

0

1 - 2
0

0

0

0

2
2
2

0

0

0

0

0

0

0

1-

2

2

2

2

1

2

in region of plasma membrane
myo-epithelial cells
basement membrane and epithelium

° plasma mnembrane of myocytes
0 ° basement membrane

Fig. 6. LAR tissue expression. The indicated tissues were

immunostained as described in Materials and methods using the
anti-LAR 1.lA mAb. This figure does not include the positive
vascular and bowel smooth muscle and fibroblast staining seen in

various tissues. The intensity of the staining was scored using an

arbitrary scale as follows: 0, no staining; 1, weak staining;
2, moderate staining; and 3, strong staining.

(RI 149A) mutation was not proteolytically processed (Figure
4, lane 7), whereas the RRRRR - RRRAR (RI 15IA)
mutation was proteolytically processed into 150 kDa and
85 kDa proteins (Figure 4, lane 8). Therefore, a single amino

acid substitution (RI 149A) inhibits processing of the LAR
precursor protein. This result provides strong evidence that
Argi 149 is a part of the endoprotease recognition/cleavage
site (see Discussion). Furthermore, proteolytic cleavage of
the LAR proprotein does not appear to be essential for LAR
surface expression, because unprocessed LAR could also be
expressed. The 300-19 cells that expressed uncleavable
mutant LAR were not morphologically different and did not

have different growth rates from the parental cells; uncleaved
LAR had comparable PTPase activity with that of wild-type
LAR (data not shown).

The LAR 150 kDa E-subunit is shed durng cell
growth
HeLa cells grown to a high cell density (3 x 105 cells/cm2)
expressed - 3-fold less cell surface LAR than HeLa cultures
grown to a lower density (4 x 104 cells/cm2; Figure 5A).
Decreased cell surface expression of LAR was specific,
because the same cells expressed identical amounts of HLA
class I antigen at either cell density (Figure 5A). To

determine if the decreased LAR surface density could result
from receptor shedding, HeLa cells were metabolically
labelled with [35S]methionine for a period of 15 min and
then chased with medium containing excess non-radioactive
methionine for 0, 1 or 6 h. Cell extracts and supernatants
were separately harvested at the different time points and
immunoprecipitations using anti-LAR or control mAbs were

carried out. Consistent with the results of Figure 2C, only
LAR precursor protein (- 200 kDa) was present in cell
extracts at time 0 h, while essentially all precursor was

processed to the 150 kDa and 85 kDa subunits by 1 h; at

6 h, all precursor LAR protein was processed (Figure SB,
lane 7). As seen in Figure SB, immunoprecipitations from
the supematants of pulse-labelled confluent HeLa cells ( - 1.5
x 105 cells/cm2) revealed that following the 6 h chase, the
150 kDa E-subunit, but not the 85 kDa P-subunit, was

present in the supernatant (lane 5). The 150 kDa proteins
that were immunoprecipitated from cell extracts or cell
culture supernatant had exactly the same Mr as determined
by SDS -PAGE analysis (Figure SB, lanes 5 and 7). Based
on densitometric analysis of appropriate autoradiograms
shown in Figure SB, we estimate that 3% of the pulse
labelled LAR E-subunit was shed during the 6 h chase
period. To confirm that the 150 kDa protein shed from HeLa
cells was LAR E-subunit, immunoprecipitation studies using
supernatants of 300-19 cell lines expressing deletion
mutants of LAR were performed. The supernatant of the
300-19 (LAR) cells also contained a 150 kDa protein but
no 85 kDa protein, while the 300-19 (LAR A503 -715)
cells shed a protein of the expected Mr of 125 000.
Furthermore, there was no material reactive with anti-LAR
mAb in the supernatants of cells expressing the non-cleavable
LAR Al 125 - 1198 mutant, even after an extended labelling
period (data not shown). Therefore, the LAR E-subunit is

specifically shed from the cell surface. It remains to be

determined, however, whether the LAR receptor shedding
alone accounts for the down-regulation of LAR expression
on high density cultures of HeLa cells. Other mechanisms,
such as specific inhibition of LAR protein synthesis, could
also be involved. Treatment of HeLa cells with phorbol
mynstate acetate (PMA), concanavalin A, human epidermal
growth factor or human transforming growth factor-,B did
not alter significantly the amount of shed LAR E-subunit
as determined by FACS analysis (data not shown).
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Fig. 7. Immunohistochemical staining of human tissues using anti-LAR mAb. Immunohistochemistry was done as described in Materials and methods
using the anti-LAR mAb 11.lA and an avidin-biotin-peroxidase technique with the brown chromogen diaminobenzidine and with hematoxylin
counterstain. Final magnification x 1400. (A) Expression of LAR by adrenal cortical epithelial cells, notably in the region of the plasma membrane,
e.g. where indicated by arrows. (B) Expression of LAR by esophageal epithelium with staining also seen over basement membrane. (C) Diffuse
LAR expression on myometrium (smooth muscle cells). (D) Expression of LAR in the adrenal capsule by cells with the morphology of fibroblasts,
e.g. where indicated by arrows.

LAR has a broad tissue distribution
The tissues stained with the anti-LAR 11.1A mAb and the
intensity of staining are listed in Figure 6. There was
expression of LAR on epithelia in various sites including
skin, esophagus, respiratory mucosa, glomeruli and tonsils
(Figure 7A and B). This staining was usually diffusely
present over these epithelia, and was associated with staining
in the region of the basement membrane (basement
membrane staining was also seen using the anti-LAR mAb
38. IB). The antibody binding was often clearly over
basement membrane itself, rather than just over the basal
portion of epithelial cells. In addition, smooth muscle and
cardiac muscle, but not skeletal muscle, were seen to express
LAR. The smooth muscle staining included myometrium
(Figure 7C), bowel wall and vascular smooth muscle, which
stained strongly. Cells with a morphology similar to
fibroblasts stained in various tissues (Figure 7D), notably
within the peripheral nerve, as did pericytes. Endothelial cells
bound 11. IA in some of the tissues examined, such as spleen,
small intestine and spinal cord. Hematopoietic cell expression
of LAR was not identified.

The LAR gene is located on chromosome 1
The LAR gene was mapped on human metaphase
chromosomes by in situ hybridization (Marth et al., 1986)

198* a toa of 53 meahs cel wer examined:- . .-.Of''

chromosoe I (Figre 8). Telags-ubr fgan a

datgrandof huand p33oom shw.There was no significanthbiia
hyrdztion to other chromosomes.

usn Hlble A1 DApoe(tel ta.

tinto other chumosmes

Discussion
We have shown using immunohistochemistry that the LAR
receptor-linked PTPase is expressed in vivo on various cells,
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including epithelial cells, smooth muscle cells, fibroblasts
and cardiac myocytes. Furthermore, we have shown that
LAR is cleaved intracellularly into two subunits that are then
non-covalently associated on the cell surface and that the
extracellular E-subunit can be released from the cell surface.
The finding that a tertiary culture of normal human epidermal
keratinocytes expressed a heterodimeric LAR structure
strongly suggests that in vivo LAR is also expressed as a
complex of two subunits. The LAR 150 kDa E-subunit
contains the CAM-like region including the Ig and FN-III
domains, whereas the 85 kDa P-subunit contains a short
segment of the extracellular region, the transmembrane
peptide and the cytoplasmic PTPase domains (summarized
in Figure 3F). Recently, it has been suggested that the
neuron -glia CAM (Ng -CAM) is also composed of two,
non-covalently associated subunits that are derived from a
proprotein (Burgoon et al., 1991). Processing of the LAR
proprotein was inhibited by the single amino acid substitu-
tion Ri 149A. Paired dibasic sequence motifs are the endo-
protease recognition/cleavage sites of a large number of
proproteins (Barr, 1991). Therefore, it is probable that the
endoprotease recognition sequence of LAR includes Arg 1149,
and that cleavage of the LAR proprotein occurs following
Arg 1152. The human HPTP3 PTPase contains a tetra-basic
sequence (RKRR) in the analogous position to the LAR
penta-arginine sequence, suggesting the possibility that
HPTP6 may also be processed and expressed as a two subunit
structure. Cleavage of the insulin receptor proprotein occurs
following the sequence RKRR (Ullrich et al., 1985) and
mutations at the P4, but not the P2, position have been shown
to be necessary for insulin proreceptor processing
(Yoshimasa et al., 1990; residues within a four residue motif
are labelled as P4.P3.P2.P1, reading left to right). Similarly,
mutations at the P4 position (RI 149), but not at the P2
position (RI 151), of LAR are critical for cleavage of the
LAR proprotein. Therefore, the endoprotease responsible
for cleaving the LAR proprotein may be one of the subtilisin-
like endoproteases, which have been shown to recognize
paired dibasic motifs (Wise et al., 1990; Bresnahan et al.,
1990; Thomas et al., 1991; Benjannet et al., 1991).
What is the functional significance of the two subunit LAR

structure? Clearly, proteolytic processing is not required for
surface expression, because uncleaved mutant LAR proteins
(e.g. LAR RI 149A) can be expressed on the cell surface.
Proteolytic processing might be essential for a functional
conformation of the LAR molecule. For example, the two
subunit structure may be necessary to transmit the receptor-
occupancy signal following ligand binding. Cleavage of
insulin receptor is necessary for high affinity insulin binding
as well as efficient signal transduction following ligand
binding, but not for receptor expression (Williams et al.,
1990). Indeed, naturally occurring insulin proreceptor
processing mutations at the P1 position may cause insulin-
resistant diabetes mellitus (Kobayashi et al., 1988;
Yoshimasa et al., 1988).

Unlike the at and j3 subunits of the insulin receptor,
however, the LAR E- and P-subunits are not covalently
linked, allowing the E-subunit to be shed from the cell
surface. Shedding of the extracellular region of several
receptors, including the colony stimulating factor 1 receptor,
tumor necrosis factor receptor and leukocyte adhesion
molecule-1, has been observed (Downing et al., 1989;
Porteu and Nathan, 1990; Spertini et al., 1991). Shedding

of these receptors occurs through activation of cell surface-
associated protease(s) that specifically cleave the receptors
following cell activation. Shedding seems to reduce the
responsiveness of the cells to the cognate ligands. Similarly,
the shedding of LAR might be a way to regulate the
sensitivity of cells to LAR-ligand interactions. Mechan-
istically, however, the shedding of the LAR E-subunit seems
distinct from the shedding of the other receptors. LAR is
expressed on the cell surface as a two-subunit structure and
shedding may occur by a conformational alteration that
reduces the affinity between the E- and P-subunits.
Alternatively, subunit dissociation induced by ligand binding
or some other mechanism may alter the LAR PTPase
activity. Artificial dissociation of the receptor domain from
the cytoplasmic domain by proteolytic cleavage activates
insulin receptor PTK activity and LCA PTPase activity (Leef
and Larner, 1987; Shoelson et al., 1988; Tonks et al., 1990).
The in vivo staining of basement membrane using two distinct
anti-LAR mAb (both of which recognize the LAR E-subunit)
may be due to shed LAR E-subunit bound to the basement
membrane. However, the significance of this phenomenon
is presently unclear. Finally, shed LAR E-subunit might also
have a cytokine-like or 'decoy' function, thereby competing
with cell surface LAR for ligand binding.
The LAR gene was located by in situ hybridization to

chromosome 1 at band p32 or p33. Several candidate tumor
suppressor genes have been mapped within or close to this
region. Loss of heterozygosity has frequently been observed
in the Ip32 -35 region in patients with phaeochromocytoma
and medullary thyroid carcinoma (Mathew et al., 1987;
Samaan et al., 1989). More distal to this region, a candidate
neuroblastoma suppressor gene (Fong et al., 1989), and a
candidate ductal breast carcinoma suppressor gene (Genuardi
et al., 1989) have been mapped. Although it remains to be
determined whether LAR gene deletion or mutation is
associated with these or any other malignancies, the
possibility that PTPases may be tumor suppressor genes is
supported by the mapping of the PTP-y gene to a region of
chromosome 3 which is frequently deleted in renal cell
carcinomas and lung carcinomas (LaForgia et al., 1991).

Materials and methods
Plasmid constructions
pMT.LAR and pMT.LCA. 1 were constructed by inserting the full-length
LAR cDNA sequence (Streuli et al., 1988a) or full-length human LCA. 1
cDNA (Streuli et al., 1987) into the unique EcoRI site of the eukaryotic
expression vector, pMT2 (Bonthron et al., 1986). pMT.LAR-LCA was
derived from pMT.LCA and pMT.LAR by ligating appropriate restriction
fragments. The resulting hybrid LAR-LCA protein contains, in the
following order, the LCA leader sequence, LCA amino acids 1-8 and
202-218, LAR amino acids 1-334 and LCA amino acids 214-1281
(numbering of LCA and LAR amino acid residues according to Streuli
et al. (1987 and 1988a, respectively). Several LAR deletion mutants were
generated by combining appropriate restriction fragments, while other
deletion mutants and single or multiple amino acid substitution mutants were
generated by oligonucleotide-directed mutagenesis essentially according to
Foss and McClain (1987). The amino acid residues deleted in the various
pMT.LAR constructs are given in Figure 3B, while the amino acid residues
substituted are given in the Figure 4 legend. Structures of plasmid constructs
were confirmed by restriction mapping and/or by nucleotide sequencing
using the method of Sanger et al. (1977) using T7 DNA polymerase (Tabor
and Richardson, 1989).

Transfections
The murine pre-B lymphocyte line 300-19 transformed with the Abelson
virus (Alt et al., 1984) was grown in medium A (RPMI medium (Gibco,
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Grand Island, NY), 10% FCS, 0.05 mM 2-mercaptoethanol, 50 Ag/ml
gentamicin sulfate and 2 mM L-glutamine). Cells were transfected by
electroporation (Chu et al., 1987) with plasmid DNA using the Cell Porator
Electroporation System (Bethesda Research Laboratories) essentially as
described by the manufacturer. pMT.LAR constructs and pSV2neoSP
(Streuli and Saito, 1989) were linearized before transfections with SspI and
PvuI, respectively. The parameters for electroporation were -50 Ag
pMT.LAR DNA and -3 /tg pSV2neoSP DNA/5 x 106 cells/0.5 ml
DMEM (Gibco) at 0°C, 1.6 mF, 250 V/0.4 cm, using the high Ohm setting.
Transfected cells were selected in medium A supplemented with 2 mg/ml
Geneticin (Gibco). Geneticin-resistant clones were maintained in medium
A supplemented with 0.5 mg/ml Geneticin.

Monoclonal antibodies
To generate high affinity anti-LAR mAbs that recognize the extracellular
region of LAR, Balb/c mice were immunized with a murine B lymphoma
cell line expressing human LAR [300-19 (LAR)]. Because the parental
300-19 cells are essentially congeneric with the mice immunized, the human
LAR protein is a dominant antigen. Initially, a LAR-LCA hybrid cDNA
was constructed that contained the three LAR Ig domains fused to the
180 kDa LCA isoform (Figure 1). This hybrid cDNA, cloned into the pMT-2
expression plasmid, was co-transfected with pSV2neoSP into 300-19 cells
and the expression of the hybrid molecule on resulting cell lines [300-19
(LAR-LCA)] was monitored using the available anti-LCA mAbs, UCHL-1
and GAP8.3. UCHL-1 binds to the N-terminal region of the 180 kDa LCA
isoform, while GAP8.3 binds to a more C-terminal region of LCA (Streuli
et al., 1988b). Hybridoma supernatants were screened for binding to 300-19
(LAR-LCA) cells and lack of binding to a transfected 300-19 cell line
that expressed only human LCA [300-19 (LCA)]. An anti-LAR mAb 108.4A
was thus identified and used to identify a murine B cell transfectant cell
line, 300-19 (LAR), that expressed LAR protein. 300-19 (LAR) cells were
then used as an immunogen as described above. The supematants from the
resulting hybridomas were screened for binding to 300-19 (LAR). 300-19
(LAR-LCA) or 300-19 (LCA) cells. mAbs that bound to both the
LAR-LCA hybrid and LAR were specific to the LAR Ig domains (38. 1B,
75.3A and 108.4A), while antibodies that bound only to LAR were specific
to the LAR FN HI domains (lIl.A, 71.2E, 128.4A and 136.1; summarized
in Figure 1). None of these anti-LAR mAbs reacted with purified intracellular
LAR catalytic domain protein. 300-19 (LAR-LCA) or 300-19 (LAR) cells
were intraperitoneally injected into Balb/c mice at 3 week intervals for a
9-12 week period at 5-10 x 107 cells/injection. Splenocytes from
immunized mice were fused to NS-1 myeloma cells and HAT-resistant
hybridomas were selected as previously described (Kohler and Milstein,
1975). Anti-LAR mAbs and isotype matched (IgGI) control mAbs, were
purified using protein G-Sepharose beads (GammaBind Plus, Genex Corp.,
Gaithersburg, MD) as described by the manufacturer. The anti-LCA mAbs
UCHL-1 (CD45RO) and anti-2H4 (CD45RA), and the anti-HLA class I
heavy chain mAb, W6/32, have been described previously (Streuli et al.,
1988b; Barnstable et al., 1978).

Cells, cell labelling and immunoprecipitations
The epitheloid carcinoma cell line HeLa (ATCC CCL 2) and the epidermoid
carcinoma cell line A-431 (ATCC CRL 1555), were grown in DMEM
(Gibco) supplemented with 10% FCS, 50 itg/ml gentamicin sulfate and 2 mM
L-glutamine. Normal human epidermal keratinocyte (NHEK) cells were ob-
tained from Clonetics Corp. (San Diego, CA) and tertiary cultures were
established as recommended by the supplier. Cells were surface-labelled
with 1251 by the lactoperoxidase method (Philips and Morrison, 1971).
Briefly, cells were washed in PBS, resuspended at -2 x 107 cells in
0.2 ml PBS, 1 mCi carrier-free 125I (sodium salt; Amersham) and 1 U
lactoperoxidase (Sigma) were added, then 10 Al 0.037% H202 was added
three times at 2 min intervals. After labelling, cells were washed in PBS,
lysed in NP-40 lysis buffer [1% Nonidet P40, 150 mM NaCl, 50 mM
Tris-HCI (pH 8.0), 5 mM EDTA, containing 1 mM PMSF] and lysates
were centrifuged in a microfuge to remove insoluble material. Alternatively,
cells were metabolically labelled with [35S]methionine (- 1100 mCi/mmol)
(New England Nuclear, Boston, MA) in DMEM without L-methionine
(Gibco) supplemented with 1% (v/v) dialyzed FCS, 20mM HEPES (pH 7.2)
for 4-6 h (unless indicated otherwise) at 37°C (- 5 x 106 cells/0.5 mCi
[35S]methionine/ml). Cell culture supernatants were harvested at the end
of the labelling period and adjusted to 1 mM PMSF. After labelling, cells
were washed in PBS and lysed by NP-40 lysis buffer as described above.
Cell lysates (or cell culture supernatants) were then precleared two to three
times with -30 jig purified, isotype-matched mAb and 25 d41 protein
G-Sepharose beads for 8-14 h. For immunoprecipitations, - 30 Ag anti-
LAR mAb (1:1:1 mixture of 75.3A, ll.lA and 128.4A; unless noted
otherwise) or -30 yg control isotype-matched mAb and 25 jtl protein

G-Sepharose beads were added per ml precleared lysate for 8- 14 h.
Immunoprecipitates were then washed five times with NP-40 lysis buffer
and analyzed by SDS-PAGE (7.5% or 10% gels) using reducing conditions
(unless noted otherwise) followed by autordiography (12 -72 h, unless noted
otherwise).

Phosphatase assay
Phosphatase assays were done as described by Streuli et al. (1990) using
[32P]Tyr-Raytide substrate and LAR PTPase immunoprecipitated from
HeLa or 300-19 (LAR) cells as described above, except that cells were not
radiolabelled prior to immunoprecipitations.

Flow cytometry
Flow cytometric analysis of cell lines was performed by means of indirect
immunofluorescence with fluorescein-conjugated goat anti-mouse F(ab')2
on an Epics V cell sorter (Coulter Electronics, Hialeah, FL). For FACS
analysis, HeLa cells were washed with PBS, incubated for 30 min at 37°C
in PBS containing 0.5 mM EDTA and 0.02% (w/v) NaN Cells were then
harvested, purified using a Ficoll gradient and 1 x 10 cells were used
per staining.

Immunohistochemistry
Blocks of human tissue were collected from surgical or autopsy specimens
at the Brigham and Women's Hospital (Boston, MA) and snap frozen in
liquid N2. The latter were used only if they could be frozen within 24 h
of death: systematic study has indicated that antigens are well preserved
during this post-mortem interval (Knudsen and Pallesen, 1986). The tissues
that were analyzed are listed in Figure 6. Cryostat sections (6 /Am) were
cut and fixed in 2% paraformaldehyde. They were then stained immuno-
histochemically using primary antibodies and an avidin-biotin-peroxidase
technique with the chromogen diaminobenzidine as previously described
(Rice et al., 1991). The primary antibodies were anti-LAR 1. lA (IgGl)
and in selected instances 38. 1B (IgGl). Control non-specific mouse IgGl
(Coulter Immunology) were also used on separate sections at equal
concentration; these did not produce staining. Intensity of staining was scored
using an arbitrary scale as follows: 0, no staining; 1, weak staining;
2, moderate staining; and 3, strong staining.

Chromosomal location
The LAR18 cDNA clone (Streuli et al., 1988a) was labelled by nick-
translation using [3H]nucleotides to a specific activity of 4 x 107
c.p.m./4g. In situ hybridization to metaphase chromosomes from
lymphocytes of a normal male donor was carried out using the LAR 18 probe
at a concentration of 0.2 ng/lA hybridization mixture as described (Marth
et al., 1986). The slides were exposed for five days. The chromosomes
were identified by Q-banding (Marth et al., 1986).
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