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Abstract. Scatter Factor, also known as Hepatocyte
Growth Factor (SF/HGF), has pleiotropic functions in-
cluding direct control of cell-cell and cell-substrate
adhesion in epithelia. The subcellular localization of
the SF/HGF receptor is controversial. In this work,
the cell surface distribution of the SF/HGF receptor
was studied in vivo in epithelial tissues and in vitro in
polarized MDCK monolayers. A panel of monoclonal
antibodies against the 8 chain of the SF/HGF receptor
stained the basolateral but not the apical surface of
epithelia lining the lumen of human organs. Radiola-
beled or fluorescent-tagged anti-receptor antibodies
selectively bound the basolateral cell surface of
MDCK cells, which form a polarized monolayer
sealed by intercellular junctions, when grown on poly-
carbonate filters in a two-chamber culture system. The

receptor was concentrated around the cell-cell contact
zone, showing a distribution pattern overlapping with
that of the cell adhesion molecule E-cadherin. The
basolateral localization of the SF/HGF receptor was
confirmed by immunoprecipitation after domain selec-
tive cell surface biotinylation. When cells were fully
polarized the SF/HGF receptor became resistant to
non-ionic detergents, indicating interaction with in-
soluble component(s). In pulse-chase labeling and sur-
face biotinylation experiments, the newly synthesized
receptor was found exclusively at the basolateral sur-
face. We conclude that the SF/HGF receptor is selec-
tively exposed at the basolateral plasma membrane do-
main of polarized epithelial cells and is targeted after
synthesis to that surface by direct delivery from the
trans-Golgi network.

CATTER Factor (SF)! and Hepatocyte Growth Factor
(HGF) are identical glycoproteins controlling motility,
mitogenesis, and morphogenesis in epithelial cells

(Weidner et al., 1991; Naldini et al., 1991a). SF/HGF was
originally described as a secretory product of fibroblasts
which dissociates epithelial cells, increasing their motility and
invasiveness (Stoker et al., 1987; Weidner et al., 1990). The
factor was reported to have chemotactic properties (Gher-
ardi et al., 1989) and to promote the progression of carci-
noma cells toward malignant invasive phenotypes (Weidner
et al., 1990); the factor regulates the level of ECM degrada-
tion, by enhancing the synthesis of enzymes involved in ECM
proteolysis (Pepper et al., 1992). SF/HGF is a powerful
mitogen for hepatocytes in primary cultures (Miyazawa et
al., 1989; Nakamura et al., 1989; Zarnegar and Michalo-
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poulos, 1989). It also stimulates the growth of other epithe-
lial tissues, such as kidney tubular epithelium and keratino-
cytes (Kan et al., 1991), melanocytes (Rubin et al., 1991),
and endothelial cells (Bussolino et al., 1992; Grant et al.,
1993). SF/HGF is a mediator of kidney and liver regenera-
tion (Nagaike et al., 1991; Higuchi and Nakamura, 1991,
Michalopoulos, 1990). It acts as a morphogen in the chick
embryo (Stern et al., 1990) and induces the three-dimen-
sional organization of MDCK epithelial cells in vitro (Mon-
tesano et al., 1991) and blood vessels in vivo (Bussolino et
al., 1992; Grant et al., 1993). These features indicate that
SF/HGF plays a major role in the differentiation and mor-
phogenetic events which lead to the formation of branching
tubules.

The receptor for SF/HGF is the tyrosine kinase encoded
by the MET proto-oncogene (Bottaro et al., 1991; Naldini et
al., 1991a, b). The receptor is a 190-kD heterodimer of a
50-kD « subunit, covalently linked to a 145-kD 8 subunit
(Giordano et al., 1989a). The a subunit is extracellular; the
3 subunit bears an extracellular portion involved in ligand
binding, a membrane-spanning segment, and a cytoplasmic
tyrosine kinase domain (Tempest et al., 1986; Gonzatti-Haces
et al., 1988). Both subunits originate from glycosylation and
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proteolytic cleavage of a common precursor of 170 kD (Gior-
dano et al., 1989b). The SF/HGF receptor is widely ex-
pressed in epithelial tissues lining the lumen of several organs
including intestine and kidney (Prat et al., 1991a; Di Renzo
et al., 1991). The receptor is expressed in the early stages
during development of epithelial organs, while the ligand is
expressed in the surrounding mesenchyme (Sonnenberg et
al., 1993a, b). SF/HGF and its tyrosine kinase receptor are
thought to control mesenchymal/epithelial interactions dur-
ing development. The mechanisms by which epithelial cells
receive and transduce the signal have been analyzed in detail
(Bardelli et al., 1992; Graziani et al., 1993; Ponzetto et al.,
1993). However, modifications in cell-cell and cell-substrate
interactions, leading to dissociation, migration, and remodel-
ing of epithelial monolayers, have remained poorly understood.

The subcellular localization of growth factor receptors ex-
pressed by epithelial structures, particularly in polarized
layers or tubules, is largely unknown. In a recent report the
SF/HGF receptor was found to be associated with the apical
microvilli of cells bordering mammary ducts and the intesti-
nal lumen (Tsarfaty et al., 1992). This is somewhat unex-
pected, because the SF/HGF is present in the circulatory sys-
tem (Nakamura et al., 1986; Zarnegar and Michalopoulos,
1989) and is stored in the pericellular matrix, mainly as a
biologically inactive single-chain precursor (Matsumoto and
Yamamoto, 1991; Naldini et al., 1992). In this work, the
subcellular distribution of SF/HGF receptor was studied in
vivo in epithelial tissues stained by a panel of monoclonal an-
tibodies, and in vitro, in polarized MDCK cell monolayers,
by domain selective biotinylation and puise-chase experi-
ments. The receptor was found to be localized at the baso-
lateral cell surface. Newly synthesized SF/HGF receptor
reaches this plasma membrane domain by targeting and di-
rect delivery from the trans-Golgi network.

Materials and Methods

Celis and Antibodies

MDCK type II cells were grown in DMEM supplemented with 5% FCS.
Cells grown on Transwells (Costar, Cambridge, MA) were seeded at 4.2
% 10° cells/cm?. Cell monolayers were used for experiments on the fourth
day of culture. Polarization of the monolayer was assessed by measuring
electrical resistance with the Millicell-ERS instrument (Millipore Con-
tinental Water Systems, Bedford, MA). In some experiments cells were
grown as.small colonies, at a final density of 4.2 x 10 cells/cm?. The mu-
rine mAbs DO-24 and DN-30, directed against the extracellular domain of
the SF/HGF receptor, were obtained after immunization with living cells
from the human gastric carcinoma cell line GTL-16 (Prat et al., 1991b).
mAb DQ-13, raised against a peptide corresponding to nineteen COOH-
terminal amino acids (from Ser'*? to Ser!*) of the human MET se-
quence, was also used. Other mAbs and their source were: DECMA-1 to
canine E-cadherin (Sigma Chem. Co., St. Louis, MO); 4B4 to the integrin
B1 chain (Coulter Immunology, Hialeah, FL). Antiserum against fimbrin
was obtained from K. Weber, Max-Planck-Institut fur Biophysikalische
Chemie, Gottingen, Germany. Antisera against carcinoembryonic antigen
(CEA) and rhodamine-labeled secondary antibodies were purchased from
Dakopatts (Glostrup, Denmark).

Immunohistochemical Staining

Normal human tissues were obtained from surgical samples. The tissues
were mounted in OCT 4583 embedding compound (Miles Scientific, Naper-
ville, IL) and immediately frozen in liquid nitrogen. Cryostat sections (6-um
thick) cut in a Reichert cryomicrotome were transferred onto microscope
slides coated with poly-L-lysine (Sigma Chem. Co.), air-dried, and stored
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at room temperature overnight. The samples were fixed in a chloroform-
acetone mixture (1:1), air-dried, and incubated for 10 min in PBS supple-
mented with 1% serum of the same species as the secondary antibody. Sec-
tions were overlaid with 50 ul of undiluted supernatant or ascitic fluid at
1:400 dilution and incubated at room temperature for 30 min in a moist
chamber. After a thorough wash in PBS, the sections were incubated with
biotinylated secondary antibodies and processed for the ABC method
(avidin-biotin-peroxidase complex) using the Vectastain ABC kit (Vector
Labs. Inc., Burlingame, CA). After several washes, 100 ul of substrate were
added for 5 min, prepared as follows: 5 mg 3-amino-9-ethylcarbazole (Sigma
Chem. Co.) were dissolved in 1 ml N,N-dimethylformamide (Merck, Darm-
stadt, Germany) supplemented with 9 ml 100 mM sodium acetate pH 5.2 and
100 pl of 12% H,0;. All samples were counterstained with Mayer’s hae-
malum solution, mounted in Kaiser’s glycerol gelatin (Merck) and examined
with a Zeiss Axiophot photomicroscope equipped with planapochromatic
lenses.

For indirect immunofluorescence microscopy, MDCK cells grown on
6.5-mm Transwells were fixed on ice for 5 min with freshly prepared 3%
paraformaldehyde, 2% sucrose and incubated at 37°C for 30 min with anti-
bodies. An appropriate dilution of mAbs was added to either the apical or
the basolateral compartment of the Transwell unit. Filters were then washed
with four changes of PBS-0.2 %BSA and incubated with rhodamine-labeled
secondary antibodies at 37°C for 30 min. After four washings with PBS-
0.2% BSA, filters were cut, mounted on glass slides in a solution of Mowial
(Calbiochem-Behring Corp., La Jolla, CA) and viewed with Zeiss epi-
fluorescence optics.

Binding Assays

MDCK cells grown on 6.5-mm Transwells were starved for 30 min in
serum-free DMEM and cooled on ice, and 2 pg/m! 25I-labeled DO-24 or
DN-30 mAbs (10 X 10° cpm/ug, in PBS) was added to the apical or
basolateral compartment of the Transwell unit. Binding was carried out for
3 h on ice. Intactness of monolayers was determined by counting the media
from both compartments in a gamma counter; generally, less than 1% of
the initially added label diffused to the opposite side. Filters were washed
with five changes of cold PBS containing 1 mM CaCl,, and 0.5 mM
MgCl,, cut, and bound radioactivity counted. Points were performed in
duplicate. Nonspecific binding, determined in the presence of a 100-fold ex-
cess of cold mAb, was subtracted and represented 15-20% of the total.

Domain-Selective Cell Surface Biotinylation
and Immunoprecipitation

MDCK cells grown on 24.5-mm Transwells were washed three times at 4°C
with Hank’s Balanced Salts Biotinylation Buffer, pH 7.4 (HBB) consisting
of 1.3 mM CaCl,, 0.4 mM MgSO,, 5 mM KCl, 138 mM NaCl, 56 mM
D-glucose and 25 mM Hepes, pH 7.4, and then cooled for 10 min in HBB
at 4°C. Sulfosuccinimidobiotin (sulfo-NHS-biotin, Pierce Chem. Co.,
Rockford, IL) was made 0.5 mg/ml in HBB and applied to either the apical
(0.5 ml) or basolateral (1 ml) side of the monolayer with HBB on the oppo-
site surface. After 15 min, the biotin solution was removed and replaced
with fresh biotin solution for another 15 min. The reaction was stopped by
removing the biotin solution, washing four times quickly and incubating 10
min with Minimal Essential Media containing Hank’s Balanced salts, 06%
BSA, 20 mM Hepes, pH 7.3 (MEM/BSA) at 4°C. Cells were lysed by cut-
ting filters with a scalpel, placing into 0.8 ml of 20 mM Tris-HC1 pH 7.4,
150 mM NaCl, 0.1% SDS, 1% TX-100, 1% DOC, 5 mM EDTA (RIPA
buffer), and inhibitors of proteases (2 mM PMSF [Sigma], 50 ug/ml pepsta-
tin, 50 pg/ml chymostatin and 10 xg/ml antipain [Chemicon, CA]) for 15
min on ice. In some experiments cells on filter were lysed in 5 mM Pipes,
pH 76, 100 mM NaCl, 5 mM MgCl;, 300 mM sucrose, 5 mM EGTA
(DIM buffer), 1% Triton X-100 and inhibitors of proteases. Cell extracts
were precleared with protein-A Sepharose and rotated 2.5 h at 4°C with
anti-SF/HGF receptor mAbs (DN-30 or DO-24). Immunocomplexes were
collected with affinity purified rabbit anti-mouse IgG (Jackson Immuno Re-
search Labs., Inc., West Grove, PA) coupled to Protein-A Sepharose. Beads
were washed three times with lysis buffer and samples were eluted by boiling
in Laemmli buffer containing 100 mM dithiothreitol. Immunoprecipitates
were electrophoresed on 8% SDS-PAGE. Samples were transferred to nitro-
cellulose, probed with streptavidin-HRP, and visualized on Kodak XOMAT
AR film (Rochester, NY) with an enhanced Chemiluminescence kit (ECL,
Amersham, UK). Quantification of biotinylated protein was achieved with
a laser scanning Personal Densitometer (Molecular Dynamics, Sunnyvale,
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CA), using multiple exposures and taking care to scan exposure within the
linear range of the film.

Analysis of Protein Targeting to the Cell Surface

MDCK cells grown on 24.5-mm Transwells were starved for 15 min at
37°C in MEM lacking cysteine and methionine and supplemented with 5%
dialyzed FCS, then pulse labeled for 15 min in the same medium sup-
plemented with [*3S] Translabel (100 uCi/filter, New England Nuclear,
Boston, MA). Chases were performed in MEM/BSA at 37°C. Cells were
then biotinylated and immunoprecipitated as described above. Immunopre-
cipitated proteins were eluted from Protein-A beads by boiling 5 min in 10%
SDS, diluted in 1 ml of 2.5% Triton Dilution buffer (2.5% Triton X-100,
100 mM NaCl, 5 mM EDTA, 100U/ml Trasylol, 0.02% NaN3, 100 mM
triethanolamine-HCl, pH 86) and samples were precleared twice with
Sepharose CL-2B. Biotinylated proteins were precipitated by rotating over-
night with Streptavidin-agarose (Sigma). Beads were washed three times
with mixed micelle buffer and one time with final wash buffer before analy-
sis of samples by electrophoresis and either autoradiography or phosphor-
imaging. A Molecular Dynamics Phosphorimager was used to quantify
newly synthesized proteins on the apical or basolateral cell surface.
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Results

Immunolocalization of the SF/HGF Receptor
in Human Tissues

To analyze the subcellular localization of the SF/HGF recep-
tor, immunoperoxidase staining was performed on human
tissue cryostat sections. A panel of monoclonal antibodies
(mAbs) directed against the SF/HGF receptor was used: two
mADbs recognized different epitopes on the extracellular do-
main (DO-24 and DN-30) and one mAb reacted against the
COOH-terminal tail (DQ-13). In the colon, the whole panel
of anti-receptor mAbs selectively stained the basolateral
plasma membranes of epithelial cells: staining with DO-24
mADb is depicted in Fig. 1 a. The pattern of reactivity per-
fectly matches that obtained with the antibody against the
B, integrin, known to be selectively expressed at basolateral
cell sides (Fig. 1 b). The receptor was absent from the apical

Figure 1. Localization of SF/HGF receptor in
buman colon epithelium. Cryostat sections
were fixed in cold absolute acetone and stained
by immunoperoxidase with (@) mAb DO-24
directed against the extracellular domain of the
t. SF/HGF receptor; (b) mAb 4B4 recognizing
B integrin; (c) antiserum against fimbrin. The
SF/HGF receptor was localized to the baso-
lateral plasma membrane of epithelial cells,
with a pattern of staining indistinguishable
from that observed for the 8; integrin. The
receptor was absent from the apical side, where
fimbrin, a structural marker of the apical brush
border, was located. Bar represents 3 um.
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membrane, where fimbrin, a structural marker of the apical
brush border, was detected as a positive control (Fig. 1 ¢).
Immunohistochemical analysis on other tubular epithelia,
including those lining distinct segments of the gastro-
intestinal tract, bile ducts, respiratory tract, mammary gland
ducts and kidney tubules, confirmed that the receptor is ex-
posed at the basolateral, but not apical rims (not shown; cfr.
Prat et al., 1991a).

Immunolocalization of the SF/HGF Receptor
in MDCK Cells Polarized In Vitro

MDCK cells form epithelial polarized monolayers when
grown in culture under appropriate conditions. The apical
cell surface is covered with microvilli and faces the culture
medium. The basal cell surface adheres to the substratum;
the lateral surface is in close contact with adjacent cells in
the monolayer. The basolateral surface domain is separated
from the apical domain by a junctional complex including
tight junctions (Simons and Fuller, 1985; Rodriguez-Boulan
and Sabatini, 1978). Monolayers grown on polycarbonate
permeable filters (Transwell chambers) expose separately
the apical and the basal surfaces to experimental probes
(Lisanti et al., 1988). MDCK cells grown on Transwells
were fixed without permeabilization and stained with DN-30
or DO-24, two of the above anti-receptor mAbs that are
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cross-species reactive. Immunofluorescence staining oc-
curred only when antibodies were presented to the baso-
lateral side of MDCK cells (Fig. 2, compare a with b). The
antibodies stained the basolateral surface at regions of cell-
cell contact, with a pattern indistinguishable from the staining
with anti-E-cadherin mAb (Fig. 2, compare a with ¢). The
cell adhesion molecule E-cadherin is known to be selectively
localized at the basolateral cell surface domain (Behrens et
al., 1985; Le Bivic et al., 1990). In the same experiment,
the CEA, analyzed as positive control, was both apical and
basolateral, with preferential localization at the apical cell
surface covered with microvilli (Fig. 2, compare e with f).
To quantify the expression of the SF/HGF receptor to the
different plasma membrane domains, the binding of '*I-
labeled monoclonal antibodies presented either to the apical
or to the basolateral surfaces of MDCK cells, by addition to
the upper or to the lower Transwell chamber, was evaluated.
As shown in Fig. 3, more than 90% binding occurred at the
basolateral surface. A radiolabeled monoclonal antibody,
directed against the intracellular COOH-terminal tail of the
SF/HGF receptor, used as a negative control, did not bind
either of the cell surface domains (data not shown).

Domain Selective Surface Biotinylation
of the SF/HGF Receptor

The presence of SF/HGF receptors on the basal but not api-

Figure 2. Localization of SF/
HGF receptor in polarized
MDCK cells. MDCK conflu-
ent cells were grown on Trans-
well filters and fixed with 3%
paraformaldehyde. Immuno-
fluorescence was performed
with anti-SF/HGF receptor
mAb (a and b), anti-E-cad-
herin mAb (¢ and d), and anti-
CEA antiserum (e and f). An-
tibodies were presented to
either the basolateral (a, c,
and e) or the apical (b, d, and
) surface of MDCK cells.
The SF/HGF receptor is
exclusively basolateral and
shows a pattern of staining
overlapping that of E-cad-
herin. The CEA antigen is ex-
pressed also on the apical sur-
face covered with microvilli.
Bar represents 5 um.

316



DO-24
o

[ apical

[C] basolateral

DN-30 -

0 20 40 60 80 100

% of total bound cpm

Figure 3. Cell surface distribution of SF/HGF receptor in MDCK
cells. The '*5I-labeled DO-24 and DN-30 mAbs were presented to
either the upper or the lower surface of MDCK cells grown on
Transwells. Given are mean values 11 SD of three independent ex-
periments performed in duplicate. Total values were between 8,000
and 15,000 cpm. More than 90% binding occurred at the baso-
lateral surface.

cal surface of MDCK cells was confirmed by domain selec-
tive surface biotinylation and immunoprecipitation. MDCK
cells grown on Transwell filters were biotinylated with sulfo-
NHS-biotin added either to the apical or to the basolateral
surfaces, as described in Materials and Methods. The cells
were then lysed, the SF/HGF receptor immunoprecipitated,
separated by SDS-PAGE, and transferred to nitrocellulose.
The extent of biotinylation was assessed by probing nitrocel-
lulose blots with HRP-conjugated streptavidin and densito-
metric analysis. More than 95% of the SF/HGF receptor la-
beled by the biotin was located on the basolateral membrane
(Fig. 4, left panels). Under identical conditions, ~95% of
the cell adhesion molecule E-cadherin, studied as a control,
was labeled from the basolateral side (Fig. 4, right panel).
The additional band of 70 kD associated with immunocom-
plexes formed by the anti-SF/HGF receptor and anti-E-
cadherin antibodies is a non-specific contaminant, likely to
be albumin from FCS. Biotin labeled the 8 (150 kD) and the
o (55 kD) chains of the heterodimeric SF/HGF receptor,
showing that both are exposed at the basolateral cell surface.
The low level of biotinylation of the « chain likely reflects
the relative abundance of lysine residues in the o and 8
chains. The « and 8 chains of canine SF/HGF receptor dis-
played a slightly higher molecular weight than the o and 8
chains of the human receptor (Giordano et al., 1989a).
These differences are likely due to species differences in pro-
tein glycosylation.

Solubility Properties of SF/HGF Receptor
Exposed at the Cell Surface of Polarized or
Non-Polarized MDCK Cells

MDCK cells grown on Transwell filters, under conditions
of polarization, were biotinylated, and lysed with buffers
containing either ionic (SDS) or non-ionic (Triton X-100)
detergents. The recovery of surface-labeled receptor was
quantified by immunoprecipitation and Western blot with
HRP-conjugated streptavidin. The SF/HGF receptor was
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Figure 4. Steady state distribution of the SF/HGF receptor on the
plasma membrane of MDCK cells. MDCK cells, grown on Trans-
well filters, were biotinylated on either their apical (ap) or baso-
lateral (bl) surface. Biotinylated SF/HGF receptor and E-cadherin
were immunoprecipitated with DO-24 and DECMA-]1 mAbs, re-
spectively. Samples were run on SDS-PAGE under reducing (R) and
non-reducing (NR) conditions, transferred to nitrocellulose, and
probed with streptavidin-HRP. Apical or basolateral proteins were
visualized by ECL. The SF/HGF receptor in MDCK cells is ex-
posed exclusively at the basolateral surface, as a 190-kD heterodi-
mer of a 55-kD a subunit, covalently linked to a 150-kD 8 subunit.

p55 %—

relatively insoluble in non ionic-detergent (Fig. 5, left
panel). Similar results were obtained when the solubility of
E-cadherin was studied (Fig. 5, left panel). It is known that
the relative insolubilty in non-ionic detergent of E-cadherin
is due to formation of non-covalent complexes with compo-

nents of the cytoskeleton (Hirano et al., 1987; Nelson et al.,

1990; Tsukita et al., 1992). In a parallel experiment the

polymeric immunoglobulin receptor, expressed in polarized

MDCK cells, was slightly better solubilized in Triton X-100

than SDS (not shown). We then dealt with the question of
whether polarization could influence detergent solubility

properties of the SF/HGF receptor. Steady-state biotinyla-

tion followed by immunoprecipitation and probing with HRP-

streptavidin was performed on MDCK cells grown in small

colonies (non-polarized). Fig. 5 (right panel) shows that,

unlike polarized cells, a significant fraction of the receptor
exposed at the surface of non-polarized cells was soluble in
Triton X-100.

Pulse-Chase Analysis of SF/HGF Receptor
Biosynthetic Delivery

The cell-surface delivery of newly synthesized SF/HGF re-
ceptor in polarized MDCK cells was examined by the widely
used approach of combining pulse-chase and domain-selec-
tive biotinylation (Le Bivic et al., 1989). MDCK cells grown
on Transwell filters were pulse-labeled with [*S] Translabel
for 15 min and biotinylated, after various periods of chase,
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Figure 5. Solubility properties of the SF/HGF receptor in polarized
and non-polarized MDCK cells. MDCK cells were grown on Trans-
well filters at final cell density of 4.2 X 10° cells/cm? (polarized)
and 4.2 X 10° cells/cm? (non-polarized). Biotinylated SF/HGF
receptor and E-cadherin were immunoprecipitated from cells ex-
tracted with buffers containing SDS (8) or Triton X-100 (T), as de-
tergents. Reduced samples were SDS-gel electrophoresed, trans-
ferred to nitrocellulose, and blotted with streptavidin-HRP. If cells
are polarized, more than 95% of the receptor exposed at the cell
surface is insoluble in non-ionic detergent.

on either the apical or the basolateral surface. The SF/HGF
receptor was immunoprecipitated, solubilized, reprecipitated
with streptavidin-agarose, and revealed by fluorography after
SDS-PAGE (Fig. 6). The amount of SF/HGF receptor on the
apical or basolateral surface was quantified by phosphor-
imaging. The SF/HGF receptor appeared at the plasma
membrane surface after 20 min of chase as a mature hetero-
dimer composed of a 150-kD (8) and a 55-kD («) chains.
More than 90% of the newly synthesized receptor exposed
at the cell surface was directly delivered to the basolateral
membrane domain.

Discussion

In this work we show that the SF/HGF receptor is selectively
localized at the basolateral surface of the polarized epithelia
in vivo as well as in experimental conditions in vitro. This
conclusion is supported by three independent types of evi-
dence: (1) immunohistochemical staining pattern obtained
with different monoclonal antibodies and frozen sections; (2)
binding of the specific antibodies to the basolateral side of
MDCK cells polarized in vitro; (3) selective biotinylation of
proteins exposed at the basolateral surface. A similar baso-
lateral distribution of the EGF receptor has been previously
demonstrated by measuring the binding of radiolabeled li-
gand to MDCK cells polarized in Transwell chambers (Mara-
tos-Flier et al., 1987). Previous work has reported the associ-
ation of the SF/HGF receptor with the apical microvilli of
cells bordering mammary ducts and intestinal lumen (Tsar-
faty et al., 1992). The basolateral localization of the SF/
HGF receptor is consistent with the site of action of the li-
gand, which is present in the circulatory system (Nakamura
et al., 1986; Zarnegar and Michalopoulos, 1989) and is
stored in the pericellular matrix (Matsumoto and Yamamoto,
1991; Naldini et al., 1992).

Interestingly, the staining of SF/HGF receptor is intense
at the lateral surfaces of the cell in the region of cell—cell con-
tacts, and displays a pattern similar to that elicited by antibod-
ies against the cell adhesion molecule E-cadherin (Vestweber
and Kemler, 1985; Behrens et al., 1985; Gumbiner et al.,
1988). A junctional localization of the SF/HGF tyrosine ki-
nase receptor is potentially significant. A role of tyrosine ki-
nases in the control of junction formation is suggested for
tyrosine kinases of the c-Src family: elevated levels of tyrosine
phosphorylation induced by the c-Src family kinases have
been found in isolated adherens junctions (Tsukita et al.,
1991; Volberg et al., 1992). Transformation with v-Src causes
loss of epithelial differentiation and gain of invasiveness,
which correlate with tyrosine phosphorylation of the E-cad-

Figure 6. Targeting of the SF/
HGF receptor to the baso-
lateral plasma membrane of

chase (min): 0 0 20 40

MDCK cells. MDCK cells on

60 240 Transwell filters were metabol-

biotin: — | ap bl| a bl| a bl

ically pulse labeled with [3S]

bl | ap bl Translabel for 15 min and

biotinylated at the apical or
basolateral cell surface after
various periods of chase. The
SF/HGF receptor was immu-
B  noprecipitated, solubilized, re-
precipitated with streptavidin-
agarose, and detected by
autoradiography. At the earli-
est timepoints at which the
SF/HGF receptor is detected
at the cell surface it is found
almost exclusively basolat-
eral. These results are repre-
sentative of four experiments,
using the mAbs DN-30 or
DO-24 for immunoprecipita-
tion. All experiments gave

— - L p150

| p55
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similar results.
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herin/B-catenin complex (Behrens et al., 1992). SF/HGF,
which disrupts cell-cell adhesion, does not appear to influ-
ence the steady-state synthesis, the down-modulation and the
phosphorylation of E-cadherins (Weidner et al., 1990), while
it causes rapid internalization of desmosomal proteins (Bhar-
gava et al., 1991). It has been recently claimed that 8-catenin
is tyrosine-phosphorylated in response to cell stimulation
with SF/HGF (Shibamoto et al., 1994). Whether the SF/'HGF
receptor phosphorylates $-catenin directly or through other
associated tyrosine kinases has yet to be investigated. In this
context, it is worth mentioning that activated SF/HGF recep-
tor associates with the c-Src tyrosine kinase (Ponzetto et al.,
1994).

The SF/HGF receptor is highly insoluble in non-ionic de-
tergents when cells are fully polarized. The detergent insolu-
bility of the receptor correlates with that of E-cadherin,
known to form complexes with insoluble cytoskeletal com-
ponents upon extensive cell-cell contact (Hirano et al.,
1987; Nelson et al., 1990; Ozawa et al., 1990; McNeill et
al., 1990; Wollner et al., 1992). On the contrary, the poly-
meric immunoglobulin receptor, known not to associate
with cytoskeleton, is even better solubilized in Triton X-100
(not shown). Polarization in epithelial cells is regulated
through different mechanisms, which include selective reten-
tion and vectorial delivery at one surface. The first mecha-
nism is mediated by interaction with other proteins, such as
the cytoskeleton, extracellular matrix, or adhesion proteins
on adjacent cells (for review see Nelson et al., 1992). A
number of basolateral proteins form complexes with deter-
gent insoluble cytoskeletal proteins (Nelson and Veshnock,
1987; McNeill et al., 1990; Wollner et al., 1992). In the
case of the Na*/K+ ATPase the basolateral cell surface dis-
tribution is determined by stabilization and accumulation on
the basolateral membrane (Hammerton et al., 1991). In the
case of E-cadherin, both mechanisms are operative (Wollner
etal., 1992). The data reported in this paper suggest that the
basolateral distribution of the SF/HGF receptor might be
mediated by stabilization through association with detergent
insoluble intracellular components. However, the hypothesis
that the detergent insolubility of the receptor results from its
localization in caveolae, where other cellular kinases have
been recently found (Sargiacomo et al., 1993), has to be
taken into consideration.

Vectorial delivery of proteins to either the apical or the
basolateral cell surfaces is another mechanism operating for
maintaining polarization in epithelial cells (for review see
Mostov et al., 1992). This paper shows that the newly syn-
thesized SF/HGF receptor is directly targeted ta the baso-
lateral surface from the trans-Golgi network. MDCK cells,
that have already established a polarized distribution of
membrane proteins, sort newly synthesized proteins in the
Golgi complex and deliver them either to the apical or to the
basolateral plasma membrane upon recognition of specific
sorting signals (Hopkins, 1991). Computer analysis of the
SF/HGF receptor amino acid sequence failed to identify any
homologies to the signals for basolateral sorting that have
been found in the LDL receptor (Matter et al., 1992) and
the polymeric IgA receptor (Casanova et al., 1991). Cyto-
plasmic domains involved in selective sorting have also been
found in the transferrin and immunoglobulin FcRII receptors
(Hunziker et al., 1991). We should thus assume that the
SF/HGF receptor contains a yet unidentified sorting signal

Crepaldi et al. Basolateral Expression of SF/HGF Receptor

for basolateral targeting. This will be unveiled by mutagene-
sis studies.

We are grateful to Dr. P. C. Marchisio and P. Savoia for contributing the
histochemical data. The technical assistance of Rita Callipo and Laura
Palmas is gratefully acknowledged.

This work was supported by grants from the Associazione Italiana
Ricerca Cancro (A. 1. R. C.) and the National Research Council (C. N. R.:
Propetto Finalizzato A. C. R. O. n. 93.02161.PF39). Dr. A. Zborek was
supported by the European Association for Cancer Research. This work was
also supported by the Lucille P. Markey Charitable Trust, the Charles Cul-
peper Foundation, the Edward Mallinckrodt Foundation, and by an Estab-
lished Investigator Award from the American Heart Association to Dr.
Mostov.

Received for publication 12 October 1993, and in revised form 7 January
1994,

References

Bardelli, A., F. Maina, 1. Gout, M. J. Fry, M. D. Waterfield, P. M. Comoglio,
and C. Ponzetto. 1992. Autophosphorylation promotes complex formation
of recombinant hepatocyte growth factor receptor with cytoplasmic effectors
containing SH2 domains. Oncogene. 7:973-1978.

Bhargava, M. M., Y. Li, A. Joseph, M. Pendergast, R. Hofmann, E. M.
Rosen, and I. D. Goldberg. 1991. Purification, characterization and mecha-
nism of action of scatter factor from human placenta. In Cell Motility Fac-
tors. 1. D. Goldberg, editor. Birkhauser Verlag, Basel. 63-75.

Behrens, J., W. Birchmeier, S. L. Goodman, and B. A. Imhof. 1985. Dissocia-
tion of Madin-Darby Canine epithelial cells by the monoclonal antibody anti-
Arc-1: mechanistic aspects and identification of the antigen as a component
related to uvomorulin. J. Cell Biol. 101:1307-1315.

Behrens, J., L. Vakaet, R. Friis, E. Winterhager, F. Van Roy, M. M. Mareel,
and W. Birchmeier. 1992. Loss of epithelial differentiation and gain of inva-
siveness correlates with tyrosine phosphorylation of the E-cadherin/$-cate-
nin complex in cells transformed with a temperature-sensitive v-src gene. J.
Cell Biol. 120:757-766.

Bottaro, D. P., J. S. Rubin, D. L. Faletto, A. M. L. Chan, T. E. Kmiecick,
G. F. Vande Woude, and S. A. Aaronson. 1991. Identification of the hepato-
cyte growth factor receptor as the c-met proto-oncogene. Science (Wash.
DC). 251:802-804.

Bussolino, F., M. F. Di Renzo, M. Ziche, E. Bocchietto, M. Olivero, L. Nal-
dini, G. Gaudino, L. Tamagnone, A. Coffer, and P. M. Comoglio. 1992.
Hepatocyte growth factor is a potent angiogenic factor which stimulates en-
dothelial cell motility and growth. J. Cell Biol. 119:629-641.

Casanova, J. E., G. Apodaca, and K. E. Mostov. 1991. An autonomous signal
for basolateral sorting in the cytoplasmic domain of the polymeric immuno-
globulin receptor. Cell. 66:65-75.

Di Renzo, M. F., R. P. Narsimhan, M. Olivero, S. Bretti, S. Giordano, E.
Medico, P. Gaglia, P. Zara, and P. M. Comoglio. 1991. Expression of the
Met/HGF receptor in normal and neoplastic human tissues. Oncogene.
6:1997-2003.

Gherardi E., J. Gray, M. Stoker, M. Perryman, and A. Furlong. 1989. Puri-
fication of scatter factor, a fibroblast-derived basic protein that modulates
epithelial interactions and movement. Proc. Natl. Acad. Sci. USA. 86:
5844-5848.

Giordano, S., C. Ponzetto, M. F. Di Renzo, C. S. Cooper, and P. M. Comog-
lio. 1989a. Tyrosine kinase receptor indistinguishable from the c-met pro-
tein. Nature (Lond.). 339:155-156.

Giordano, S., M. F. Di Renzo, R. Narsimhan, C. S. Cooper, C. Rosa, and
P. M. Comoglio. 1989b. Biosynthesis of the protein encoded by the c-met
proto-oncogene. Oncogene. 4:1383-1388.

Gonzatti-Haces, M., A. Seth, M. Park, T. Copeland, S. Oroszlan, and G. F.
Vande Woude. 1988. Characterization of the TPR-MET oncogene p65 and
the MET protooncogene p140 protein-tyrosine kinases. Proc. Natl. Acad.
Sci. USA. 85:21-25.

Grant, D. S., H. K. Kleinman, I. D. Goldberg, M. M. Bhargava, B. J. Nick-
oloff, J. L. Kinsella, P. Polverini, and E. M. Rosen. 1993. Scatter factor
induces blood vessel formation in vivo. Proc. Natl. Acad. Sci. USA.
90:1937-1941.

Graziani, A., D. Gramaglia, P. dalla Zonca, and P. M. Comoglio. 1993. Hepa-
tocyte growth factor/scatter factor stimulates the ras-guanine nucleotide ex-
changer. J. Biol. Chem. 268:9165-9168.

Gumbiner, B., B. Stevenson, and A. Grimaldi. 1988. The role of the cell adhe-
sion molecule uvomorulin in the formation and maintenance of the epithelial
junctional complex. J. Cell Biol. 107:1575-1587.

Hammerton, R. W., K. A. Krezeminski, R. W. Mays, T. A. Ryan, D. A. Woll-
ner, and W. J. Nelson. 1991. Mechanisms for regulating cell surface distri-
bution of Na*, K*-ATPase in polarized epithelial cells. Science (Wash.
DC). 254:847-850.

Higuchi, O., and T. Nakamura. 1991. Identification and change in the receptor

319



for hepatocyte growth factor in rat liver after partial hepatectomy or induced
hepatitis. Biochem. Biophys. Res. Commun. 176:599-609.

Hirano, S., A. Nose, K. Hatta, A. Kawakami, and M. Takeichi. 1987. Cal-
cium-dependent cell-cell adhesion molecules (cadherins): subclass specificities
and possible involvement of actin bundles. J. Cell Biol. 105:2501-2510.

Hopkins, C. R. 1991. Polarity signals. Cell. 66:827-829.

Hunziker, W., C. Harter, K. Matter, and I. Mellman. 1991. Basolateral sorting
in MDCK cells requires a distinct cytoplasmic domain determinant. Cell.
66:907-920.

Kan, M., G. H. Zhang, R. Zarnegar, G. Michalopoulos, Y. Myoken, W. L.
Mckeehan, and J. L. Stevens. 1991. Hepatocyte growth factor/hepatopoietin
A stimulates the growth of rat kidney proximal tubule epithelial cells (RPTE),
rat nonparenchymal liver cells, human melanoma cells, mouse keratinocytes
and stimulates anchorage-independent growth of SV40-transformed RPTE.
Biochem. Biophys. Res. Commun. 174:331-337.

Le Bivic, A., Y. Sambuy, K. Mostov, and E. Rodriguez-Boulan. 1990. Vec-
torial targeting of an endogenous apical membrane sialoglycoprotein and
uvomorulin in MDCK cells. J. Cell Biol. 110:1533-1539.

Lisanti, M. P., M. Sargiacomo, L. Graeve, and A. R. Saltiel. 1988. Polarized
apical distribution of glycosyl-phosphatidylinositol-anchored proteins in a
renal epithelial cell line. Proc. Natl. Acad. Sci. USA. 85:9557-9561.

Maratos-Flier, E., C.-Y. Y. Kao, E. M. Verdin, and G. L. King. 1987.
Receptor-mediated vectorial transcytosis of epidermal growth factor by
Madin-Darby Canine Kidney cells. J. Cell Biol. 105:1595-1601.

Matsumoto, A., and N. Yamamoto. 1991. Sequestration of a hepatocyte growth
factor in extracellular matrix in normal adult liver. Biochem. Biophys. Res.
Commun. 174:90-95.

Matter, K., W. Hunziker, and I. Mellman. 1992. Basolateral sorting of LDL
receptor in MDCK cells: the cytoplasmic domain contains two tyrosine-
dependent targeting determinants. Cell. 71:741-753.

McNeill, H., M. Ozawa, K. Kemler, and W. J. Nelson. 1990. Novel function
of the cell adhesion molecule uvomorulin as an inducer of cell surface polar-
ity. Cell. 62:309-316.

Michalopoulos, G. K. 1990. Liver regeneration: molecular mechanisms of
growth control. FASEB (Fed. Am. Soc. Exp. Biol.) J. 4:176-187.

Miyazawa, K., H. Tsubouchi, D. Naka, K. Takahashi, M. Okigaki, N.
Arakaki, H. Nakayama, S. Hirono, O. Sakiyama, K. Takahashi, E. Gohda,
Y. Daikuhara, and N. Kitamura. 1989. Molecular cloning and sequence
analysis of cDNA for human hepatocyte growth factor. Biochem. Biophys.
Res. Commun. 163:967-973.

Montesano R., K. Matsumoto, T. Nakamura, and L. Orci. 1991. Identification
of a fibroblast-derived epithelial morphogen as hepatocyte growth factor.
Cell. 67:901-908.

Mostov, K., G. Apodaca, B. Aroeti, and C. Okamoto. 1992. Plasma membrane
protein sorting in polarized epithelial cells. J. Cell Biol. 116:577-583.
Nagaike M., S. Hirao, H. Tajima, S. Noji, S. Taniguchi, K. Matsumoto, and
T. Nakamura. 1991. Renotropic functions of hepatocyte growth factor in re-
nal regeneration after unilateral nephrectomy. J. Biol. Chem. 66:22781-

22784.

Nakamura, T., T. Nishizawa, M. Hagiya, T. Seki, M. Shimonishi, A. Sugi-
mura, K. Tashiro, and S. Shimizu. 1989. Molecular cloning and expression
of human hepatocyte growth factor. Nature (Lond.). 342:440-443.

Nakamura, T., H. Teramoto, and A. Ichihara. 1986. Purification and character-
ization of a growth factor from rat platelets for mature parenchymal hepato-
cytes in primary cultures. Proc. Natl. Acad. Sci. USA. 83:6489-6493.

Naldini, L., M. Weidner, E. Vigna, G. Gaudino, A. Bardelli, C. Ponzetto,
R. P. Narsimhan, G. Hartmann, R. Zarnegar, G. Michalopoulos, W. Birch-
meier, and P. M. Comoglio. 1991a. Scatter factor and hepatocyte growth
factor are indistinguishable ligands for the Mer receptor. EMBO (Eur. Mol.
Biol. Organ.) J. 10:2867-2878.

Naldini, L., E. Vigna, R. P. Narshiman, G. Gaudino, R. Zarnegar, G. Michal-
opoulos, and P. M. Comoglio. 1991b. Hepatocyte growth factor (HGF)
stimulates the tyrosine kinase activity of the receptor encoded by the proto-
oncogene c-MET. Oncogene. 6:501-504.

Naldini, L., L. Tamagnone, E. Vigna, M. Sachs, G. Hartmann, W. Birch-
meier, Y. Daikuhara, H. Tsubouchi, F. Blasi, and P. M. Comoglio. 1992.
Extracellular proteolytic cleavage by urokinase is required for activation of
hepatocyte growth factor/scatter factor. EMBO (Eur. Mol. Biol. Organ.) J.
11:4825-4833.

Nelson, W. J., and P. J. Veshnock. 1987. Ankyrin binding to (Na*, K*)
ATPase and implications for the organization of membrane domains in polar-
ized cells. Nature (Lond.). 328:533-535.

Nelson, W. J., E. M. Shore, A. Z. Wang, and R. W. Hammerton. 1990.
Identification of a membrane-cytoskeletal complex containing the cell adhe-
sion molecule uvomorulin (E-cadherin), ankyrin, and fodrin in Madin-Darby
canine kidney epithelial cells. J. Cell Biol. 110:349-357.

Nelson, W. J., R. Wilson, D. Wollner, R. Mays, H. McNeill, and K. Siemers.
1992. Regulation of epithelial cell polarity: a view from the cell surface. In
The Cell Surface. CSHL press, Cold Spring Harbor, New York. 621-630.

Ozawa, M., M. Ringwald, and R. Kemler. 1990. Uvomorulin-catenin complex
formation is regulated by a specific domain in the cytoplasmic region of the
cell adhesion molecule. Proc. Natl. Acad. Sci. USA. 87:4246-4250.

Pepper, M. S., K. Matsumoto, T. Nakamura, L. Orci, and R. Montesano.

The Journal of Cell Biology, Volume 125, 1994

1992. Hepatocyte growth factor increases urokinase-type plasminogen acti-
vator (u-PA) and u-PA receptor expression in Madin-Darby Canine Kidney
epithelial cells. J. Biol. Chem. 267:20493-20496.

Ponzetto, C., A. Bardelli, F. Maina, P. Longati, G. Panayotou, R. Dhand,
M. D. Waterfield, and P. M. Comoglio. 1993. A novel recognition motif
for PI 3-kinase binding mediates its association with the HGF/SF receptor.
Mol. Cell. Biol. 13:4600-4608.

Ponzetto, C., A. Bardelli, Z. Zhen, F. Maina, P. dalla Zonca, S. Giordano,
A. Graziani, G. Panayotou, and P. M. Comoglio. 1994. A multifunctional
docking site mediates signalling and transformation by the hepatocyte growth
factor/scatter factor (HGF/SF) receptor family. Cell. In press.

Prat, M., R. P. Narsimhan, T. Crepaldi, M. R. Nicotra, P. G. Natali, and
P. M. Comoglio. 1991a. The receptor encoded by the human c-MET on-
cogene is expressed in hepatocytes, epithelial cells and solid tumors. Int. J.
Cancer. 49:323-328.

Prat, M., T. Crepaldi, L. Gandino, S. Giordano, P. Longati, and P. M.
Comoglio. 1991b. C-terminal truncated forms of Met, the hepatocyte growth
factor receptor. Mol. Cell. Biol. 11:5954-5962.

Rodriguez-Boulan, E., and D. D. Sabatini. 1978. Asymmetric budding of
viruses in epithelial monolayers: a model system for the study of epithelial
cell polarity. Proc. Natl. Acad. Sci. USA. 75:5071-5075.

Rubin, J. S., A. M. L. Chan, D. P. Bottaro, W. H. Burgess, W. G. Taylor,
A. C. Cech, D. W. Hirschfield, J. Wong, T. Miki, P. W. Finch, and S. A.
Aaronson. 1991. A broad-spectrum human lung fibroblast-derived mitogen
is a variant of hepatocyte growth factor. Proc. Natl. Acad. Sci. USA.
88:415-419.

Sargiacomo, M., M. Sudol, Z.-L. Tang, and M. P. Lisanti. 1993. Signal trans-
ducing molecules and glycosyl-phosphatidylinositol-linked proteins from
caveolin-rich insoluble complex in MDCK cells. J. Cell Biol. 122:789-807.

Shibamoto, S., M. Hayakawa, K. Takeuchi, T. Hori, N. Oku, K. Miyazawa,
N. Kitamura, M. Takeichi, and F. Ito. 1994. Tyrosine phosphorylation of
B-catenin and plakoglobin enhanced by hepatocyte growth factor and epider-
mal growth factor in human carcinoma cells. Cell Adhesion and Communica-
tion. In press.

Simons, K., and S. D. Fuller. 1985. Cell surface polarity in epithelia. Annu.
Rev. Cell. Biol. 1:243-288.

Sonnenberg, E., K. M. Weidner, and C. Birchmeier. 1993a. Expression of the
met-receptor and its ligand, HGF-SF during mouse embryogenesis. In Hepato-
cyte Growth Factor-Scatter Factor (HGF-SF) and the c-met Receptor. I. D.
Goldberg, and E. M. Rosen, editors. Birkhauser Verlag, Basel. 383-394.

Sonnenberg, E., D. Meyer, K. M. Weidner, and C. Birchmeier. 1993b. Scatter
factor/hepatocyte growth factor and its receptor, the c-met tyrosine kinase,
can mediate a signal exchange between mesenchyme and epithelia during
mouse development. J. Cell Biol. 123:223-235.

Stern, C. D., G. W. Ireland, S. E. Herrick, E. Gherardi, J. Grey, M. Parryman,
and M. Stocker. 1990. Epithelial scatter factor and development of the chick
embryonic axis. Development. 110:1271-1284.

Stoker, M., E. Gherardi, M. Perryman, and J. Gray. 1987. Scatter factor is
a fibroblast-derived modulator of epithelial cell mobility. Nature (Lond.).
327:239-242.

Tempest P. R., B. R. Reeves, N. K. Spurr, A. J. Rance, M.-L. Chan, and P.
Brooks. 1986. Activation of the met oncogene in the human MNNG-HOS cell
line involves a chromosomal rearrangement. Carcinogenesis. 7:2051-2057.

Tsarfaty, 1., J. H. Resau, S. Rulong, I. Keydar, D. L. Faletto, and G. F. Vande
Woude. 1992. The met proto-oncogene receptor and lumen formation.
Science (Wash. DC). 257:1258-1261.

Tsukita, S., K. Oishi, T. Akiyama, Y. Yamanashi, T. Yamamoto, and S. Tsu-
kita. 1991. Specific proto-oncogenic tyrosine kinases of src family are en-
riched in cell-to-cell adherens junctions where the level of tyrosine phos-
phorylation is elevated. J. Cell Biol. 113:867-879.

Tsukita, S., S. Tsukita, A. Nagafuchi, and S. Yonemura. 1992. Molecular link-
age between cadherins and actin filaments in cell-cell adherens junctions.
Curr. -Opin. Cell. Biol. 4:834-839,

Vestweber, D. R., and R. Kemler. 1985. Identification of a putative cell adhe-
sion domain of uvomorulin. EMBO (Eur. Mol. Biol. Organ.) J. 4:3393-
3398.

Volberg, T., Y. Zick, R. Dror, 1. Sabanay, C. Gilon, A. Levitzki, and B. Gei-
ger. 1992, The effect of tyrosine-specific protein phosphorylation on the as-
sembly of adherens-type junctions. EMBO (Eur. Mol. Biol. Organ.) J.
11:1733-1742.

Weidner, K. M., J. Behrens, J. Vandekerckove, and W. Birchmeier. 1990.
Scatter factor: molecular characteristics and effect on the invasiveness of epi-
thelial cells. J. Cell Biol. 111:2097-2108.

Weidner, K. M., N. Arakaki, J. Vandekerchove, S. Weingart, G. Hartmann,
H. Rieder, C. Fonatsch, H. Tsubouchi, T. Hishida, Y. Daikuhara, and W.
Birchmeier. 1991. Evidence for the identity of human scatter factor and he-
patocyte growth factor. Proc. Natl. Acad. Sci. USA. 88:7001-7005.

Wollner, D. A., K. A. Krzeminski, and W. J. Nelson, 1992. Remodeling the
cell surface distribution of membrane proteins during the development of epi-
thelial cell polarity. J. Cell Biol. 116:889-899.

Zarnegar, R., and G. Michalopoulos. 1989. Purification and biological charac-
terization of human hepatopoietin A, a polypeptide growth factor for hepato-
cytes. Cancer Res. 49:3314-3320.

320



