Hepatocyte Growth Factor Induces Proliferation and Differentiation of
Multipotent and Erythroid Hemopoietic Progenitors
F. Galimi,* G. P. Bagnara,f L. Bonsi, E. Cottone,* A. Follenzi,* A. Simeone,$

and P. M. Comoglio*

*Institute for Cancer Research and Treatment (I.R.C.C.) and Department of Biomedical Sciences, University of Torino Medical
School, 10126 Torino; Institute of Histology, University of Bologna Medical School, 40126 Bologna; and $International Institute

of Genetics and Biophysics, 80125 Napoli, Italy

Abstract. Hepatocyte growth factor (HGF) is a
mesenchymal derived growth factor known to induce
proliferation and “scattering” of epithelial and en-
dothelial cells. Its receptor is the tyrosine kinase en-
coded by the c-MET protooncogene. Here we show
that highly purified recombinant HGF stimulates
hemopoietic progenitors to form colonies in vitro. In
the presence of erythropoietin, picomolar concentra-
tions of HGF induced the formation of erythroid
burst-forming unit colonies from CD34-positive cells
purified from human bone marrow, peripheral blood,
or umbilical cord blood. The growth stimulatory ac-
tivity was restricted to the erythroid lineage. HGF
also stimulated the formation of multipotent CFU-
GEMM colonies. This effect is synergized by stem cell

factor, the ligand of the tyrosine kinase receptor en-
coded by the ¢-KIT protooncogene, which is active on
early hemopoietic progenitors. By flow cytometry
analysis, the receptor for HGF was found to be ex-
pressed on the cell surface in a fraction of CD34* pro-
genitors. Moreover, in situ hybridization experiments
showed that HGF receptor mRNA is highly expressed
in embryonic erythroid cells (megaloblasts). HGF
mRNA was also found to be produced in the em-
bryonal liver. These data show that HGF plays a direct
role in the control of proliferation and differentiation
of erythroid progenitors, and they suggest that it may
be one of the long-sought mediators of paracrine inter-
actions between stromal and hemopoietic cells within
the hemopoietic microenvironment.

al., 1989; Miyazawa et al., 1989), also known as

scatter factor (Naldini et al., 1991a; Wiedner et al.,
1991), has the unique feature of combining mitogenic and
motogenic activities on its target cells. HGF is mitogenic for
hepatocytes (Michalopoulos, 1990) and other epithelial
cells, such as kidney tubular epithelium, melanocytes, and
keratinocytes (Kan et al., 1991; Rubin et al., 1991; Halaban
et al., 1992; Matsumoto et al., 1991). In these cells, HGF
also promotes “scattering” (Stoker et al., 1987; Gherardi et
al., 1989; Weidner et al., 1990, 1991; Naldini et al., 1991a)
and matrix invasion (Weidner et al., 1990; Naldini et al.,
19914), and it has chemotactic properties (Morimoto et al.,
1991; Giordano et al., 1993). The factor stimulates extracel-

HEPATOCYTE growth factor (HGF)' (Nakamura et
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lular matrix degradation by enhancing the synthesis of en-
zymes involved in extracellular matrix proteolysis (Pepper et
al., 1992; Boccaccio et al., 1994). HGF acts as a morphogen
during neuroectodermal development in vivo (Stern et al.,
1990), and it induces three-dimensional organization of epi-
thelial cells in vitro (Montesano et al., 1991). The factor also
promotes the progression of carcinoma cells toward malig-
nant invasive phenotypes (Weidner et al., 1990).

The HGF molecule shares several structural similarities
with plasminogen and other proteins of the blood coagula-
tion cascade. These similarities include four characteristic
“kringle” domains at the amino terminus, a zymogen activa-
tion site, and a carboxy-terminal serine protease-like domain
(Miyazawa et al., 1989; Nakamura et al., 1989; Sottrup-
Jensen et al., 1978). HGF is secreted by cells of mesodermal
origin as an inactive single chain precursor (pro-HGF),
which is converted to the active form in the extracellular en-
vironment by urokinase and/or a thrombin-activated serum
protease (Naldini et al., 1992; Miyazawa et al., 1993;
Shimomura et al., 1993). Mature HGF is a disulfide-linked
heterodimer of a 60-kD « chain and a 32-kD § chain
(Nakamura et al., 1989; Gohda et al., 1988).

The receptor for HGF is the tyrosine kinase encoded by
the MET protooncogene (Naldini et al., 1991a, 1991b; Bot-
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taro et al., 1991), a 190-kD heterodimer of an extracellular
50-kD « subunit, disulfide-linked to a transmembrane 145-
kD 8 subunit (Park et al., 1987; Giordano et al., 1989q).
Both subunits derive from glycosylation and proteolytic
cleavage of a 170-kD single chain precursor (Giordano et al.,
1989b).

HGF binding triggers autophosphorylation of two tyrosine
residues (Y!234.Y12%) Jocated in the catalytic domain of the
receptor, upregulating its kinase activity (Naldini et al.,
1991a; Ferracini et al., 1991; Longati et al., 1994). Negative
regulation occurs through phosphorylation of a unique ser-
ine residue (S°%) in the juxtamembrane domain of the 8
chain (Gandino et al., 1990, 1991, 1994),

Signaling by the HGF receptor involves multiple path-
ways, as expected from the pleiotropic response that its
ligand elicits in target cells (Bardelli et al., 1992; Graziani
et al., 1991, 1993; Ponzetto et al., 1993). As in other tyro-
sine kinase receptors, signal transduction is mediated by the
interaction (“docking”) between specific phosphotyrosines
and cytoplasmic effectors containing SH2 domains (Koch et
al., 1991; Pawson and Schlessinger, 1993; Cantley et al.,
1991). We recently showed that the pleiotropic action of
HGF is caused by ligand-induced autophosphorylation of
two tyrosines in the receptor tail (Y'?*, Y'3%) generating a
nonconventional docking site capable of activating multiple
cytoplasmic signal transducers (Ponzetto et al., 1994).

The HGF receptor is expressed in adult epithelial tissues,
including liver, intestine and kidney (Prat et al., 1991a; Di
Renzo et al., 1991). It has been reported to be expressed in
early stages of development of epithelial organs (Sonnenberg
et al., 1993), and it is often overexpressed in epithelial can-
cer (Prat et al., 1991a; Di Renzo et al., 1991). We have
shown that the receptor is also expressed in endothelial cells,
and that HGF is a potent angiogenic factor both in vitro and
in vivo (Bussolino et al., 1992; Grant et al., 1993). We re-
cently cloned the promoter region of the HGF receptor gene
(c-MET). Interestingly, a GATA-1 consensus sequence was
found within 300 bp upstream from the transcription start
site (Gambarotta et al., 1994). The GATA motif is known
to identify genes preferentially expressed during erythroid
differentiation (Martin et al., 1989). This finding prompted
us to investigate the expression of the HGF receptor in
hemopoietic cell lineages and the possible role of HGF in hu-
man hemopoiesis.

Hemopoietic cell lineages derive from pluripotent progen-
itors through committed precursors, characterized by the ex-
pression of receptors for specific factors. Recently, it has
been suggested that some growth factors of nonhemopoietic
origin may be involved in controlling proliferation and self-
renewal of early and committed hemopoietic precursors
(Correa and Axelrad, 1991). In this work, we show that HGF
selectively stimulates growth and differentiation of multipo-
tent and erythroid progenitors.

Materials and Methods

Recombinant HGF

Full-length HGF ¢cDNA was cloned from human liver mRNA (Naldini
et al., 1991a), and it was inserted as a BamHI-EcoRI fragment into the
baculovirus transfer vector PVL1393 (Invitrogen, San Diego, CA). The
recombinant vector was cotransfected with the Bsul-digested BacPak6 viral
DNA (Clontech Laboratories, Palo Alto, CA) into Spodoptera frugiperda
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insect cells (Sf9) by the lipofectin procedure. Positive viral clones isolated
by dot-blot hybridization, and plaque assays were used for large-scale infec-
tion. HGF was obtained from culture supernatant of Sf9-infected cells 72 h
after infection, by affinity chromatography on a heparin-Sepharose FPLC
column (Bio Rad Laboratories, Hercules, CA) eluted with a linear 0.5-
1.8 M NaCl gradient. The unprocessed recombinant factor (pro-HGF) was
detected by Coomassie blue staining as a band of 90 kD in SDS-PAGE. Pro-
tein concentration was estimated by Coomassie blue staining and compari-
son with a standard curve obtained with increasing amounts of bovine se-
rum albumin.

HGF Labeling and Immunoprecipitation

Pure HGF was radiolabeled as previously described (Naldini et al., 1992).
The radiolabeled factor was immunoprecipitated, as described elsewhere
(Naldini et al., 1992), with anti-HGF monoclonal antibodies.

Scatter Assay

The dissociation assay on MDCK cells was performed as previously de-
scribed (Stoker et al., 1987, Weidner et al., 1990). Cells were seeded at
low density in six-well plates and exposed to HGF in fresh medium over-
night. The scattering effect was monitored by light microscopy. 1 U of activ-
ity was defined as the lowest amount of factor per milliliter that clearly dis-
sociated MDCK cells.

Thymidine Incorporation

Primary cultures of rat hepatocytes were prepared as described (Zarnegar
et al., 1991) and seeded on collagen (Bochringer Mannheim Biochemicals,
Indianapolis, IN)-coated six-well cell culture cluster (Costar Corp., Cam-
bridge, MA) in M199 medium (Sigma Immunochemicals, St. Louis, MO)
supplemented with 100 ng/ml insulin. Medium was changed after 4 h, and
the cultures were used within 48 h. The factors were added at the indicated
concentrations for 24 h, then [6-3H)thymidine (28 Ci/mmol, 1 xCi/ml)
was added in fresh medium, and the cultures were further incubated for
18 h. Cell growth was evaluated by [*H]thymidine incorporation into TCA-
precipitable material.

Recombinant Growth Factors

Human recombinant multipotent GM-CSF and human recombinant IL-3
were kindly supplied by Sandoz (Wien, Austria) and stored at —70°C for
no more than 3 mo before use. Human recombinant stem cell factor was
provided by Amgen Biologicals (Thousand Oaks, California).

CD34* Cell Separation

Bone marrow, fetal umbilical cord blood, and adult peripheral blood sam-
ples were obtained from volunteers after informed consent. Heparinized
samples of bone marrow, cord blood, or peripheral blood were diluted with
an equal volume of PBS, and were separated by Ficoll-Hypaque 1077 SD
(Pharmacia Fine Chemicals, Piscataway, NJ) density gradient centrifuga-
tion at 550 g for 30 min. Light-density mononuclear cells were collected,
washed twice in PBS, and resuspended in Iscove modified Dulbecco’s
medium {(IMDM) (Gibco BRL, Gaithersburg, MD) supplemented with 5%
FCS (Biological Industries, Kibbutz Beit Haemek, Israel). Mononuclear
adherent cells were then removed by a two-step incubation of 30 min each
in plastic flasks at 37°C.

Mononuclear nonadherent celis (MNAC) were incubated with neur-
aminidase-treated sheep erythrocytes for 15 min at 37°C, centrifuged, and
incubated for 45 min at 4°C. T lymphocyte-depleted MNAC were separated
by Ficoll-Hypaque 1077 SD (Pharmacia) density gradient centrifugation.

T lymphocyte-depleted MNAC were then incubated for 45 min at 4°C
with the following antibodies: anti-CD3, anti-CD4, anti-CDS8, anti-CDilc,
anti-CD19, anti-CD57; most of the remaining B and T lymphocytes, mono-
cytes, and granulocytes were thus removed by incubation for 45 min at 4°C
with immunomagnetic beads coated with anti-mouse IgG (M-450 Dy-
nabeads; Dynal, Inc., Great Neck, NY), subsequently collected by a mag-
net (MPC-1 Dynabeads; Dynal).

A positive selection of the CD34™ cells was then performed: cells were
incubated with an antibody anti-CD34 (My-10; Becton-Dickinson Im-
munocytometry Systems, Mountain View, CA) for 45 min at 4°C, then for
45 min at 4°C with immunomagnetic beads coated with anti-mouse IgG;
a 4:1 bead/cell ratio was found to provide the best recovery. CD34* cells
bound to the beads were then collected by a magnet (MPC-1 Dynabeads;
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Dynal), and were resuspended in IMDM supplemented with 10% FCS. An
overnight incubation at 37°C was then performed; to allow CD34* cell
detachment, the beads were subjected to shearing forces by repeated flush-
ing through a Pasteur pipette. Further details about the negative/positive
double selection procedure used have been published previously (Bagnara
et al., 1991).

Cell Cultures

The colony assay for erythroid burst-forming units (BFU-E) and for mul-
tipotent granulocyte-erythroid-monocyte-megakaryocyte colony-forming
units (CFU-GEMM) was performed according to Iscove et al. (1974). Cord
blood, bone marrow, or peripheral blood CD34" cells were plated in 24-
well cell culture clusters (Costar) at a density of 2.5 X 10* cells/well, in
a medium containing IMDM, 30% FCS, 2 X 10™* M hemin, 5 x 1073
B-mercaptoethanol and 0.9% methylcellulose. The cells were stimulated
with the following growth factors alone or in combination: Epo, 2 ng/ml;
IL-3, 2 ng/ml; granulocyte-macrophage colony-stimulating factor (GM-
CSF), 50 ng/ml; stem cell factor (SCF), 20 ng/mi; pro-HGF, 2, 10, or 40
ng/ml. Colonies scored positive only when they appeared dark red and con-
tained more than four aggregates.

The assay for the 14-d granulo-monocyte colony-forming units was per-
formed as previously described (Iscove et al., 1971). Cord blood, bone mar-
row, or peripheral blood CD34* cells were plated in 24-well celi culture
clusters (Costar) at a density of 2.5 X 10° cells/well in a medium contain-
ing IMDM, 20% FCS, 0.3% Noble agar (Difco Laboratories Inc., Detroit,
MI), and the following growth factors alone or in combination: IL-3, 2
ng/ml; GM-CSF, 50 ng/ml; SCF, 20 ng/ml; pro-HGF, 2, 10, or 40 ng/ml.

For the megakaryocyte colony-forming unit assay, plasma clot assay was
performed according to Vainchenker et al. (1979). Cord blood, bone mar-
row, or peripheral blood CD34* cells were plated in 24-well cell culture
clusters (Costar) at a density of 2.5 X 10* cells/well in a medium contain-
ing IMDM, 20 mg/ml L-asparagine (Sigma), 3.4 pg/ml CaClz, 10% bovine
plasma citrated (Gibco BRL), 1% detoxified BSA (fraction V Chon;
Sigma), 10% of a preselected batch of heat-inactivated, pooled human AB
serum, and the following growth factors alone or in combination: IL-3, 2
ng/ml; GM-CSF, 50 ng/ml; SCF, 20 ng/ml; pro-HGF, 2, 10, or 40 ng/ml.
After 12 d of incubation, the plasma clot was fixed in situ with methanol-
acetone 1:3 for 20 min, washed with PBS, and air dried. Fixed plates were
stored at —20°C until immunofluorescence staining was performed; mega-
karyocyte colony-forming unit colonies were scored as aggregates of 3-100
cells intensively fluorescent to monoclonal antibody CD41 (Immunotech,
Marseille, France) directed against the IIb/Illa glycoprotein complex. Bind-
ing was shown by fluorescein-conjugated goat anti-mouse Ig (Becton-
Dickinson Immunocytometry Systems, Mountain View, CA).

Flow Cytometry Analysis

Cells were stained for flow cytometry analysis using phycoerythrin-
conjugated anti-CD34 (Becton-Dickinson), unconjugated monoclonal anti-
bodies DO-24 (anti-Mer; Prat et al., 1991b), and SR-1 (anti-Kiz;, Briddel et
al., 1992), kindly provided by V. Broudy (University of Washington Medi-
cal School, Seattle, WA). Detection of unconjugated antibodies was facili-
tated using fluorescein-tagged goat anti-mouse Ig (Becton-Dickinson).
Each analysis included 10,000 events collected in list mode on a FACScan®
flow cytometer (Becton-Dickinson) and analyzed using FACstar® Con-
sort 30 software. The instrument was gated on the basis of forward and 90°
angle scatter to eliminate debris and aggregates. For two-color analysis,
10,000 events were acquired gating on red fluorescence. Controls included
cells stained with the second antibody alone or with a monoclonal antibody
directed against the intracellular domain of the HGF receptor (DQ13; Prat
et al., 1991b).

Mice

C57/B16 mice were mated between 9 and 10 p.m. Day 0.5 postcoitum was
assumed to begin on the middle of the day of vaginal plugging. Pregnant
female mice were killed by cervical dislocation, and embryos were staged
according to Theiler et al. (1989), collected in ice-cold PBS under a dissec-
tion microscope (SV11; Carl Zeiss, Inc., Thornwood, NY), and fixed in4%
paraformaldehyde overnight.

In Situ Hybridization

In situ hybridization was carried out as described (Wilkinson and Green,
1990; Wilkinson, 1992), with minor modifications. Both paraffin-embedded
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and cryostat sections were analyzed. Dissected embryos were prefixed in
0.1 M sodium phosphate buffer (pH 7.3), 4% paraformaldehyde at 4°C over-
night, and embedded in Tissue-Tek™ (Miles Laboratories Inc., Elkhart,
IN). 8-um thick cryosections were transferred onto gelatin/chromium III
potassium sulphate-subbed slides and dried at room temperature. Before
hybridization, slides were postfixed. The probes used were antisense
strands corresponding to nucleotides 2199-2718 for murine c-Met, as well
as the entire coding sequence for HGF. Transcription reactions with T7 or
Sp6 polymerase (Riboprobe Kit; Promega Biotec, Madison, WI) were
carried out in the presence of [**S]JCTP (Amersham Corp., Arlington
Heights, IL). The template was then degraded with RNase-free DNase
(Pharmacia), and the labeled RNA was purified through a Sephadex G-50
column and progressively degraded by random alkaline hydrolysis to im-
prove access to RNA in situ. The probes were dissolved at a working con-
centration of 1 X 10° cpm/ml in the hybridization mix; 30 m! of the appro-
priate probe was added to each slide. Hybridization was carried out
overnight at 55°C. The slides were then washed under stringent conditions
(65°C, 2x SSC, 50% formamide) and treated with RNase. Autoradiogra-
phy was performed with Kodak NT/B2 emulsion. Exposure times were be-
tween 15 and 25 d.

Negative controls included the c-MET and the HGF sense strands, and
probes for the homeotic genes Otx!, Ox2, Emxl, and Emx2 (Simeone et al.
1992), which were tested on sections adjacent to those hybridized with the
specific antisense strands to determine the basal background of the
hemopoietic cells. These probes never gave a detectable signal.

Results

Production of Human Recombinant HGF
in Insect Cells

Since purity is mandatory to assess the properties of a
growth factor in biological assays, we produced human HGF
in insect cells by means of a recombinant baculovirus. Insect
cells can be grown in serum-free medium, thus the recom-
binant protein can be recovered devoid of serum-derived, bi-
ologically active contaminants. Moreover, because of the
phylogenetic distance between insects and humans, the pos-
sible interference of other contaminating molecules pro-
duced by insect cells is negligible.

The full-length human HGF ¢cDNA (Naldini et al., 1991a)
was inserted into the baculovirus genome by a transfer vec-
tor, as described in Materials and Methods. Sf9 insect cells
infected with the recombinant virus released the human pro-
tein in the culture medium as single-chain unprocessed
pro-HGE. The protein was purified from spent medium by
heparin affinity chromatography. No contaminants could be
detected in SDS-PAGE by Coomassie blue staining. The
baculovirus pro-HGF migrated with the apparent molecular
masses of 90 or 65 kD, under reducing or nonreducing con-
ditions, respectively (Fig. 1 a). The observed shift is caused
by the reduction of intrachain disulfide bonds (Gohda et al.,
1988).

We have previously shown that also mammalian cells se-
crete HGF in the extracellular environment as an inactive
single-chain precursor. Pro-HGF is converted into the ma-
ture two-chain biologically active form upon proteolytic
cleavage by urokinase or a Factor XII-like serum protease
(Naldini et al., 1992; Miyazawa et al., 1993; Shimomura et
al., 1993). Since the biological assays used in this study were
performed in the presence of serum (see above), we tested
whether the baculovirus pro-HGF could be processed after
incubation for 2 h with 10% FCS. Under these conditions,
the I-labeled precursor was fully processed, generating
the two-chain mature form (Fig. 1 b).

The biological activity of the recombinant baculovirus
HGF was assessed in two different biological assays, and

1745



'M.~ " -. "£ 4
» ok
1 2 1 2 150 % - il-
/@I . mi e
¥
100 0
‘ b w.{.m: ;'t
90 — - ]
60 — - E 504 .
Q v
© - 4
32— - ' ]
0 - : ®
T I T
0 5 10 15 it <
HGF (ng/ml) )
a b c d

Figure 1. Biochemical and biological properties of human recombinant HGF, produced in the baculovirus expression system. (a) Under
nonreducing conditions (lane /), pro-HGF shows an apparent molecular mass of ~v60 kD. Under reducing conditions (lane 2), the band
shifts to a molecular mass of 90 kD. No contaminants can be detected in the preparation by SDS-PAGE and Coomassie blue staining.
(b) Maturation of pro-HGF. Immunoprecipitation and SDS-PAGE analysis of '#I-labeled unprocessed pro-HGF (lane I). In vitro pro-
cessing of pro-HGF was obtained by a 2-h incubation with fetal calf serum (10%); under these conditions, pro-HGF is cleaved, and it
generates the 60-kD « chain and the 32-kD 8 chain (lane 2). (¢) Mitogenic activity of HGF measured by [*H]thymidine incorporation
assay on primary rat hepatocytes. (d) “Scatter” of MDCK cells cultured in standard medium (fop) or after an 18-h incubation with pro-HGF

(10 ng/ml).

titrated by comparison with HGF obtained from mammalian
cells. The mitogenic activity was measured in a [*H]thymi-
dine incorporation assay, using primary rat hepatocytes. The
cell “scatter” activity (Gherardi et al., 1989; Weidner et al.,
1990) was evaluated on Madin-Darby canine kidney cells
(Fig. 1, ¢ and d). The recombinant molecule was active in
both assays. It should be noted that the “scatter” assay was
performed in the presence of 10% serum, while the [*H]-
thymidine incorporation assay was performed in the absence
of serum. However, it is known that hepatocytes can process
pro-HGF as they express the appropriate convertase(s)
(Naka et al., 1992; Mizuno et al., 1992, 1994).

HGF Stimulates Erythroid and Multipotent
Hemopoietic Progenitors In Vitro

The effect of HGF on the growth and differentiation of
hemopoietic progenitors was studied in colony formation as-
says. CD34* hemopoietic progenitors (Civin et al., 1984)
were purified from adult bone marrow, fetal umbilical cord
blood, or adult peripheral blood, as described in Materials
and Methods. The recovered cells were morphologically
unidentifiable blast elements on May-Grunwald-Giemsa stain-
ing, slightly contaminated by promyelocytes. Flow cytome-
try analysis indicated that the percentage of CD34* cells in
the selected cell preparations varied between 2 minimum of
30% (when the starting material was bone marrow) and a
maximum of 50% (when the starting material was umbilical
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cord blood). Contamination by CD4+, CD2*, CDI16*, or
CD19* cells was constantly <1%.

CD34+ cells were cultured in the presence of HGF alone,
or in combination with other growth factors. No colonies
were observed when the factor was added alone. However,
in the presence of standard concentrations of erythropoietin
(2 ng/ml), HGF dramatically increased the number of colo-
nies derived from the BFU-E precursors (Fig. 2). HGF also
stimulated the growth of colonies derived from multipotent
CFU-GEMM progenitors. The number of colonies was
comparable to that obtained by combining known hemo-
poietic factors such as GM-CSF and IL-3 (Bot et al., 1988;
Gasson, 1991; McNiece et al., 1991; Miyajima et al., 1993).
It should be noted, however, that the HGF effect was restricted
to the stimulation of CFU-GEMM and BFU-E. Neither
granulo-monocytic nor megakaryocytic colonies were ever
observed in response to HGE.

The response to HGF was dose-dependent and could be
observed at concentrations of HGF as low as 5 pM both in
erythroid and multipotent colonies (Fig. 3).

The HGF action was also studied on CD34+ fetal hemo-
poietic progenitors enriched from human umbilical cords
blood. It is known that this population contains a percentage
of primitive stem cells higher than the population purified
from adult bone marrow or peripheral blood (Broxmeyer et
al., 1992; Lu et al., 1993). As observed in the case of adult
hemopoietic progenitors, HGF stimulated both BFU-E- and
CFU-GEMM-derived colonies (data not shown).
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Figure 2. Colony formation from CD34* human bone marrow
progenitors grown in the presence of standard concentration of
erythropoietin (2 ng/ml) and various combinations of human
recombinant growth factors. (a) Erythropoietin alone. (b) 5 ng/ml
HGE. (¢) 50 ng/ml GM-CSF and 2 ng/ml IL-3. The data reported
are the total colonies counted in four distinct wells (2,500 CD34+
cells were seeded per well). Error bars indicate standard deviation.
BFU-E colonies were scored positive only if containing four or
more cell aggregates.

HGF Synergizes with SCF in Stimulating Multipotent
Hemopoietic Progenitors

In the presence of both HGF and SCEF, a significant increase
in the number of CFU-GEMM-derived colonies was ob-
served (Fig. 4). Interestingly, fewer erythroid colonies could
be seen compared to those developed in the cultures stimu-
lated by HGF alone. This suggests that the combination of
HGF and SCF preferentially affects proliferation of multipo-
tent progenitors. The erythroid colonies grown in the pres-
ence of both growth factors were extremely large, and they
showed a high hemoglobin content. The size of CFU-
GEMM-derived colonies grown in these conditions was also
increased and, within each colony, the erythroid lineage was
predominant (Fig. 5).

In these assays, HGF did not synergize with GM-CSF and
IL-3, either tested individually or in combination (data not
shown).

The HGF Receptor Is Expressed in a Subpopulation of
Adult Hemopoietic Progenitors (CD34*)

The presence of HGF receptor at the surface of hemopoietic
progenitors was studied by flow cytometry analysis of bone
marrow and peripheral blood mononuclear cells. Monoclo-
nal antibodies directed against extracellular epitopes of the
HGEF receptor § chain were used. A small but clearly iden-
tifiable subpopulation of bone marrow cells stained positive
for the HGF receptor (Table I). About half of the cells ex-
pressing the HGF receptor also coexpressed the CD34
marker and could, thus, be identified as hemopoietic progen-
itors (Civin et al., 1984).

As described above, HGF synergized with the SCF in
stimulating the growth and differentiation of CFU-GEMM-
derived colonies. In line with this observation, a subpopula-
tion of cells coexpressing the HGF and the SCF receptors
was identified using a monoclonal antibody against extracel-
lular epitopes of the SCF-R (c-Kif) protein.
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Figure 3. HGF-induced colony formation from CD34* human
bone marrow progenitors. The action of HGF on the formation of
both BFU-E and CFU-GEMM colonies is dose dependent with a
peak at the concentration of ~5 ng/ml. All tests were performed
in the presence of 2 ng/ml erythropoietin. The dashed line indicates
the number of colonies obtained in the presence of erythropoietin
alone.

Similar results were obtained by flow cytometry analysis
of CD34* progenitors circulating in the peripheral blood
(data not shown).

Flow cytometry analysis with anti-HGF-receptor antibod-
ies was also performed on cells harvested from the colonies
developed in vitro in response to HGF. Table I shows that
HGF receptor-positive cells were present.
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Figure 4. Synergistic effect of HGF and SCF on colony formation
from CD34* human bone marrow progenitors grown in the pres-
ence of standard concentration of erythropoietin. (a) 20 ng/ml SCF
alone. (b) 5 ng/ml HGF. (¢) 20 ng/ml SCF + 5 ng/ml HGF.
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Figure 5. Synergistic effect of
HGF and SCF in promoting
erythroid differentiation un-
der the conditions described
in the legends of Figs. 2 and 4.
(@) BFU-E-derived colony
developed in the presence of
HGF (5 ng/ml).” (b)) BFU-
E-derived colony grown in
the presence of HGF (same
concentration) and SCF (20
ng/mb). (¢) CFU-GEMM-
derived colony in the presence
of HGF and SCF, as in b.
Among the mixed lineages,
the erythroid eléments are
predominant.




Table I. Expression of HGF Receptor (HGF-R) in Human
Hemopoietic Progenitors

Percent of
Phenotype Positive Cells

Unfractionated bone marrow  HGF-R+ 0.6 + 0.1
HGF-R+/CD34 + 0.3 + 005

HGF-R+/CD34— 03+ 0.1

HGF-R+/SCF-R+ 0.2 + 0.1

HGF-R+/SCF-R—- 0.4 + 0.1

CFU-GEMM-derived colonies HGF-R+ 153 4+ 1.5

BFU-E-derived colonies HGF-R+ 9.7+ 1.2

HGF and its Receptor Are Expressed during the
Embryonal Development of Hemopoietic Cells

The expression of the HGF receptor was studied in em-
bryonal hemopoietic cells by in situ hybridization of histo-
logical sections of mouse embryos. Using an antisense MET
probe, the HGF receptor mRNA could be clearly detected
in megaloblastic cells located within the cavity of the de-
veloping heart and aorta from 10 to 10.5 d postcoitum (dpc)
(Fig. 6, a’ and ¢). Specific mRNA could also be detected in
the hepato/biliary primordium, which at this stage contains
hemopoietic precursors (Fig. 6 ). In this developing organ,
both epithelial cells and erythroid islands stained positive.
Hemopoietic cells showed a higher level of HGF receptor
mRNA, compared to the level of expression observed in the
surrounding hepatocytes. From 11 dpc, the hemopoietic em-
bryonal liver also expresses HGF mRNA (Fig. 7). The reso-
lution of in situ hybridization with %>S-labeled probes does
not allow positive assignment of hybridization signals to sin-
gle cells (Sonnenberg et al., 1993). However, although we
were not able to identify the subpopulation of cells that ex-
press the HGF mRNA in the hepato/biliary primordium, the
presence of these elements in close proximity and within the
islands of erythroid progenitors suggests juxtacrine interac-
tions.

Discussion

Hemopoicetic cell growth and differentiation is under the con-
trol of a complex network of cytokines, which act on their
target cells via specific receptors (Metcalf, 1984; Clark and
Kamen, 1987). Among these receptors, some are transmem-
brane tyrosine kinases expressed by different hemopoietic
lineages. The macrophage colony-stimulating factor receptor
kinase, encoded by the c-FMS protooncogene, is involved in
monocyte differentiation (Stanley et al., 1983; Sherr, 1990).
The receptor for SCF, encoded by the c-kit gene, is critical
for early hemopoiesis and mast cell differentiation (Besmer
et al., 1991; Chabot et al., 1988; Broxmeyer et al., 1992).
Some new members of the receptor tyrosine kinase super-
family (FLTI, FLT-3, FLT-4, and FLK-I) have recently been
identified in hemopoietic cells (Rosnet et al., 1991; Shibuya
etal., 1990; Matthews et al., 1991; Aprelikova et al., 1992).

Two transmembrane tyrosine kinases encoded by genes
related to the c-MET protooncogene are known to be in-
volved in hemopoiesis. (a) The v-sea oncogene, originally
isolated from a strain of avian erythroblastosis virus, causes
erythroblastosis and anemias in chickens (Smith et al.,
1989). (b) The recently cloned MRK (MET-related kinase)
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gene is expressed in early erythroid progenitors and in
differentiated hemopoietic cell lineages (Yee et al., 1993;
Tamagnone et al., 1993; Stacker et al., 1993).

The ¢-MET protooncogene encodes the tyrosine kinase
receptor for HGF (Naldini et al., 1991a, 1991b; Bottaro et
al., 1991). The expression of this gene has been considered,
so far, mainly restricted to epithelial tissues (Prat et al.,
1991a; Di Renzo et al., 1991). We recently identified in the
c-MET promoter, among other consensus sequences for
transcription factors, a GATA consensus motif (Gambarotta
et al., 1994). The GATA-1 transcription factor is the first
characterized member of a multigene family considered to
be of major importance in the establishment and main-
tenance of the erythroid phenotype (Martin et al., 1989). In
this work, we demonstrate that the HGF receptor is indeed
expressed in the adult by hemopoietic progenitors, as well
as in the embryo by erythroblast ancestors (megaloblasts).
We also show that HGF, traditionally regarded as a non-
hemopoietic growth factor, is a potent stimulator of the
proliferation and differentiation of the erythroid lineage.
This action is lineage specific because it does not affect either
granulo-monocytic or megakaryocytic lineage precursors.
Several lines of evidence suggest that HGF action on hemo-
poietic cells is direct. (@) In the adult, HGF receptor is ex-
pressed by a fraction of CD34* hemopoietic progenitors.
() In the embryo, HGF receptor mRNA is expressed by
primordial erythrocytes (megaloblasts), both in peripheral
blood and in hemopoietic liver. (¢) The HGF and the SCF
receptors are coexpressed in a subpopulation of progenitors,
in agreement with the synergistic effect of the two ligands.
(d) HGF stimulates only erythroid and multipotent progeni-
tors. Granulo-monocytic colony formation would be ex-
pected in the case of an HGF-induced secretion of cytokines
(e.g., IL-3 or GM-CSF; Gasson, 1991; Miyajima et al.,
1993). However, the direct action of HGF on hemopoietic
progenitors does not exclude, in principle, a possible addi-
tional indirect effect in vivo mediated by cells of the bone
marrow stroma responsive to the growth factor. Notably, en-
dothelial cells express the HGF receptor and respond to
HGF (Bussolino et al., 1992; Grant et al., 1993).

The HGF receptor expression in both endothelial and
erythroid cells is consistent with their common ontogenetic
origin, both lineages deriving from the same ancestors in
yolk-sac blood islands (see Gilbert, 1988). The HGF recep-
tor mRNA has actually been found in the hemopoietic tissue
of extra-embryonal mesoderm (Simeone et al., manuscript
in preparation).

Erythropoiesis is 2 complex process in which a specific
genetic program is primed (commitment) and executed
(maturation). Although much is known about maturation,
most of the molecular events occurring during the commit-
ment phase are still obscure (for a review see Takeshita and
Benz, 1991). Growth and differentiation of erythroid precur-
sor are regulated by humoral factors and by largely unchar-
acterized cell-cell interactions with bone marrow stroma,
the so-called hemopoietic microenvironment (Metcalf, 1987).
Erythropoietin has long been considered the major factor re-
quired for erythropoiesis (Koury and Bondurant, 1990),
other factors being far less specific (IL-3, GM-CSF, TGF-g;
Gasson, 1991; Miyajima et al., 1993; Sporn and Roberts,
1992). HGF represents a novel example of a humoral factor
specifically active on erythropoiesis.
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Figure 6. In situ analysis of c-MET (HGF receptor gene) expression in 10.5-dpc mouse embryos. (@) Toluidine blue-stained sagittal section
showing the branchial arches (ba) and the heart ventricle (hv) containing circulating megaloblastic cells (mb). (b) Toluidine blue-stained
sagittal section of the hepato/biliary primordium (hb) adjacent to the heart ventricle (hv), including nests of megaloblastic hemopoietic
cells (mb). (a'-b") Dark field of the same section shown in @ and b, hybridized with the c-MET antisense probe. Both circulating megaloblasts
and hemopoietic nests in the liver express a high level of HGF receptor mRNA. In the hepato/biliary primordium, the epithelial cells
are also positive. (¢) High magnification of a sagittal section through the embryonic aorta. HGF receptor mRNA is expressed only in
the megaloblastic cells filling the lumen.



We observed a potent synergism between HGF and SCF.
In the presence of both factors, multipotent colonies were
significantly increased, compared to colonies grown in the
presence of HGF alone, while erythroid colonies were nota-
bly decreased. This observation indicates that the combina-
tion of the two factors preferentially recruits early multipo-
tent progenitors rather than erythroid precursors. SCF is a
known stimulator of early hemopoietic progenitors (Wil-
liams and Lyman, 1992). HGF seems to affect hemopoietic
cells in a window of differentiation, including the transition
from multipotent progenitors to committed erythroid pre-
cursors. In our experimental conditions, HGF was not syner-
gistic with known cytokines active on hemopoietic precur-
sors, such as GM-CSF and IL-3. This observation, obtained
in the human hemopoietic system, does not confirm a previ-
ous report of synergism among HGF, IL-3, and GM-CSF in
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Figure 7. In situ analysis of
HGF expression in the hemo-
poietic liver of mouse em-
bryo. (a) Toluidine blue-
stained sagittal section of a
13.5-dpc embryo showing the
hepato/biliary  primordium
(hb). (@) Dark field of the
same section shown in a hy-
bridized with the HGF anti-
sense probe. (b) High magni-
fication of a sagittal section
through the hepato/biliary pri-
mordium of a 12.5-dpc em-
bryo. The darker cells corre-
spond to hemopoietic nests
surrounding the lumen of blood
vessels ().

promoting the growth of uncharacterized colonies from un-
fractionated murine bone marrow (Kmiecik et al., 1992).
This discrepancy may be explained by species differences.
Alternatively, since the mouse experiments were performed
on total bone marrow cell suspensions (including lympho-
cytes and monocyte-macrophages), the HGF effect could
have been indirect, mediated by production of hemopoietic
cytokines by accessory cells.

The potent synergism between HGF and SCF gives in-
teresting clues. (a) The HGF and SCF receptors are ex-
pressed in numerous and partially overlapping sets of target
tissues, including epithelia, melanocytes, and hemopoietic
cells (Kan et al., 1991; Rubin et al., 1991; Halaban et al.,
1992; Matsumoto et al., 1991; Brizzi et al., 1991). (b) The
HGF and SCF receptors are tyrosine kinases that transduce
extracellular signals via complementary pathways. The cyto-
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plasmic domain of the HGF receptor contains a mulitifunc-
tional docking site that interacts with phospholipase-C-y,
pp60<s~, the GRB-2/S0S complex and, less efficiently, with
PI 3 kinase (Graziani et al., 1991; Ponzetto et al., 1994). The
SCEF receptor, on the other hand, binds very efficiently PI 3
kinase, while the interaction with other transducers is weak
(Lev et al., 1991; Rottapel et al., 1991). (c) The two ligands,
HGF and SCF, are associated to the cell surface: the SCF
precursor is a transmembrane protein (Flanagan et al., 1991;
Huang et al., 1992) and HGF is bound to cell surface
heparansulphate glycosaminoglycans (Naldini et al., 1991a).
Both factors may thus play a role in the juxtacrine interac-
tions, occurring in the hemopoietic microenvironment.
HGF is a paracrine growth factor that governs mesen-
chymal-epithelial interactions. It is produced by nonparen-
chymal cells of the liver, kidney, and lung, while parenchy-
mal (epithelial) cells in these organs express high levels of
HGF receptor (Noji et al., 1990). A similar expression pat-
tern is found during development of epithelial organs, where
the factor is secreted by mesenchymal cells and the receptor
is expressed by adjacent epithelial cells (Sonnenberg et al.,
1993). We now suggest that HGF is a paracrine mediator of
stromal-hemopoietic cell interactions both during embryo-
genesis and adult life. This factor may, therefore, be one of
the long-sought molecules mediating developmental signals
between microenvironment and hemopoietic progenitors.

We thank Dr. C. Ponzetto for the mouse c-MET probe, Dr. G. Gaudino for
the HGF probe, Dr. V. Broudy for kindly providing the anti-Kir antibody,
Dr. M. Prat for the anti-HGF antibody, and Dr. A. Bacigalupo and Dr. M.
Geuna for performing the initial flow cytometry experiments.

This work was supported by grants from the Ministero della Sanita VI
Progetto AIDS, the Associazione Italiana Ricerche sul Cancro (AIRC), the
Italian National Research Council (CNR-ACRO) to P. M. Comoglio, and
by grants from AIRC and CNR-ACRO to G. P. Bagnara. E. Cottone is an
AIRC fellow.

Received for publication 7 April 1994 and in revised form 18 August 1994.

References

Aprelikova, O., K. Pajusola, J. Partanen, E. Armstrong, R. Alitalo, S. K.
Bailey, J. McMahon, J. Wasmuth, K. Huebner, and K. Alitalo. 1992. FLT4,
a novel class 11l receptor tyrosine kinase in chromosome 5933-qter. Cancer
Res. 52:746-748.

Bagnara, G. P., G. Zauli, L. Vitale, P. Rosito, V. Vecchi, G. Paolucci, G. C.
Avanzi, U. Ramenghi, F. Timeus, and V. Gabutti. 1991. In vitro growth
and regulation of bone marrow enriched CD34 + hematopoietic progenitors
in Diamond-Blackfan anemia. Blood. 78:2203-2210.

Bardelli, A., F. Maina, I. 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. 7:1973-1978.

Besmer, P. 1991. The c-kit ligand encoded at the murine Steel locus: a pleio-
tropic growth and differentiation factor. Curr. Opin. Cell Biol. 3:939-946.

Boccaccio, C., G. Gaudino, G. Gambarotta, F. Galimi, and P. M. Comoglio.
1994. Hepatocyte growth factor receptor expression is inducible and is part
of the delayed-early response to HGF. J. Biol. Chem. 17:12846-12851.

Bot, F. J., L. Dorssers, G. Wagemaker, and B. Lowenberg. 1988. Stimulating
spectrum of human recembinant multi-CSF (IL-3) on human marrow precur-
sors: importance of accessory cells. Blood. 71:1609-1614.

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-mer protooncogene. Science (Wash.
DC). 251:802-804.

Briddell, R. A., V. C. Broudy, E. Bruno, J. E. Brandt, E. F. Srour, and R.
Hoffman. 1992. Further phenotypic characterization of human hematopoi-
etic progentitor cells using a monoclonal antibody to the c-kit receptor.
Blood. 79:3159-3167.

Brizzi, M. F., G. C. Avanzi, and L. Pegoraro. 1991. Hematopoietic growth
factor receptors. Int. J. Cell Cloning. 9:274-300.

Broxmeyer, H. E., G. Hangoc, S. Cooper, C. Ribeiro, V. Greaves, M. Yoder,
J. Wagner, S. Vadhan-Raj, L. Benninger, P. Rubinstein et al. 1992. Growth

The Journal of Cell Biology, Voiume 127, 1994

characteristics and expansion of human umbilical cord blood and estimation
of its potential for transplantation in adults. Proc. Natl. Acad. Sci. USA.
89:4109-4113.

Broxmeyer, E. H., R. Maze, K. Miyazawa, C. Carow, P. C. Hendrie, S.
Cooper, G. Hangoc, S. Vadham-Raj, and L. Lu. 1992. The c-kit receptor
and its ligand, Steel, as regulators of hemopoiesis. Cancer Cells. 3:480-487.

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.

Cantley, L. C., K. R. Auger, C. Carpenter, B. Duckworth, A. Graziani, R.
Kapeller, and S. Soltoff. 1991. Oncogenes and signal transduction. Cell.
64:281-302.

Chabot, B., D. A. Stephenson, V. M. Chapman, P. Besmer, and A. Bernstein.
1988. The proto-oncogene c-kit encoding a transmembrane tyrosine kinase
receptor maps to the mouse W locus. Nature {Lond.). 335:88-89.

Civin, C. 1., L. C. Strauss, C. Brovall, M. J. Fackler, J. F. Schwartz, andJ. H.
Shaper. 1984. Antigenic analysis of hematopoiesis. III. A hematopoietic pro-
genitor cell surface antigen defined by a monoclonal antibody raised against
KG-1a cells. J. Immunol. 133:157-165.

Clark, S. C., and R. Kamen. 1987. The human hematopoietic colony-
stimulating factors. Science (Wask. DC). 236:1229-1237.

Correa, P. N., and A. A. Axeirad. 1991. Production of erythropoietic bursts
by progenitor cells from adult human peripheral blood in an improved serum-
free medium: role of insulin-like growth factor 1. Blood. 78:2823-2833.

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.

Ferracini, R., P. Longati, L. Naldini, E. Vigna, and P. M. Comoglio. 1991.
Identification of the major autophosphorylation site of the Met/hepatocyte
growth factor receptor tyrosine kinase. J. Biol. Chem. 266:19558-19564.

Flanagan, J. G., D. C. Chen, and P. Leder. 1991. Transmembrane form of the
kit ligand growth factor is determined by alternative splicing and is missing
in the Sld mutant. Cell. 64:1025-1035.

Gambarotta, G., S. Pistoi, S. Giordano, P.Comoglio, and C. Santoro. 1994.
Structure and inducible regulation of the human MET promoter. J. Biol.
Chem. 269:12852-12857.

Gandino, L., M. F. Di Renzo, S. Giordano, F. Bussolino, and P. M. Comoglio.
1990. Protein kinase-c activation inhibits tyrosine phosphorylation of the
c-met protein. Oncogene. 5:721-725.

Gandino, L., L. Munaron, L. Naldini, M. Magni, and P. M. Comoglio. 1991.
Intra-cellular calcium regulates the tyrosine kinase receptor encoded by the
MET oncogene. J. Biol. Chem. 266:16098-16104.

Gandino, L., P. Longati, M. Prat, and P. M. Comoglio. 1994. Identification
of Ser®® as a target for negative regulation of the HGF/SF receptor. J. Biol.
Chem. 269:1815-1820.

Gasson, J. 1991. Molecular physiology of granulocyte-macrophage colony-
stimulating factor. Blood. 77:1131-1145.

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

Gilbert, S. F. 1988. Developmental Biology. 2nd ed. Sianuer Associates, Inc.,
Sunderland, MA. 843 pp.

Giordano, S., C. Ponzetto, M. F. Di Renzo, C. S. Cooper, and P. M.
Comoglio. 1989a. Tyrosine kinase receptor indistinguishable from the c-mer
protein. 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.

Giordano, S., Z. Zhen, E. Medico, G. Gaudino, F. Galimi, and P. M.
Comoglio. 1993. Transfer of the motogenic and invasive response to scatter
factor/hepatocyte growth factor by transfection of the human c-MET proto-
oncogene. Proc. Natl. Acad. Sci. USA. 90:649-653.

Gohda, E., H. Subouchi, H. Nakayama, S. Hirono, O. Sakiyama, K. Taka-
hashi, H. Miyazaki, S. Hashimoto, and Y. Daikuhara. 1988. Purification and
partial characterization of hepatocyte growth factor from plasma of a patient
with hepatic failure. J. Clin. Invest. 81:414-419.

Grant, D. S., H. K. Kleinman, I. D. Goldberg, M. Bhargava, B. J. Nickoloff,
J. L. Kinsella, P. J. 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, L. C. Cantley, and P. M. Comoglio. 1991. The
tyrosine phosphorylated hepatocyte growth factor/scatter factor receptor as-
sociates with phosphatidylinositol 3-kinase. J. Biol. Chem. 266:22087-
22090.

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.

Halaban, R., J. F. Rubin, Y. Funasaka, M. Cobb, T. Boulton, D. Faletto, E.
Rosen, A. Chan, K. Yoko, W. White, C. Cook, and G. Moellmann. 1992.
Met and hepatocyte growth factor/scatter factor signal transduction in nor-
mal melanocytes and melanoma cells. Oncogene. 7:2195-2206.

Huang, E. J., K. H. Nocka, J. Buck, and P. Besmer. 1992. Differential expres-
sion and processing of two cell-associated forms of the kit-ligand: KL-1 and

1752



KL-2. Mol. Biol. Cell. 3:349-362.

Iscove, N. N., S. Senn, J. E. Till, and E. A. McCulloch. 1971. Colony forma-
tion by normal and lenkemic human marrow cells in culture: effect of condi-
tioned medium from human leukocytes. Blood. 37:1-5.

Iscove, N. N, F. Sieber, and H. Winteralter. 1974. Erythroid colony formation
in cultures of mouse and human bone marrow: analysis of the requirement
for erythropoietin by gel filtration and affinity chromatography on agarose-
concanavalin A. J. Cell. Physiol. 83:309-320.

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 ker-
atinocytes and stimulates anchorage-independent growth of SV40-trans-
formed RPTE. Biochem. Biophys. Res. Commun. 174:331-337.

Kmiecik, T. E., I. R. Keller, E. Rosen, and G. F. Vande Woude. 1992. Hepato-
cyte growth factor is a synergistic factor for the growth of hematopoietic pro-
genitor cells. Blood. 16:2454-2457.

Koch, C. A., D. Anderson, M. F. Moran, C. Ellis, and T. Pawson. 1991, SH2
and SH3 domains: elements that control interactions of cytoplasmic signaling
proteins. Science (Wash. DC). 252:668-674.

Koury, M. J., and M. C. Bondurant. 1990. Erythropoietin retards DNA break-
down and prevents programmed death in erythroid progenitor cells. Science
(Wash. DC). 248:378-381.

Lev, S., D. Givol, and Y. Yarden. 1991. A specific combination of substrates
is involved in signal transduction by the kit-encoded receptor. EMBO (Eur.
Mol. Biol. Organ.) J. 10:647-654.

Longati, P., A. Bardelli, C. Ponzetto, L. Naldini, and P. M. Comoglio. 1994.
Tyrosines'?*"'3% are critical for activation of the HGF/SF receptor by
phosphorylation. Oncogene. 9:49-57.

Lu, L., M. Xiao, R. N. Shen, S. Grigsby, and H. E. Broxmeyer. 1993. Enrich-
ment, characterization and responsiveness of single primitive CD34+ hu-
man umbilical cord blood hematopoietic progenitors with high proliferative
and replating potential. Blood. 81:41-48.

Martin, D. I. K., S. F. Tsai, and S. H. Orkin. 1989. Increased y-globin expres-
sion in a nondeletion HPFH mediated by an erythroid-specific DNA-binding
factor. Nature (Lond.). 338:435-438.

Matsumoto, K., K. Hashimoto, K. Yoshikaua, and T. Nakamura. 1991.
Marked stimulation of growth and motility of human keratinocytes by hepa-
tocyte growth factor. Exp. Cell Res. 196:114-120.

Matthews, W., C. T. Jordan, M. Gavin, N. A. Jenkins, N. G. Copeland, and
I. R. Lemischka. 1991. A receptor tyrosine kinase cDNA isolated from a
population of enriched primitive hematopoietic cells and exhibiting close
genetic linkage to c-kit. Proc. Natl. Acad. Sci. USA. 88:9026-9030.

McNiece, I. K., K. E. Langley, and K. M. Zsebo. 1991. Recombinant human
stem cell factor synergises with GM-CSF, G-CSF, IL-3, and Epo to stimu-
late human progenitor cells of the myeloid and erythroid lineages. Exp.
Hematol. 19:226-231.

Metcalf, D. 1984. The Hemopoietic Colony Stimulating Factors. Elsevier
Science Publishers B.V., Amsterdam. 512 pp.

Metcalf, D. 1987. The molecular control of cell division, differentiation, com-
mitment and maturation in hemopoietic cells. Narure (Lond.). 339:27-30.

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

Miyajima, A., A. L. Mui, T. Ogorochi, and K. Sakamaki. 1993. Receptors for
granulocyte-macrophage colony-stimulating factor, interleukin-3 and inter-
leukin-5. Blood. 82:1960-1974.

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

Miyazawa, K., T. Shimomura, A. Kitamura, J. Kondo, Y. Morimoto, and N.
Kitamura. 1993. Molecular cloning and sequence analysis of the cDNA for
a human serine protease responsible for activation of hepatocyte growth fac-
tor. J. Biol. Chem. 268:10024-10028.

Mizuno, K., T. Takehara, and T. Nakamura. 1992. Proteolytic activation of
a sigle-chain precursor of HGF by extracellular serine-protease. Biochem.
Biophys. Res. Commun. 189:1631-1638.

Mizuno, K., Y. Tanoue, I. Okano, T. Harano, T. Takada, and T. Nakamura.
1994. Purification and characterization of HGF-converting enzyme. Bio-
chem. Biophys. Res. Commun. 198:1161-1169.

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.

Morimoto, A., K. Okamura, R. Hamanaka, Y. Sato, N. Shima, K. Higashio,
and M. Kuwano. 1991. Hepatocyte growth factor modulates migration and
proliferation of human microvascular endothelial cells in culture. Biochem.
Biophys. Res. Commun. 1197:1042-1049.

Naka, D., T. Ishii, Y. Yoshiyama, K. Miyazawa, H. Hara, T. Hishida, and
N. Kitamura. 1992. Activation of Hepatocyte Growth Factor by proteolytic
conversion of a single chain form to a heterodimer. J. Biol. Chem. 267:
20114-20119.

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

Naldini, L., M. Weidner, E. Vigna, G. Gaudino, A. Bardelli, C. Ponzetto, R.

Galimi et al. Hepatocyte Growth Factor Is a Hemopoietic Factor

Narsimhan, G. Hartmann, R. Zarnegar, G. Michalopoulos et al. 1991a.
Scatter factor and hepatocyte growth factor are indistinguishable ligands for
the Met receptor. EMBO (Eur. Mol. Biol. Organ.) J. 10:2867-2878.

Naldini, L., E. Vigna, R. P. Narshiman, G. Gaudino, R. Zamegar, G.
Michalopoulos, 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.

Noji, S., K. Tashiro, E. Koyama, T. Nohno, K. Ohyama, S. Taniguchi, and
T. Nakamura. 1990. Expression of hepatocyte growth factor gene in en-
dothelial and Kupfer cells of damaged rat livers, as revealed by in situ hybrid-
ization. Biochem. Biophys. Res. Commun. 173:42-47.

Park, M., M. Dean, K. Kaul, M. J, Braun, M. A. Gonda, and G. F. Vande
Woude. 1987. Sequence of MET protooncogene cDNA has features charac-
teristic of the tyrosine kinase family of growth factor receptors. Proc. Natl.
Acad. Sci. USA. 84:6379-6383.

Pawson, T., and J. Schlessinger. 1993. SH2 and SH3 domains. Current Biol.
3:434-442.

Pepper, M. S., K. Matsumoto, T. Nakamura, L. Orci, and R. Montesano.
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. Ceil. Biol. 13:4600-4608.

Ponzeito, 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. 77:261-271.

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 onco-
gene is expressed in hepatocytes, epithelial cells and solid tumors. Inz. 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.

Rosnet, O., M. G. Mattei, S. Marchetto, and D. Birnbaum. 1991. Isolation and
chromosomal localization of a novel FMS-like tyrosine kinase gene.
Genomics. 9:380-385.

Rottapel, R., M. Reedijk, D. E. Williams, S. Lyman, D. M. Anderson, T.
Pawson, and A. Bernstein. 1991. The Steel/W transduction pathway: kir au-
tophosphorylation and its association with a unique subset of cytoplasmic
signaling proteins is induced by the Steel factor. Mol. Cell. Biol. 11:3043-
3051.

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.

Sherr, C. J. 1990. Colony stimulating factor-1 receptor. Blood. 75:1-12.

Shibuya, M., S. Yamaguchi, A. Yamane, T. Ikeda, A. Tojo, H. Matsushime,
and M. Sato. 1990. Nucleotide sequence and expression of a novel human
receptor-type tyrosine kinase gene (flt) closely related to the fins family. On-
cogene. 5:519-524.

Shimomura, T., J. Kondo, M. Qchiai, D. Naka, K. Miyazawa, Y. Morimoto,
and N. Kitamura. 1993. Activation of the zymogen of hepatocyte growth fac-
tor activator by thrombin. J. Biol. Chem. 268:22927-22932.

Simeone, A., D. Acampora, M. Gulisano, A. Stornaiuolo, and E. Boncinelli.
1992. Nested expression domains of four homeobox genes in developing ros-
tral brain. Nature (Lond.). 358:687-690.

Smith, D. R., P. K. Vogt, and M. J. Hayman. 1989. The v-sea oncogene of
avian erythroblastosis retrovirus S13: another member of the protein-
tyrosine kinase gene family. Proc. Natl. Acad. Sci. USA. 86:5291-5295.

Sonnenberg, E., D. Meyer, K. M. Weidner, and C. Birchmeier. 1993, 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.

Sottrup-Tensen, L., H. Claeys, H. Zajdel, T. E. Petersen, and S. Magnusson.
1978. In Progress in Chemical Fibrinolysis and Thrombolysis. Vol. 3. Ra-
ven Press Ltd., New York. pp. 191-209.

Sporn, M. B., and A. B. Roberts. 1992. Transforming growth factor-g3: recent
progress and new challenges. J. Cell Biol. 119:1017-1021.

Stacker, S. A., C. M. Hovens, A. Vitali, M. A. Pritchard, E. Baker, G. R.
Sutherland, and A. F. Wilks. 1993. Molecular cloning and chromosomal
localisation of the human homolog of a receptor related to tyrosine kinases
(RYK). Oncogene. 8:1347-1356.

Stanley, E. R., L. J. Giulbert, R. J. Tushinski, and S. H. Bartelmez. 1983.
CSF-1: a mononuclear phagocyte lineage specific hemopoietic growth fac-
tor. J. Cell. Biochem. 21:151-159,

Stern, C. D., G. W. Ireland, S. E. Herrick, E. Gherardi, J. Gray, M. Perryman,

1753



and M. Stoker. 1990. Epithelial scatter factor and development of the chick
embryonic axis. Development (Camb.). 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.

Takeshita, K., and E. J. Benz. 1991. Gene expression during erythropoiesis.
Ins. J. Cell Cloning. 9:109-122.

Tamagnone, L., J. Partanen, E. Armstrong, J. Lasota, K. Ohganu, T.
Tazunoki, S. LaForgia, K. Webner, and K. Alitalo. 1993. The human ryk
cDNA sequence predicts a protein containing two putative transmembrane
segments and a tyrosine kinase catalytic domain. Oncogene. 8:2009-2014.

Theiler, K. 1989. The House Mouse. Atlas of Embryonic Development.
Springer-Verlag, Zurich. 321 pp.

Vainchenker, W_, J. Bouquet, J. Guichard, and J. Breton-Gorius. 1979. Mega-
karyocyte colony formation from human bone marrow precursors. Blood.
59:940-945.

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.

The Journal of Cell Biology, Volume 127, 1994

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.

Wilkinson, D. G., and J. Green. 1990. In situ hybridization and three-
dimensional reconstruction of serial sections. In Postimplantation Mam-
malian Embryos: A Practical Approach. A. J. Copp and D. L. Cockroft, edi-
tors. IRL Press, Oxford. pp. 155-171.

Wilkinson, D. G. 1992. In Situ hybridization. A Practical Approach. IRL
Press, Oxford.

Williams, D. E., and 8. D. Lyman. 1992. Characterization of the gene-product
of the Steel locus. Prog. Growth Factor Res. 3:235-242.

Yee, K., T. R. Bishop, C. Mather, and L. I. Zon. 1993. Isolation of a novel
receptor tyrosine kinase cDNA expressed by developing erythroid progeni-
tors. Blood. 82:1335-1343.

Zamegar, R., M. C. DeFrances, D. Kost, P. Lindroos, and G. K.
Michalopoulos. 1991. Expression of hepatocyte growth factor mRNA in
regenerating rat liver after partial hepatectomy. Biomed. Biophys. Res. Com-
mun. 177:559-565.

1754



