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A decade after its discovery in the context of liver regenera-
tion, hepatocyte growth factor (HGF) is now recognized as
a multifunctional cytokine involved in growth regulation
and differentiation of multiple tissues. The accumulated lit-
erature shows that, in addition to liver, HGF has effects on
brain growth and development, lung, kidney, intestine,
breast, smooth and skeletal muscle, myocardium, and
reproductive and genitourinary tissues. The effects of HGF
on cellular populations of the above tissues are mitogenic
and motogenic. This chapter focuses on general aspects of
HGF and its receptor, and on the role of HGF in liver
growth and differentiation. The available evidence indicates
that HGF has regulatory control of liver embryonic growth

and development, adult liver regeneration and differentia-
tion of hepatocytes, bile duct epithelium, and sinusoidal
endothelial cells. Adult liver regeneration occurs as a result
of injury to the liver resulting in acute or chronic loss of
hepatic parenchyma (1). Injury to the liver can be caused by
surgery (such as partial hepatectomy), by chemical toxicity
[such as carbon tetrachloride (CCl4) administration], by
viral infection (e.g., hepatitis B or C virus), accumulation of
toxic metabolites from genetic diseases, autoimmune mech-
anisms, etc. Any injury resulting in loss of hepatic
parenchyma triggers hepatic regeneration. HGF has been
shown to have potential impact on regeneration induced by
any of the above mechanisms (2) (see Chapter 42 and web-
site chapter vW-31).

Studies on the mechanisms of liver regeneration in the
early 1960s demonstrated the presence of humoral factor(s)
in the circulating blood as the trigger of the regenerative
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response in hepatocytes (3). Subsequent investigations utiliz-
ing primary cultures of rat hepatocytes in chemically defined
media supported this observation by showing that sera from
hepatectomized animals contained a substance that stimu-
lated hepatocyte replication in vitro (4,5). With the revolu-
tionary advances in the techniques for protein purification
and microsequencing as well as complementary DNA
(cDNA) cloning, a serum protein was purified that was
directly mitogenic in primary cultures of hepatocytes (6–9)
and its gene was molecularly cloned in the late 1980s. This
substance was named originally hepatopoietin A (5) and sub-
sequently hepatocyte growth factor (HGF) (10,11). During
the years that led to the discovery of the circulating factor in
serum as HGF, other nonhumoral substances were found to
induce DNA replication in hepatocytes in vitro and in vivo.
These can be classified as “direct mitogens” and include epi-
dermal growth factor (EGF), transforming growth factor-α
(TGF-α), and acidic fibroblast growth factor (aFGF)
(12–15). In addition, since the discovery of HGF, many
other factors have been found to be critical in liver regenera-
tion and to increase in plasma after partial hepatectomy.
These substances include tumor necrosis factor-α (TNF-α)
(17–19), interleukin-6 (IL-6) (16), and norepinephrine (20).
Since these substances are not direct mitogens for hepato-
cytes, they could not have been detected by the assay that led
to the discovery of HGF, as that assay was geared toward iso-
lation of direct mitogens. The simultaneous elevation in the
plasma, following partial hepatectomy, of many substances
(TNF-α, IL-6, norepinephrine) having regulatory effects on
liver regeneration and hepatocyte growth suggests that the
plasma circulating regenerative stimulus described above is
more complex than originally thought and probably includes
other substances besides the mitogen HGF. These substances,
even though not directly mitogenic in culture, may have
stimulatory effects in vivo that would not have been detected
by the cell culture bioassay.

GENERAL ASPECTS OF HEPATOCYTE
GROWTH FACTOR STRUCTURE AND
FUNCTION

Biochemical and Structural Properties of
Hepatocyte Growth Factor Protein

HGF purified from rabbit serum, rat platelets, or human
plasma is a heparin-binding heterodimeric glycoprotein
consisting of a heavy chain (α) and a light chain (β) with
molecular masses of 58,000 to 69,000 and 30,000 to
34,000, respectively (6–8) as determined by sodium dode-
cylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
HGF isolated from the conditioned medium of a human
embryonic lung fibroblast cell line or from human placenta
exists predominantly as an unprocessed single-chain pro-
HGF polypeptide with a molecular mass of 87,000 to

92,000 (21,22). Analysis of the cDNA nucleotide sequence
of HGF revealed that the two polypeptide chains of HGF
are encoded in a single open reading frame to yield the pre-
pro-HGF molecule coding for 728 amino acids (10,11).
The signal peptide of 31 amino acids at the amino terminus
of pre-pro-HGF is removed in the endoplasmic reticulum
to yield the pro-HGF precursor (11).

Comparison of the amino acid sequence of HGF to
those of other known proteins showed homology to factors
involved in the blood coagulation cascade or in fibrinolysis.
Several of these factors contain varying numbers of
polypeptide structures known as kringles, which are com-
posed of a stretch of approximately 90 amino acids forming
a double-looped structure held together by three disulfide
bonds. For example, factor XII and urokinase-type plas-
minogen activator (u-PA) each contain one kringle domain;
prothrombin and tissue-type plasminogen activator (t-PA)
each contain two kringle domains, while plasminogen con-
tains five (11,23). Although each kringle generally has a
unique amino acid sequence, a short seven amino acid
sequence (Asp-Tyr-Cys-Arg-Asp-Pro-Asp) is common in
most kringle domains at a specific location. By comparing
the amino acid sequences of HGF and these other kringle-
containing proteins, the highest degree of homology (39%)
was found to exist between HGF and plasminogen (11).
The α chain of HGF contains four kringle domains with
substantial amino acid sequence similarity to the kringles 1,
4, and 5 of plasminogen. The β chain of HGF is also
unusual in that it possesses homology to the serine protease
domains present in several of the enzymes mentioned
above. HGF does not, however, have any known enzymatic
(proteolytic) activity likely due to substitution of two out of
three amino acids required in the catalytic triad (serine by
tyrosine, and histidine by glutamine).

Pathways of Activation of Hepatocyte
Growth Factor

HGF is synthesized as a precursor (pro-HGF) molecule,
and this is the predominant form by which HGF is present
in the matrix of most tissues (21,22). Conversion of the sin-
gle chain pro-HGF to the heterodimeric form is an essen-
tial step for HGF function. In vitro mutagenesis studies in
which an amino acid at the cleavage site between the α and
β chains was altered by introducing a single nucleotide sub-
stitution in the coding region of the HGF cDNA at this
region clearly have demonstrated that pro-HGF binds to
the HGF receptor but does not elicit a mitogenic stimulus
(24). This argues for a mechanism of HGF activation
whereby HGF is cleaved by proteolysis to the mature het-
erodimeric form (see below). As predicted from the
deduced amino acid sequence of pro-HGF as well as by
direct N-terminal amino acid sequencing of the β chain of
HGF, the cleavage site is at Arg494-Val495, which, when

612 Chapter 43



cleaved, generates the α and β chains of mature active het-
erodimeric HGF.

The first described pathway involved in HGF activation
involves u-PA. This enzyme is known for its capacity to con-
vert inactive plasminogen into its active form, plasmin. The
cleavage site employed for conversion of plasminogen to
plasmin has the same sequence (Arg-Val-Val) as that
employed for activation of HGF. Incubation of pro-HGF
with purified u-PA resulted in HGF activation (25,26). In
addition, activation of pro-HGF by tissue homogenates
from regenerating liver was substantially inhibited by addi-
tion of anti–u-PA antibodies (27). The precise stoichiometry
of the reaction is not clear. Studies by Comoglio’s group (28)
suggest that u-PA and HGF may be forming a one-to-one
complex with each other of relatively longer life than com-
monly seen in enzymatic reactions. On the other hand, this
may reflect the artificiality of in vitro reactions utilizing u-
PA. Results of the interaction of purified u-PA with its sub-
strates in pure reaction are difficult to extrapolate to the true
in vivo situation, in which u-PA carries out its enzymatic
function bound to its cellular receptor. Typically, u-PA itself
exists in two forms—single-chain u-PA (scu-PA) and two-
chain u-PA (tcu-PA)—each of which possesses activity.
Either of them has their activity dramatically enhanced by
binding to a specific glycoprotein known as the u-PA recep-
tor (u-PA-R). The latter is a glycosylphosphatidyl inositol
(GPI) linked glycoprotein with no apparent function other
than that of binding u-PA and enhancing its activity, though
some studies have suggested that u-PA-R has signaling capa-
bilities by virtue of its lateral association with other mem-
brane bound signaling molecules, such as integrins and cave-
olin (29–32). u-PA-R is concentrated in specific locations on
plasma membrane or in submembrane vesicles known as
caveolae. Recent studies have also demonstrated association
or close proximity of the HGF receptor with either u-PA or
u-PA-R on the plasma membrane of hepatocytes during
liver regeneration (33). Hepatocytes in culture do produce
u-PA and activate pro-HGF (34). Significantly, antibodies
against the u-PA-R diminish this effect. HGF itself has been
shown to increase urokinase gene expression in cultures of
epithelial cells (35,36).

Another pathway involved in activation of HGF is that
involving a protein with substantial homology to coagula-
tion factor XII (37). This protein was named HGF activa-
tor (HGFA) but subsequent studies demonstrated that
factor XII itself can also activate HGF to a certain extent
(37). Relatively specific inhibitors of HGFA were also
recently described, themselves subject to proteolytic acti-
vation, suggesting that a complex regulatory pathway
employing HGFA may be involved (38). HGFA is pro-
duced by hepatocytes and other cell types and appears to
function as a soluble protein in tissue fluids (39). Expres-
sion of HGFA mRNA in hepatocytes increases following
liver or kidney injury (39). Other studies have shown a

coordinated regulation of HGF, HGFA and c-met in fetal
intestinal mucosa (40).

Structure–Function Analysis of the
Hepatocyte Growth Factor Molecule

Detailed site-directed mutagenesis studies have been carried
out by several laboratories to determine the role of each
kringle domain in the HGF molecule. At the N-terminus of
pro-HGF, deletion of the amino acids forming a hairpin
loop (before kringle one) abrogates binding of HGF to its
receptor, and thus abolishes its biologic activity. A novel
fold seen at the amino-terminal domain and prior to kringle
one also confers binding of HGF to heparin (41). Removal
of kringles one or two also has a similar effect, indicating
that they too are required for interaction of HGF with its
cell surface receptor. Deletion of kringle three or four,
although substantially reducing HGF bioactivity, did not
totally diminish it. As expected, when the entire α chain of
HGF was deleted, complete loss of bioactivity occurred due
to the inability of HGF to associate with its receptor. On
the other hand, eliminating the entire β chain of HGF did
not affect the association of HGF with its receptor, but it
did completely block mitogenic stimulation of hepatocytes
(24,42,43). This has led some to speculate that the β chain
of HGF is responsible for activating the HGF receptor.
However, at the present time, a controversy regarding the
role of the β chain of HGF in receptor activation exists. For
example, some studies suggest that deletion of the β chain
of HGF, although abolishing its mitogenic activity, has no
effect on HGF-induced motogenicity (44). The proteins
known as HGF/NK1 and HGF/NK2 are derived from
splicing variation of the full-length HGF messenger RNA
(mRNA) and retain the amino-terminal hairpin loop as
well as the first kringle (NK1) or the first two kringles
(NK2). Several reports have described agonistic effects of
these molecules on the HGF receptor (45–49). Transgenic
mice overexpressing the HGF splicing variants NK1 and
NK2 (see below) have some properties of the phenotype
seen with complete HGF transgenics (45). Cooperative
effects between the α chain and the β chain added as sepa-
rated proteins on stimulation of the HGF receptor have also
been described (50). The preponderance of evidence sug-
gests that even though some residual functions of HGF may
be expressed in the absence of the β chain, the complete
biologic effects of HGF are only seen with molecular forms
in which the β chain is preserved.

Hepatocyte Growth Factor Gene
Organization

Southern blot analysis has revealed the presence of a single
copy gene for human HGF, which is located on the long
arm of chromosome 7 at q21.1 (51,52). [This region of
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chromosome 7 (7q21-31) harbors the gene for the HGF
receptor as well (53).] The structural organization of the
human HGF gene has been determined by several overlap-
ping clones isolated from lambda phage genomic libraries
and is estimated to span approximately 70 kilobases (kb) of
genomic DNA comprising 18 exons interrupted by 17
introns. The first exon contains the 5�-untranslated region
of the mRNA and codes for the signal peptide (54,55). The
α chain, which consists of four kringle domains, is encoded
by the next ten exons. Each kringle domain of the α chain
is encoded by two exons, in similarity to the genes encod-
ing other kringle-containing proteins. The spacer region
between the α and β chains is found in the 12th exon,
while the remaining six exons code for the serine protease-
like domain of the β chain. The transcription initiation site
for the HGF gene was determined to be at 76 base pairs
(bp) upstream of the translation start codon.

Hepatocyte Growth Factor Gene and Its
Transcriptional Control

HGF gene encompasses approximately 70 kb of genomic
DNA and contains 18 exons interrupted by 17 introns, and
is under tight transcriptional regulation (56). Understand-
ing the molecular mechanisms governing the transcrip-
tional control of this gene is an important area of investiga-
tion for several reasons. First, under normal conditions the
HGF gene is permanently silenced in most epithelial cells
such as hepatocytes and bile duct epithelial cells in the liver,
while it is transcribed in the stromal compartment of the
liver such as in Ito cells (or stellate cells) and endothelial
cells. HGF expression in the mesenchymal cells is inducible
by extracellular cues such as hormones and cytokines, and
regulation is mainly at the transcriptional level. Second,
HGF is aberrantly expressed in some epithelial tumors and
in other pathologic conditions such as cirrhosis of the liver
(56). Therefore, functional studies on the HGF gene pro-
moter have been carried out to identify the cis-acting DNA
elements and their cognate transcription factors using in
vitro and in vivo analyses of the transgenic mouse models.
The in vivo studies have revealed that the proximal pro-
moter (~100 bp, which has a TATA-like box at −30 bp) and
its upstream 5�-flanking sequences (at least 600 bp) are
absolutely essential for the basal and inducible expression of
the HGF gene (57). Moreover, the in vivo studies also show
that the HGF promoter and its upstream region contain the
necessary elements to dictate the cell-type–specific pattern
of HGF gene expression (57). Fine mapping of the pro-
moter region using in vitro and in vivo DNase I footprint-
ing, gel shift, and functional assays has identified several
important regulatory elements. A cis-acting element at posi-
tion −16 to +11 bp in the mouse HGF promoter bp was
identified as a novel regulatory site through which members
of the CCAAT enhancer binding protein (C/EBP) family of
transcription factors, especially C/EBPβ (also known as

NF-IL-6), bind and confer responsiveness to serum, TNF-
α, IL-1, IL-6, and EGF (58). Cotransfection studies using
expression vectors encoding any of the three isoforms of the
C/EBP transcription factor (α, β, and δ) resulted in a
marked induction of HGF promoter activity (58). This
C/EBP site (TTGCAA) is located in the core promoter and
overlaps a unique palindrome site (ACCGGT) to which a
repressor factor (yet to be identified) binds and represses the
HGF gene promoter (59). Another cis-acting element in the
upstream region of the HGF promoter at position −872 to
−860 bp was characterized as an estrogen responsive ele-
ment (ERE) (an RGGTCA, IR3) to which the nuclear
orphan receptor chicken ovalbumin upstream promoter
transcription factor (COUP-TF) binds avidly. Estrogen
receptor (ER) can compete with COUP-TF and relieves the
repressive function of COUP-TFs on the HGF promoter
through binding to the same imperfect ERE element (60).
Further characterization of the HGF promoter identified an
enhancer element as an Sp1 site (−328 to −297 bp), which
has a CTCCC motif to which Sp1 and Sp3 bind and acti-
vate the HGF promoter (61). Additional studies on the
HGF promoter have uncovered a composite multifunc-
tional regulatory element at position −260 to −230 bp from
the transcription start site to which members of the nuclear
factor 1 (NF1) and upstream stimulatory factor (USF) bind
to the HGF promoter and regulate its transcription. Gel
mobility shift and electrophoretic mobility shift assays as
well as mutational analyses revealed that the binding sites of
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FIGURE 43.1. Schematic representation of the hepatocyte
growth factor (HGF) gene promoter region. The diagram depicts
the various cis elements and their cognate transcription factors
that have been functionally implicated in the regulation of HGF
gene transcription. C/EBP, CCAAT enhancer-binding protein;
COUP-TF, chicken ovalbumin upstream transcription factor; EGF,
epidermal growth factor; FGF, fibroblast growth factor; GTF,
general transcription factors; IL-1, interleukin 1; NHR, nuclear
hormone receptor; NF-1, nuclear factor-1; Rep?, an unknown
repressor; TNFα, tumor necrosis factor α; USF, upstream stimula-
tory factor.



the two different transcription factor families overlap one
another and that NF1 suppresses HGF gene promoter
activity, while USF has an activating function. Interestingly,
during activation of the HGF gene in liver regeneration
after partial hepatectomy, it was noted that the binding
activity of USF to the HGF promoter element increases,
while that of the NF1 decreases. Other studies have shown
that the wild-type but not the mutant p53 binds to and
activates the HGF promoter (62). Interestingly, the HGFR
gene promoter is also upregulated by the wild-type but not
the mutant form of p53 (63), which may indicate a com-
mon pathway for concerted regulation of the receptor and
its ligand expression (see Transitional Regulation of the
Hepatocyte Growth Factor Receptor (c-met) Gene, below).
Studies on the HGF promoter point to a complex pattern
of gene regulation involving multiple positive and negative
elements through which extracellular and intracellular cues
can exert their modulatory functions. A diagram of the
HGF promoter and its functional elements and their cog-
nate regulatory factors are shown in Fig. 43.1.

Hepatocyte Growth Factor Gene
Expression and Generation of Splicing
Variants

The HGF mRNA and protein have been detected in a vari-
ety of adult and embryonic tissues (64–66). Among these
are blood, brain, liver, lung, kidney, placenta, and spleen. In
general, HGF mRNA is expressed in nonepithelial cells
such as fibroblasts in connective tissues, Ito cells and Kupf-
fer cells of the liver, macrophages and endothelial cells in
the lung, mesangial cells in the kidney, and leukocytes and
megakaryocytes (67–70). The major transcript for human
and rat HGF mRNA extracted from placenta, liver, or
MRC-5 cells has been reported as 6 kb in size (10,11),
which encodes 134 nucleotides of the 5�-untranslated
region, 2,184 nucleotides of the HGF coding region, and
3.6 kb of the 3�-untranslated region (10). In addition to the
6-kb transcript, a truncated variant of the HGF transcript
(1.5 kb) was detected in placenta that codes for the N-ter-
minal portion of HGF, including either the first kringle or
the first two kringles with a putative molecular weight of
about 30,000 (71). The proteins encoded by these altered
transcripts have been called NK1 and NK2, correspond-
ingly. It was determined that these shorter HGF transcripts
are generated by an alternative splicing event. Analysis of
conditioned medium from MRC-5 cells as well as cloning
and sequencing the truncated cDNA prepared from these
cells has revealed that the truncated HGF protein forms
exist naturally (72,73). NK2 is unable to stimulate DNA
synthesis in target cells normally activated by full-length
HGF. However, it competed efficiently with full-length
HGF for binding to the HGF receptor (72). The signifi-
cance of the presence of these abbreviated HGF forms is not
clear. Transgenic mice for NK1 exhibit the full biologic

spectrum of the complete HGF transgenics (45). Weaker
biologic effects are seen with NK2 transgenics. These effects
include enhancement of metastasis in induced melanoma
tumors (45). On the other hand, combined bitransgenic
mice for both HGF and NK2 have diminished effects com-
pared to the HGF transgenics, suggesting a true in vivo role
of competition between HGF and the NK2 variant (45).
Weaker effects of NK2 as compared to NK1 have also been
described in cell cultures (47). Heparin induces dimeriza-
tion of either NK1 or NK2 and dramatically enhances their
biologic effects (49).

Another naturally occurring variant of HGF also exists
in relatively high abundance. This variant was isolated from
cDNA libraries prepared from MRC-5 cells (21), human
leukocyte (74), and human placenta, and results from alter-
native splicing. This deleted form of HGF differs from full-
length HGF by lacking five amino acids (Phe-Lys-Pro-Ser-
Ser) in the first kringle domain (21). It is biologically more
potent than the undeleted form (43).

Factors that modulate HGF gene expression have been
studied in vitro utilizing either embryonic lung fibroblast
cells or human foreskin fibroblasts, which normally pro-
duce relatively substantial amounts of HGF mRNA and
protein. Agents that so far are known to upregulate HGF
mRNA expression in this system include the cytokine IL-1,
and the phorbol ester TPA (tetradecanoylphorbol acetate),
a skin tumor promoter (75,76). Factors that negatively
modulate HGF gene expression in the cultured fibroblasts
include TGF-β1 and the glucocorticoid analogue dexam-
ethasone (77,78). In vivo, HGF mRNA expression has been
induced experimentally in damaged tissues as well as in dis-
tal organs by a variety of injuries such as partial hepatec-
tomy, CCl4 treatment, nephrectomy, ischemia, or pneu-
monectomy (79–81). What triggers HGF mRNA
expression after such treatments is not clear, but it appears
that IL-1 may play an important role in this process. Nor-
epinephrine, a substance that exerts regulatory effects on
both HGF and EGF receptors, also increases HGF in
embryonic human lung fibroblasts (82,83). This effect of
norepinephrine, however, appears to be mediated though
the β-adrenergic receptor. It is also not clear whether the
increase in HGF mRNA expression in various damaged tis-
sues is controlled at the transcriptional level or regulated
posttranscriptionally. For regulation of HGF gene expres-
sion, see Hepatocyte Growth Factor Gene and its Tran-
scriptional Control, above.

THE HEPATOCYTE GROWTH FACTOR
RECEPTOR

General Aspects of c-met Structure and
Function

The receptor for HGF has been identified as c-met, a proto-
oncogene product that is a transmembrane protein with tyro-
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sine kinase activity in its cytoplasmic portion. Ironically, an
oncogene was cloned and sequenced before HGF itself had
been cloned and was initially discovered based on its ability
to transform normal fibroblast cell lines if introduced to these
cells. This transforming oncogene was isolated from the
genomic DNA prepared from a human osteosarcoma cell
line (HOS) that had been treated with the carcinogen (N-
methyl-N�-nitro-N-nitrosoguanidine, MMNG). Genomic
DNA isolated from this treated cell line caused normal, non-
tumorigenic NIH-3T3 fibroblasts to become transformed
and produce tumors. The activated oncogene responsible for
this transformation was named the Met oncogene (84,85). It
was shown that the activation of the oncogene involved a
chromosomal rearrangement that linked a sequence known
as the translocated promoter region (tpr) on chromosome 1
to the C-terminal portion of the Met gene located on chro-
mosome 7 (53). This translocation resulted in a truncated
receptor (65 kd, also called p65tpr-Met) having a constitu-
tively active tyrosine kinase. The cellular counterpart of the
activated Met oncogene was later isolated, and its cDNA was
cloned and sequenced from human and mouse cDNA
libraries (86,87). The deduced amino acid sequence of this
cDNA revealed structures characteristic of polypeptide
growth factor receptors consisting of an extracellular ligand-
binding domain rich in cysteine, a transmembrane domain,
and an intracellular C-terminal domain with a protein tyro-
sine kinase (88). The normal counterpart of the activated Met
oncogene is called the c-met proto-oncogene and is now
known to be expressed in most epithelial cells, some mes-
enchymal cells, central nervous system neurons, and muscle
cells (89).

An exhausting search for the ligand of this putative
growth factor receptor was conducted using every purified
and well-characterized polypeptide growth factor available;
however, all failed to stimulate the tyrosine kinase activity
of c-met. In the late 1980s and early 1990s when informa-
tion on the biochemical characterization of the HGF pro-
tein and its broad spectrum of target cells became available,
it prompted investigators to test whether HGF is the ligand
for c-met, and in fact HGF activated the tyrosine kinase of
c-met (90,91).

The mature c-met receptor is a heterodimer held
together by disulfide bonds and consists of a large polypep-
tide chain with a molecular mass of 145,000 d containing
the transmembrane domain and the intracellular tyrosine
kinase domain (called the β chain), and an α chain that is
approximately 45,000 d (92). Both polypeptide chains of c-
met are derived from a single chain precursor posttransla-
tionally modified by proteolytic cleavage at a potential
cleavage site (Lys303-Arg-Lys-Lys-Arg-Ser308). Similar
cleavage sites are also present in the insulin and insulin-like
growth factor I receptors. Site-directed mutational analysis
of the cleavage site in c-met utilizing a hybrid soluble form
of c-met in which the extracellular domain of the receptor
was fused to the constant region of immunoglobulin G

(IgG) heavy chain has shown that substitution of Arg and
Lys with Ala totally abolishes the conversion of the c-met
precursor to a heterodimer (93). Single amino acid substi-
tutions with Ala at positions 304, 306, or 307 also had sim-
ilar effects. The uncleavable c-met binds to mature het-
erodimeric HGF and to single chain pro-HGF (93). In
these studies, however, the effects of modification of the
proteolytic cleavage site on the tyrosine kinase activity of c-
met receptor could not be examined, and it remains to be
clarified whether proteolytic processing to the het-
erodimeric form is required for c-met activation and signal
transduction. Studies on a human colon carcinoma cell line
have shown that the c-met precursor was not cleaved to a
heterodimer despite its conserved cleavage site (94). This
single chain c-met retained its tyrosine kinase activity and
was constitutively autophosphorylated in vivo. Interest-
ingly, the precursor for the insulin receptor was also not
processed in the same cell line, suggesting that a common
defect may exist in the secretory pathway of this cell line. It
is not clear whether a lack of c-met processing contributed
to the transformation of these cells or whether altered pro-
cessing merely resulted from other unrelated cellular defects
in the cells. C-terminally truncated versions of c-met (both
membrane bound and soluble forms) that lack the tyrosine
kinase domain have also been detected in the culture super-
natants from several carcinoma cell lines, but it is unclear
whether these forms of c-met actually have a physiologic
role. It has been postulated that they may interfere with
receptor signal transduction by directly competing with the
full-length receptor for binding to HGF (95).

Transcriptional Regulation of the
Hepatocyte Growth Factor Receptor 
(c-met) Gene

In contrast to the HGF gene, the HGFR gene is transcribed
in both epithelial and mesenchymal cells; however, similar
to the HGF gene, the expression of the HGFR gene is
inducible and tightly regulated through transcription mech-
anisms. The HGFR spans approximately 120 kb in size and
consists of 21 exons interrupted by 20 introns (96). The
HGFR promoter region lacks a TATA box but is guanosine-
cytosine (GC) rich and contains several functional SP sites
to which SP1 and SP3 proteins bind (97,98). Similar to the
HGF gene, the HGFR gene is strongly induced by various
extracellular stimuli such as TPA, IL-1, IL-6, TNF-α, EGF,
and HGF (99,100).

In the murine HGFR promoter region, potential regula-
tory elements such as AP-1, Myb, Myc, IL-6-RE,
WT1/EGR1 C/EBP, p53, NFκB, HNF3, ERE,
AhRARNT, MyoD, ETS, GATA, and several others exist
(97). The functionality of some of these sites and their cog-
nate transcription factors have been confirmed. p53, for
example, was shown to induce the HGFR promoter in
response to ultraviolet (UV) light irradiation and DNA
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damage (63). AP-1 was found to mediate the stimulatory
effects of HGF on the HGFR promoter in hepatic cells
(98). Ets (101) and Pax3 (102) have also been shown to
functionally upregulate the HGFR gene promoter. The
functional role of other sites/factors awaits future analysis.

It appears that the promoters of the HGF and HGFR
genes are modulated by a complex and combinatorial effect
of various genetic and perhaps epigenetic (i.e., DNA
methylation) phenomena. Although these two promoters
are different, they share some common pathways for regu-
lation at the extracellular levels (i.e., both genes are
inducible by cytokines such as IL-1 and TNF-α) and both
promoters have common functional cis-acting elements
(such as p53, C/EBP, Sp1, and AP-1).

Hepatocyte Growth Factor Receptor and
Neoplasia

The gene encoding the c-met proto-oncogene has been esti-
mated to be at least 100 kb in size. Northern blot analysis
of RNA prepared from normal human, mouse, and rat tis-
sues has shown that c-met mRNA and protein are expressed
at relatively low levels in a variety of tissues such as breast,
liver, lung, kidney, large and small intestine, placenta, skin,
stomach, and thyroid as well as in most human carcinoma
cell lines (103). These studies have shown that many cell
lines and tissues contain a single 9-kb transcript (104);
although some tumor cell lines such as a human gastric car-
cinoma cell line, in which the gene for c-met is amplified
and overexpressed, contain c-met mRNA species with sizes
of 9, 8, 7, 5, and 3.4 kb (104). Transfection studies of NIH-
3T3 fibroblasts (which normally do not express c-met but
do express HGF) with a cDNA encoding normal c-met
resulted in an autocrine loop that led to the transformation
of these cells and tumor formation when injected to nude
mice (105). Investigation of tissues from human colorectal
adenoma and carcinoma primary tumors recently revealed
that the c-met proto-oncogene is significantly overexpressed
in 70% of these tumors as compared to the adjacent normal
mucosa (106). A major transcript of 8 kb and a minor tran-
script of 5 kb were detected in most of these tumors. Ampli-
fication of the c-met proto-oncogene has also been reported
for gastric carcinoma cell lines and for gastric carcinoma tis-
sues, indicating that c-met gene amplification may con-
tribute to neoplasia (107). Overexpression of both c-Neu
and c-met has been observed in cholangiocarcinogenesis.
Increased expression of both mRNA and protein was seen
for these genes in the metaplastic intestinal epithelium,
which appears as a precancerous lesion in relation to this
process (108). As mentioned, the activated oncogene tpr-
Met results from gene rearrangement. The size of the tran-
script encoding the rearranged Met product in MMNG-
treated HOS cells is reported as 5 kb. Utilizing a very
sensitive reverse-transcriptase polymerase chain reaction
(RT-PCR) assay, the expression of the rearranged mRNA

for tpr-Met was detected at very low levels in several human
carcinoma cell lines derived from pancreas, colon, bladder,
and stomach, as well as in the biopsy samples of human gas-
tric mucosa showing cancer or precursor lesions (109).
Recently, mutations in the kinase domain of c-met were
described in familial forms of renal neoplasia (papillary
tumors). The mutation pattern in members of the same
family strongly suggested that the mutations were associ-
ated with the pathogenesis of the neoplasms (110).

Several studies suggest that c-met is contributing to the
phenotype or to the genesis of hepatocellular carcinomas.
Mutations in the kinase domain of c-met occur in child-
hood hepatoblastomas, whereas such mutations were not
present in hepatocellular carcinomas of adults. The muta-
tions may be the cause for the appearance of these tumors
early in childhood in hepatitis B virus (HBV) carriers (111).
Other studies have shown overexpression of c-met in vari-
able percentages of hepatocellular cancer (112–116). These
findings are not unique to liver cancers and suggest that
overexpression of c-met, though perhaps contributory to the
phenotype, is not a stable feature of the pathogenesis of
hepatocellular cancer in adults.

It should be noted that the role of HGF and its receptor
in pathogenesis of liver tumors often appears contradictory.
There is no evidence from the existing studies in the litera-
ture that HGF per se is expressed in hepatocellular carcino-
mas. On the other hand, hepatocellular carcinomas were
seen in transgenic mice in which HGF was overexpressed in
hepatocytes. One study demonstrated severe cytologic
abnormalities preceding development of hepatocellular car-
cinomas in mice in which mouse HGF was expressed under
the influence of the metallothionein promoter (117). In
another study, overexpression of human HGF under the
influence of the albumin promoter also enhanced the
appearance of hepatocellular carcinomas in mice treated
with diethylnitrosamine. The increase in liver neoplasia was
more dramatic in the female mice (118). In contrast to
these observations, mice bitransgenic for both c-myc and
HGF under the influence of the albumin promoter showed
a decrease in neoplasia when compared to the c-myc trans-
genic mice (119). The effect was associated with enhanced
apoptosis in mice in which hepatocytes were expressing
HGF. Studies with hepatocellular carcinoma cell lines
showed that HGF often fails to stimulate DNA synthesis,
and in many instances it may actually cause a decrease in
cell proliferation (120,121), and other studies related this
effect to prolonged and sustained induction of p21 (122).
Injection of HGF in rats bearing preexisting tumors
induced by diethylnitrosamine resulted in suppression of
DNA synthesis in more than 80% of the early neoplasms,
whereas an increase in DNA synthesis was noted in about
5% of the tumors (123). The latter studies suggest that the
effect of exogenous HGF and its receptor on existing liver
neoplasms may often result in suppression of proliferation
of the neoplastic cells. Clearly the effects of stimulation of
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HGF receptor are not uniform in liver tumors and may be
more suppressive than stimulatory when HGF is adminis-
tered as an exogenous agent. These pathways are obviously
different from when HGF is expressed as an internal factor,
as with transgenic mice in which HGF is expressed in hepa-
tocytes. It should be noted that HGF transgenic mice have
a much smaller tumor burden and overall much less cyto-
logic effects compared to similar transgenic mice with TGF-
α (124). The mixed stimulatory and inhibitory effects of
HGF depending on its mode of administration are also
compatible with the original isolation of HGF as tumor
cytotoxic factor based on its cytotoxic effects on sarcomas
and other neoplastic cells (125,126).

Hepatocyte Growth Factor Receptor
Activation and Its Substrates

Binding of the active heterodimeric form of HGF to the Met
protein causes dimerization of the receptors and activation of
the tyrosine kinase catalytic site. Sites of the HGF molecule
responsible for the binding to the receptor are discussed
above. The cytoplasmic tail of the receptor is composed of a
multifunctional docking site made of the tandemly arranged
degenerate sequence Y1349VHVXXXY1356VNV. Two adja-
cent tyrosine residues (Y1234 and Y1235) are also essential for
the activation of the catalytic site of the receptor (127).
Unique to the Met receptor (and its homologues c-Ron and
c-Sea) is that there is only one docking site for the interaction
with downstreaxem substrates (128). As is typical for tyrosine
kinase receptors, activation of the catalytic site is associated
with docking of many proteins with SH2 and SH3 homology
domains. Such signal transducers include phosphatidylinosi-
tol-3 (PI3) kinase, phospholipase Cγ, pp60c-src, and the
GRB-2-Sos complex (129). Activation of the HGF receptor
also induces activation of STAT3 (signal transducer and acti-
vator of transcription), though not as rapidly as IL-6 or EGF
(130,131). Following activation and downstream signaling
events, the Met receptor protein is subject to polyubiquitina-
tion and degradation in proteasomes (132). Studies have
shown that a major direct target of the Met receptor is the
adaptor molecule Gab-1, a docking protein with functional
similarity to the IRS1 substrate of the insulin receptor
(133,134). Gab-1 is also a target of phosphorylation by the
EGF receptor (135). The precise interaction of Gab-1 with
the Met receptor has not been fully characterized, and it
appears that Grb2 is involved (134). It should be noted that
while there are many distinct differences in the effects of HGF
and those of other receptor tyrosine kinase ligands, such as
EGF and FGF1, there is no obvious unique signaling pathway
associated with the HGF receptor that is not seen with the
other receptor tyrosine kinases. Any differences described are
incremental and quantitative rather than qualitative. This
reflects our lack of full understanding of the signaling path-
ways of receptor tyrosine kinases in general. A good example
of this issue are the different effects induced in cells bearing

the EGF receptor by the EGF-R ligands EGF and TGF-α.
Use of site-directed mutagenesis and transgenic models has
provided some understanding of the contributions of the dif-
ferent signaling pathways to the end results of HGF action. As
mentioned above, the two tyrosines (Y1349 and Y1356) in
the cytoplasmic tail are essential for the function of the recep-
tor. Mutation of the two tyrosines results in loss of biologic
function, as shown by loss of the transforming activity in sus-
ceptible cell lines (134). In whole animals, mutation of both
tyrosine residues of the catalytic site in the mouse genome
resulted in embryonic death, with placenta, liver, and limb
muscle defects, mimicking the phenotype of met null mutant
mice (see below). In contrast, disrupting the consensus site for
Grb2 binding allowed development to proceed to term with-
out affecting placenta and liver. There was, however, a striking
reduction in limb muscle and a generalized deficit of sec-
ondary fibers (136). These data show that the different com-
ponents of the Met signaling pathway are differentially crucial
for different end points of the action of HGF, with late myo-
genesis being more critical to the association of Grb2 binding
than other phenomena. Activation of c-met receptor may also
be affected by lateral effects mediated by other adjacent tyro-
sine kinases, at least in neoplastic cells. Overexpression of
TGF-α leads to tyrosine phosphorylation of the HGF recep-
tor in several cell lines (137). The effect is blocked by anti-
bodies to TGF-α or the EGF receptor. The mechanisms for
the phenomenon are not clear, and it has not been shown to
occur in normal epithelial cells; thus, it may be related to
changes associated with the neoplastic phenotype (138).

GENERAL BIOLOGIC ASPECTS OF
HEPATOCYTE GROWTH FACTOR

Hepatocyte Growth Factor Uptake and
Clearance In Vivo

Following injection into the penile vein, HGF disappears
from the blood in a biphasic fashion consisting of a rapid
phase (half-life of 4 minutes) followed by a slow phase
where high levels of HGF remain in the peripheral blood
(terminal half-life of 85 minutes). The major organ for
HGF uptake in the rat is liver and, to a lesser extent, the
kidney (139,140). In contrast to the large amount of 125I-
HGF in the peripheral blood after systemic injection,
administration of radiolabeled HGF into the portal vein
resulted in the appearance of much less radioactivity in the
peripheral blood (more than 70% of the injected HGF did
not leave the liver), implicating liver as a major site of HGF
uptake. This is further supported by the drastic reduction in
plasma clearance of HGF when it was injected into rats
after treatment with carbon tetrachloride (141). A small
portion of HGF (less than 5%) was detected in the bile
soon after HGF administration, indicating that HGF either
remained in the liver or more likely reentered the blood
compartment (139). When HGF sequestration is expressed
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per gram of tissue, spleen and adrenal glands were also effi-
cient in taking up HGF (139,140). Clearance of HGF
complexed to heparin is much slower that that of the native
protein alone (142,143). Whether the uptake of HGF is
mediated through c-met or through other binding sites such
as mannose or galactose receptors, asialoglycoprotein recep-
tors, or other cell-associated heparin-like molecules is
unclear. Studies by Liu et al. have shown that hepatic
uptake of HGF was reduced in the presence of excess unla-
beled ligand, indicating a saturation of binding/removal
phenomenon (184). Receptor-mediated HGF internaliza-
tion in perfused rat liver was shown to be only partially
inhibited by agents known to interfere with receptor-medi-
ated peptide uptake, suggesting that internalization of HGF
may occur by both receptor- and nonreceptor- (low-affinity
sites) mediated mechanisms (140). In vitro studies using
isolated rat hepatocytes as well as in vivo experiments with
rats have revealed the presence of two binding sites for
HGF: one sensitive to the presence of excess heparin and
one resistant, probably representing the HGF receptor
(144). In addition, other studies have shown that a rela-
tively large amount of HGF in the rat liver is sequestered in
the extracellular matrix in the subendothelial space, which
could be eluted by in situ perfusion using 1 M NaCl (145).
The cell types that are responsible for HGF uptake in the
liver or other organs, however, remain to be determined.
Since the liver is the major site for HGF uptake, it is possi-
ble that a disturbance in HGF clearance from the circula-
tion by liver or kidney may account for high levels of HGF
noted in various liver diseases such as fulminant hepatic
failure and chronic renal failure (see below). In addition to
heparinoids and glycosaminoglycans, recent studies have
shown a remarkable affinity of HGF for binding to throm-
bospondin and different types of collagen forms, including
collagen IV (146).

Biologic Effects on Cellular Targets

There are currently more than 13,000 publications in the
Medline stored literature related to effects of HGF on dif-
ferent cellular types. Targets of the biologic effects of HGF
include all normal epithelial cells, many neoplastic cell
lines, skeletal, and smooth muscle, and several neuronal cell
types. The effects of HGF on epithelial cells include stimu-
lation of duct formation in vivo and in vitro and support of
branching morphogenesis. In general, in addition to its
mitogenic effects, HGF is also a strong motogen. HGF was
independently purified and characterized from the culture
medium of MRC-5 human embryonic lung fibroblasts,
based on its ability to induce motility and migration of a
variety of normal epithelial and carcinoma cells and was
named scatter factor (SF) by Stoker et al. in the 1980s
(147–150). After the amino acid sequence of SF became
available from its cDNA nucleotide sequence, it was noted
that these two activities (mitogenesis of HGF and motoge-

nesis of SF) are caused by the same molecular entity. In gen-
eral, HGF is produced by mesenchymal and stromal cells,
and it stimulates the growth and/or motility of a variety of
epithelial cells in a paracrine and possibly an endocrine
fashion. HGF was found to have strong trophic effects for
motor neurons of the spinal cord (151). HGF is also
expressed in many neurons of the central nervous system,
including frontal lobe and temporal lobe (152). A distinct
pattern of HGF expression was seen in the hippocampus, in
which one is populated by neurons expressing HGF,
whereas an adjacent portion contains neurons expressing
the HGF receptor (153). The functions of HGF in the
adult central nervous system are not clear at this point.

In liver, HGF is produced by the stellate cells (Ito cells)
(154,155), and it has effects on cells expressing the Met
receptor, such as hepatocytes, bile duct cells, and sinusoidal
endothelial cells (see Chapters 30 and 65). HGF stimulates
motogenesis and mitogenesis in primary cultures of rat,
mouse, and human hepatocytes (156–158) and bile duct
epithelium (157). Other studies have demonstrated angio-
genic effects of HGF, but to date there are no studies avail-
able on the direct effects of HGF on sinusoidal endothelial
cells. HGF stimulates both motogenesis and mitogenesis in
cultures of hepatocytes in collagen gels (159), resulting in
formation of hepatocellular plates. The mitogenic effects of
HGF are suppressible by both complex matrix (type I col-
lagen gels, Matrigel) and TGF-β1 (159). The same agents,
however, do not affect the motogenic effects of HGF (158).
HGF and EGF have synergistic effects promoting growth
of hepatocytes in long-term cultures allowing for clono-
genic growth of hepatocytes (160). Of interest, addition of
HGF alone in such cultures in the presence of collagen gels
stimulated arrangement of the hepatocytes in acinar and
ductular configurations (160). In three dimensional cul-
tures, HGF (as well as EGF) was essential for the formation
of histiotypic organization of the hepatocytes and these
effects were antagonized by TGF-β1 (161). HGF has stim-
ulatory effects on liver growth and regeneration (see Hepa-
tocyte Growth Factor Role in Liver Regeneration, below).
Complex metabolic effects of HGF on hepatocytes include
stimulation of fatty acid and triglyceride synthesis and
lipoprotein secretion (162).

Role of Hepatocyte Growth Factor in
Embryogenesis

Complementary patterns of expression of HGF and its
receptor are seen in embryogenesis (163) (see Chapter 2). In
general, HGF is expressed by mesenchymal cell types,
whereas expression of the receptor is seen in developing
epithelial cell populations. Transient HGF and c-met expres-
sion is seen in areas of muscle formation and in developing
motor neurons. In kidney, mesenchymal cells expressing
HGF develop expression of the Met receptor at the time
when the kidney mesenchyme undergoes epithelial conver-
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sion (164). Deletion mutants of HGF or its receptor Met
resulted in similar phenotypes. Both conditions were associ-
ated with embryonic lethality (165–167). In both condi-
tions there were defects in development of liver, placenta,
and skeletal muscle. Livers were overall atrophic with a
decreased number of hepatocytes. The reasons for the
hepatic effects are not clear, but they attest to the overall
trophic and growth-stimulating effects of HGF in liver. Of
interest, HGF and c-met expression are maximally enhanced
in liver during embryogenesis at a time when hepatocytes are
arranged in acinar and hemiacinar configurations (160). Pre-
vious studies have shown that this stage is essential for
hepatic development and that it precedes formation of the
hepatic plates. In view of the above-mentioned effects of
HGF inducing acinar configurations in hepatocyte cultures
in collagen gels (160) and similar effects on tubulogenesis in
other cell types, it is tempting to speculate that the presence
of HGF is crucial for the completion of these complex stages
of histologic morphogenesis.

HEPATOCYTE GROWTH FACTOR–RELATED
MOLECULES

In addition to plasminogen, which shares significant
sequence and structural homology with HGF, a cDNA
clone encoding another product with similar structure and
overall sequence homology to that of HGF has also been
described. The putative product of this cDNA clone was
named HGF-like protein (HGFL). It contains four kringle
domains in the α chain and a serine protease-like domain
in the β chain, and has 40% overall amino acid sequence
homology to HGF. Its mRNA was detected in high levels in
the liver, and to a lesser degree in lung, adrenal, and pla-
centa (168,169). In contrast to HGF, which is synthesized
primarily by mesenchymal cells, HGFL is produced pre-
dominantly by hepatocytes, and it is secreted into the
plasma as the inactive single chain precursor. Also, in con-
trast to HGF, whose cleavage appears to be mediated by two
predominant pathways, cleavage of HGFL to its active het-
erodimeric form is mediated by a variety of proteases (168).
The gene for the HGF-like molecule was localized to
human chromosome 3, and it consists of the same numbers
of introns and exons as HGF, although the overall size of
HGF-like gene is approximately one-tenth of that of HGF.
Comparison of a partial amino acid sequence of a plasma
protein known as macrophage stimulating factor (MSP)
with that of the HGFL molecule suggests that the HGFL
gene product is identical to a protein known as MSP (170)
that has been reported to stimulate the responsiveness of
mouse peritoneal resident macrophages to chemoattractants
and to activate their phagocytic activity. Activities associ-
ated with HGFL and its receptor c-Ron (see below) include
stimulating proliferation of mammary duct epithelial cells
and keratinocytes, maturation of megakaryocytes, motility

of keratinocytes, and bone resorption and contraction of
osteoclasts. Even though the effects of HGF and HGFL
overlap in some epithelial systems, HGFL has no essential
role in embryogenesis. Disruption of the HGFL gene was
compatible with embryogenesis (171). Adult mice homozy-
gous for the HGFL deletion developed microvesicular
steatosis in hepatocytes. The receptor of HGFL was identi-
fied as the product of the human proto-oncogene c-Ron
(172). The protein encoded for the HGFL receptor is very
similar to the Met protein, including similar tyrosine kinase
activation domains and docking sites composed of two
tyrosines (see above). Homozygous deletion of the mouse
stk receptor (the murine homologue of the human c-ron) is
associated with early embryonic lethality. Embryos fail to
implant and do not progress beyond the blastocyst stage
(173). The discrepancy between the severe effects on
embryogenesis following deletion of the HGFL receptor
and the complete absence of effects following deletion of
the ligand HGFL raises the possibility that other ligands for
c-Ron might also exist. Such ligands, however, have not
been identified as yet. The remarkable similarities of the
structures of HGF and HGFL and those of their receptors
suggest that the two receptor/ligand systems evolved in par-
allel from another ancestral receptor/ligand gene set, not
identified so far. Homologues of both c-met, c-Ron, and of
the avian homologue c-Sea were recently identified in the
teleost puffer fish (Fugu rubripes), suggesting that the HGF
and HGFL ligand/receptor systems emerged early on in
vertebrate evolution (174).

ROLE OF HEPATOCYTE GROWTH FACTOR IN
THE LIVER REGENERATION AND CHRONIC
LIVER INJURY

More information is available on the expression of HGF in
animals with experimentally induced liver injuries and liver
diseases than for any other diseased tissue or organ. Most of
the liver-related studies have focused on the role of HGF in
liver regeneration, its effects in chronic liver injury, and
changes related to HGF and its receptor in fulminant
hepatitis.

Hepatocyte Growth Factor Role in Liver
Regeneration

In experimental animals treated with hepatotoxins that
induce hepatocyte necrosis (such as treatment with CCl4),
or other kinds of liver injuries such as ischemia, physical
crushing, or two-thirds partial hepatectomy (PHx), the lev-
els of HGF protein and HGF activity in the plasma increase
very rapidly during the early phase of liver regeneration,
implying that HGF may be involved in the overall process,
leading the hepatocytes to enter the cell cycle (175,176).
The amount of the HGF transcript also rises not only in the

620 Chapter 43



livers of injured animals but also in the lung, spleen, and
kidney, suggesting endocrine as well as paracrine functions
for HGF in liver regeneration (79–81,177). The role of
inflammatory cytokines and norepinephrine as signaling
agents for this phenomenon was discussed above. As men-
tioned, HGF was originally isolated from plasma of par-
tially hepatectomized rats and was considered to be the
agent primarily responsible for the transmission of the
mitogenic signals to hepatocytes during liver regeneration.
Subsequent studies using anti-HGF antibodies demon-
strated a rise of HGF in the plasma within 1 to 2 hours after
partial hepatectomy (79). More prolonged changes in
plasma HGF after partial hepatectomy were also noted after
human liver resection (178), persisting up to 2 weeks after
partial hepatectomy. The origin of the HGF rising in the
plasma is not clear. Direct measurements of HGF clearance
during liver regeneration did not demonstrate significant
differences in HGF clearance between normal and regener-
ating liver (139).

In view of the direct mitogenic effects of HGF on hepa-
tocytes in culture and the early rise of HGF in the plasma,
it was logical to postulate a direct link between this event
and stimulation of hepatocyte DNA synthesis. Direct infu-
sion of moderate doses of HGF systemically or into the por-
tal circulation in normal rats or mice has direct mitogenic
effects on hepatocytes. DNA synthesis is induced in zone 1
(periportal) hepatocytes (179). This effect is enhanced by
preinfusion of TNF-α (17). When HGF is infused in larger
amounts, it causes a dramatic increase in liver weight asso-
ciated with enhanced mitogenesis in hepatocytes. This was
observed both in normal as well as IL-6–deficient mice
(180). Withdrawal of the infused HGF is followed by
marked hepatocyte apoptosis and a decrease in overall
hepatic DNA back to normal levels (181). Infusion of
smaller amounts of HGF following prior treatment of the
animals with small amounts of collagenase (179) also leads
to enhancement of the effect of HGF. The peculiar effect of
collagenase raises the possibility that infusion of HGF in
vivo is likely to be less effective in a normal matrix environ-
ment but would be more effective in an environment of
matrix remodeling. This would imply that matrix remodel-
ing may be part of the early stages of the regenerative
process, causing enhanced sensitivity of hepatocytes to
mitogenic stimuli such HGF. This hypothesis is also sup-
ported by findings in hepatocyte cultures. Stimulation of
DNA synthesis by either EGF or HGF is suppressed when
hepatocytes are maintained in collagen type I gels and
extracts from the EHS mouse sarcoma cell line (Matrigel)
(159,182). Additional studies had shown that, during isola-
tion of hepatocytes by collagenase perfusion of the liver,
hepatocytes enter into the cell cycle, as evidenced by
increased expression of cell cycle marker proteins
(182,183). This suggests that the effect of matrix degrada-
tion and release of matrix bound products (which include
HGF) may be sufficient to induce hepatocytes to enter into

the cell cycle. As mentioned above, HGF is present in large
amounts in the matrix of normal liver (145). Infusion of
radiolabeled HGF demonstrates accumulation of HGF in
periportal sites (184). Processes associated with matrix
degradation have the potential of releasing HGF and mak-
ing it available to hepatocytes either directly in their local
environment, or via release in the plasma and reuptake by
the hepatocytes. Pathways leading to matrix remodeling
involve urokinase or membrane-type matrix metallopro-
teinases (MT-MMPs) initiated protease cascades (185,186).
Urokinase is also involved in activation of HGF (see Path-
ways of Activation of Hepatocyte Growth factor, above).
Urokinase activity is rapidly upregulated following partial
hepatectomy, primarily due to translocation of the uroki-
nase receptor from cytoplasm to the plasma membrane
(27). Direct evidence that urokinase is actually involved in
activation of HGF during liver regeneration was provided
by the demonstration that single-chain HGF processing to
the active two-chain form by regenerating liver homo-
genates is inhibited by addition of antiurokinase antibodies
(27). Further studies have shown that increased urokinase
activity immediately after PHx leads to activation of all the
expected subsequent steps in matrix remodeling, such as
activation of plasminogen to plasmin and activation of
MMP-9 (187,188), increased expression of MMP-9 on
hepatocytes, as well as degradation of biomatrix proteins.
Of relevance to these findings, mice with homozygous dele-
tions of the plasminogen gene have defective regenerative
responses following chemical injury (189). In addition to
the activation of the urokinase-initiated matrix remodeling
cascade, there is also activation of the pathway initiated by
MT-MMP. The latter pathway proceeds to activation of
MMP-2 and also involves tissue inhibitor of metallopro-
teinase-2 (TIMP-2). Activation of this pathway occurs later
than the activation of the urokinase pathway (187). While
the above studies demonstrate that there is active matrix
remodeling occurring during liver regeneration, they do not
directly prove that HGF rising in the plasma is derived from
hepatic matrix. Given the high concentrations of HGF in
hepatic matrix, however, and the active remodeling of
matrix in periportal sites, this is an attractive possibility that
warrants further investigation. Other substances associated
with biomatrix are also elevated in the plasma with the same
kinetics as HGF. These include hyaluronic acid and TGF-
β1 (190). Elimination of the mito-inhibitory TGF-β1 pro-
tein from the ambient environment of the hepatocytes via
matrix remodeling may be the reason why only hepatocytes,
of the many potential epithelial cell targets, respond to the
elevated levels of plasma HGF during the early stages of
liver regeneration. It also should be noted that HGF itself
may be a secondary later contributor to the activation of the
matrix remodeling cascades via effects on hepatocyte gene
expression. It has been shown that HGF induces MMP
gene expression in cultures of epithelial cells (191). A
schematic picture of the interaction between urokinase,
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matrix remodeling, and HGF release and local activation in
the early stages of liver regeneration is shown in Fig. 43.2.

Other converging observations also support the impor-
tance of HGF released from preexisting stores during the
early stages of liver generation. Tyrosine phosphorylation of
the HGF receptor occurs at 30 and 60 minutes after partial
hepatectomy, coinciding with the rise of HGF in the
plasma (33). Mice deficient in urokinase, the initiator of
both matrix remodeling and HGF activation, show
retarded and decreased regenerative activity following par-
tial hepatectomy (192). The importance of the plasma
HGF as well as HGF present in the ambient environment
of hepatocytes in the early stages of liver generation was
directly demonstrated by infusion of anti-HGF antibodies
prior to partial hepatectomy. It was noted that hepatocyte
proliferation was suppressed for more than 72 hours,
whereas proliferation of nonparenchymal cells was not
affected (193).

The signal transduction pathways associated with activa-
tion of HGF receptor have been extensively studied in
many different cell types (see Chapter 35). In the context of
liver regeneration and hepatocyte mitogenesis, key events
associated with proliferation of hepatocytes include activa-

tion of transcription factors NFκB, AP-1, and STAT3.
Defective activation of these transcription factors is seen in
knockout mice for IL-6 and TNF-α receptor I (16,18).
Mice deficient for HGF or its receptor do not survive
embryogenesis. Thus, the contribution of HGF to the sig-
naling events associated with hepatocyte proliferation at the
early stages of liver regeneration cannot be directly assessed,
other than by use of blocking antibodies. Studies with hepa-
tocyte cultures, however, have demonstrated that HGF
alone (as well as EGF alone) can stimulate a complete mito-
genic pathway in resting quiescent rat or human hepato-
cytes, including activation of AP-1, STAT3, and NFκB
(130,131). Since HGF is a complete mitogen for hepato-
cytes both in vivo (179) and in vitro (159), and since the
HGF receptor is activated within 30 to 60 minutes after
partial hepatectomy (33), it is highly likely that HGF con-
tributes to the activation of these specific signaling events or
other signaling events associated with mitogenesis in hepa-
tocytes. It is also highly likely that key signaling events
related to hepatocyte mitogenesis may be subject to the
control of multiple cytokines, creating overlapping and
redundant pathways via which entry of hepatocytes into the
cell cycle is guaranteed, even in the absence of some of the
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FIGURE 43.2. Schematic cartoon of hepatocyte growth factor (HGF)-related immediate early
events occurring in the hepatocyte microenvironment following partial hepatectomy. The
scheme shows proteolytic activation of inactive pro-HGF and matrix degradation via the uroki-
nase-type plasminogen activator (u-PA) u-PA receptor (u-PAR) system, plasmin, and metallopro-
teinases (MMPs) after partial hepatectomy. Activation of HGF appears to be an early event, since
phosphorylation of the HGF receptor occurs by 30 minutes. The events related to HGF thought to
occur in the first 5 minutes are depicted on the left of the schematic cartoon. Matrix degrada-
tion and proteolysis events occurring later are shown on the right.



key extracellular signals. Mice deficient in IL-6 or TNF-α
receptor I eventually restore most if not all of the hepatic
mass. The same observations relate to rats subjected to
blockade of the α1-adrenergic (norepinephrine) receptor
(20) or following infusion of TGF-β1 (194) or administra-
tion of N-acetylaminofluorene (AAF) (195). The only
blockade that appears to completely block the regenerative
response is the permanent inactivation of NFκB (196). The
inability to permanently block liver regeneration by elimi-
nating specific nonmitogenic cytokines clearly associated
with the regenerative response suggests that there is consid-
erable redundancy in the pathways generated by the mito-
gens (HGF and EGF) and nonmitogenic cytokines. It also
suggests that the multiplicity of signaling pathways acti-
vated in hepatocytes is crucial not only for the initiation of
the mitogenic signals but also for the timing and the preci-
sion of the regenerative response. As mentioned above, with
the exception of the elimination of the intracellular NFκB
signaling, all defects associated with extracellular signals
(homozygous deletions in IL-6, TNF-α receptor I, or u-PA,
blockade of the norepinephrine α1-adrenergic receptor,
infusion of TGF-β1, etc.) only delay and do not abolish
liver regeneration. This suggests that these extracellular sig-
nals are crucial for the timing and precision of liver regen-
eration but operate in a redundant fashion with receptor
tyrosine kinase ligands (HGF, EGF, TGF-α) and are not
absolutely essential for the completion of the response. This
may be difficult to sort out, as mentioned above, unless
conditional deletion mutant strains of mice for either HGF
or its receptor become available in the future.

Hepatocyte Growth Factor and Chronic
Liver Injury

Several reports have shown that administration of HGF
during and/or after exposure of the liver to a variety of
chronic injury models has ameliorative effects on hepatic
histology and retards or prevents fibrosis (197). The effects
on injury caused by chemicals may be due to effects of
HGF on metabolic activation of the toxic chemical, result-
ing in less liver injury, when HGF is administered during
the time of the administration of the chemical. Convincing
results have also been presented, however, showing effects of
HGF after the chemical had already induced a certain
degree of liver injury and fibrosis (197). Other reports have
shown similar effects of HGF in chronic models of injury
of kidney (198) and lungs (199). HGF also prevented mas-
sive hepatic failure induced by lipopolysaccharide (LPS)
and galactosamine, suggesting that the protective effects of
HGF against liver injury are more general and not limited
to directly toxic chemical agents (200). In other studies,
HGF abrogated the severe apoptosis and liver failure
induced by the agonist anti-fas antibody both in culture
and in whole animals, while inducing the antiapoptotic
protein bcl-xL (201). The mechanisms leading to these

effects are not entirely clear, but they raise the possibility
that HGF may be used as part of a therapeutic regimen to
prevent chronic injury to the liver induced by a variety of
agents, such as alcoholism and chronic hepatitis. In a recent
report (202) HGF was used in a gene therapy protocol in
which vectors expressing HGF were given by intramuscular
injection to mice with liver fibrosis induced by chemical
injury. The expression of the HGF in the vector led to
increased levels of HGF in the plasma and was associated
with substantial improvement of the histologic picture of
the fibrotic livers, raising the issue of using HGF as part of
a gene therapy protocol for treatment of liver fibrosis and
prevention of cirrhosis. The 5 amino acid deletion variant
of HGF has been specifically investigated in this regard, and
it appears to be more effective as an antifibrogenic agent
than the complete HGF molecule (203,204).

Hepatocyte Growth Factor and Fulminant
Hepatitis

When HGF was first discovered, it was thought that it
could be used as a therapeutic agent in situations such as
fulminant hepatitis, in which massive death of hepatocytes
is not accompanied by compensatory regenerative activity.
It was soon shown, however, that levels of HGF in plasma
are very high during fulminant hepatitis. In fact, this con-
dition is associated with the highest levels of HGF than any
other disease state (205–207). Elevated levels of plasma
HGF are also seen in chronic liver disease and liver failure
(207). These findings are in apparent contradiction to the
protective effects of HGF against acute and chronic liver
injury, discussed above, and suggest that HGF, while appar-
ently useful in chronic injury models, may not be of use for
therapy in the catastrophic environment of fulminant
hepatic failure. The reasons for the paradox are not clear.
While levels of HGF in the plasma appear very high, prob-
ably due to massive release of HGF from the hepatic bio-
matrix, the status of HGF activation (two chain active ver-
sus single chain inactive) has not been investigated. Recent
preliminary studies suggest that the apparent inability of
HGF to stimulate hepatocyte replication and prevent death
of hepatocytes may be due to severe downregulation of the
HGF receptor induced by simultaneous elevation of IL-6
and TGF-β1 in the plasma (208).

CONCLUSION

In the last ten years since their discovery, HGF and its
receptor have emerged as major regulators of cell growth,
motility, and morphogenesis. Despite the multiple targets
of HGF, the embryonic lethality associated with placenta,
muscle, and liver dysmorphogenesis in HGF and c-met
knockout mice clearly suggests that liver is a major overall
target of the HGF/c-met system. The multiplicity of effects
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on several tissues and the new evidence for the emergence
of the HGF receptor in early vertebrates suggest that HGF
may have evolved as a signaling molecule in response to the
need for complex cell movement and morphogenesis asso-
ciated with vertebrate embryonic growth. In that sense,
since liver regeneration may be viewed as an example of the
most complex new tissue formation in an adult animal, the
crucial need of HGF for liver regeneration is not surprising.
More refined animal genetic models may be able to further
elucidate the complex effects of the HGF/c-met system, not
only on liver growth and regeneration but on overall liver
function, maintenance, and physiology.
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