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Hepatocyte growth factor (HGF) and its receptor, Met, regulate a number of biological functions in epithelial
and nonepithelial cells, such as survival, motility, proliferation, and tubular morphogenesis. The transcription
factor NF-kB is activated in response to a wide variety of stimuli, including growth factors, and is involved in
biological responses in part overlapping with those triggered by HGF. In this work we used the liver-derived
MLP29 cell line to study the possible involvement of NF-kB in HGF/Met signaling. HGF stimulates NF-«B
DNA binding and transcriptional activation via the canonical IkB phosphorylation-degradation cycle and via
the extracellular signal-regulated kinase 1/2 and p38 mitogen-activated protein kinase cascades. Phosphati-
dylinositol 3-kinase is not involved in Met-mediated NF-kB activation. Blockage of NF-kB activation in MLP29
cells by forced expression of the NF-kB super-repressor IkBa2A does not interfere with HGF-induced scatter
but inhibits proliferation and tubulogenesis. Surprisingly, in the same cells NF-«B appears to be dispensable

for the antiapoptotic function of HGF.

Hepatocyte growth factor (HGF) stimulates a wide variety
of responses in epithelial cells. These include loss of cell-cell
junctions and acquisition of motility (cell scatter), prolifera-
tion, survival, invasion of extracellular matrices, and tubular
morphogenesis (16, 21). In vivo HGF has been implicated in
angiogenesis (23), in organ regeneration (51), and in tumori-
genesis (37). Gene targeting studies have revealed an essential
role for HGF and its receptor, Met, in the development of
liver, placenta, skeletal muscles, and specific sensory and mo-
tor nerves (13, 48, 49). All of these responses depend on the
activation of an array of signaling pathways triggered by the
Met receptor. This results in transcription of a subset of target
genes, some of which are known (14, 24, 54, 69, 80) but most
of which are still to be identified.

The transcription factor nuclear factor kB (NF-kB) was orig-
inally discovered for its role in controlling gene expression in
the immune and inflammatory response (4). Subsequent work
has shown that NF-«kB is crucial in controlling apoptosis, pro-
liferation, and differentiation in many cell types (57). NF-«kB
can be activated by a heterogeneous panel of stimuli, including
cytokines, bacterial or viral products, and general stress factors
(56). Most of the studies on NF-kB have been done using the
prototypical NF-kB activators, such as tumor necrosis factor
alpha (TNF-a), interleukin-1 (IL-1), or bacterial lipopolysac-
charide to stimulate target cells. More recently, NF-kB has
been implicated in signaling downstream of a number of
growth factor receptors, such as insulin, platelet-derived
growth factor (PDGF) receptor, epidermal growth factor re-
ceptor (EGFR), nerve growth factor receptor (11, 31, 47, 63),
and activated oncogenes (52).
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In most unstimulated cells, NF-kB is a heterodimer of a p50
and a p65 subunit (also known as p65 RelA). NF-kB is retained
in the cytoplasm by the IkB inhibitor proteins, which mask a
nuclear localization signal on p65. Cell stimulation triggers a
dual mechanism of NF-«kB activation (64). The canonical
mechanism involves serine phosphorylation of IkBa, followed
by its ubiquitination and rapid proteasome-mediated degrada-
tion. Free NF-«kB thus released can translocate into the nu-
cleus and enhance transcription of target genes by binding to
specific consensus sequences in their promoter region. Phos-
phorylation of IkBa is carried out by the multisubunit IkB
kinase (IKK), which is in turn activated by the NF-kB-inducing
kinase or by the mitogen-activated protein kinase MEKKI1
(38). Once liberated from IkBa, the NF-kB complex is subject
to a second level of regulation. This involves serine phosphor-
ylation of p65 in the transactivation domain, by kinase(s) still
to be identified (67, 76, 77). These modifications do not affect
DNA binding but rather increase the transactivating potential
of p65, possibly by modifying its interactions with proteins of
the basal transcriptional machinery and/or with coactivators,
such as the CREB-binding protein (CBP) and p300 (83). Sev-
eral reports have shown that this regulation can be mediated by
activation of mitogen-activated protein kinases (MAPKS) or of
phosphatidylinositol 3-kinase (PI3K) and its target, the protein
kinase Akt (36, 46, 55, 63, 71, 75).

Mice null for p65 share with HGF and Met knockouts a liver
phenotype due to massive hepatocyte apoptosis in mid-gesta-
tion (7). This suggests that Met and NF-«B may be functionally
linked in liver. We thus chose to use a liver-derived cell line
which expresses physiological levels of Met, MLP29 (53) to
study the effects of HGF stimulation on NF-kB. Compared to
the cells most commonly used for this type of studies, the
Madin-Darby canine kidney cells (MDCK) (40), MLP29 cells
represent a better model since they respond to HGF with the
whole array of its biological effects: scattering, survival, prolif-
eration, and tubular morphogenesis (53). Conversely, most
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MDCK clones respond to HGF with scatter and tubulogenesis
but not with proliferation (28).

We found that HGF stimulation enhances both NF-«B
DNA binding and NF-kB-dependent transcriptional activity.
The signaling mechanisms mediating these effects include the
classical IkBa phosphorylation-degradation cycle, as well as
the extracellular signal-regulated kinases 1 and 2 (ERK1/2)
and p38 MAPK, but do not involve activation of the PI3K/Akt
pathway. To test the effect of NF-kB inhibition on the biolog-
ical responses to HGF, we generated MLP29 cells expressing
high levels of the super-repressor IkBa-2A (IkBaSR) (22).
Our results indicate that NF-«kB activation contributes to
HGF-mediated proliferation and tubulogenesis. Conversely,
HGF-induced cell scatter and protection from apoptosis seem
to occur independently from NF-kB.

MATERIALS AND METHODS

Cell culture and reagents. The mouse liver cell line MLP29 was a gift of E.
Medico (University of Turin, Turin, Italy). This clonal cell line was obtained by
subcloning from a parent cell line as described in reference 53. Cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal
bovine serum (FBS) and penicillin-streptomycin. Cells with impaired NF-xB
activation were generated by transfecting into MLP29 cells, using standard elec-
troporation methods, the pRc-CMV-IkBa2A plasmid that codes for a mutant
human IkBa which cannot be phosphorylated upon stimulation (IkBaSR, orig-
inally described in reference 79 and kindly provided by J. Downward, ICRF,
London, United Kingdom). Stable transfectants were selected in medium con-
taining 0.7 mg of G418 (Gibco-BRL)/ml. Positive clones were selected by West-
ern blot analysis using an IkBa-specific rabbit polyclonal antibody (Clone C-21
from Santa Cruz). HGF was obtained from Sigma, and TNF-a was obtained from
ICN.

Inhibitors of different signaling pathways were all dissolved in Me,SO. PD
098059 (Sigma), which inhibits the MAPK kinase MEK1, and SB 203580 (Sig-
may), a specific inhibitor of p38 MAPK, were used at 30 uM concentrations. The
PI3K inhibitor wortmannin (Sigma) was used at a 100 nM concentration. The
NF-«B inhibitor BAY-11-7082 (Alexis Biochemicals, San Diego, Calif.) (58) was
used in a 2.5 to 10 uM range.

Western blot analysis. Cells were seeded in six-well cell culture plates at a
density of 1.5 X 10° cells/well. After a starving time of 12 to 24 h in medium with
0.1% FBS, cells were stimulated with the indicated reagents. HGF was used at a
concentration of 40 ng/ml, and TNF-a was used at 100 ng/ml. Whole-cell lysates
were prepared by scraping cells into hot lysis buffer (2.5% sodium dodecyl sulfate
[SDS] in 125 mM Tris-HCI [pH 6.8]) after a washing step in ice-cold phosphate-
buffered saline. Lysates were boiled for 5 min and subjected to three sonication
steps for 1 min each time. Quantification of proteins was performed by using the
Protein Assay Dye Reagents (Bio-Rad). Equal amounts of proteins were sepa-
rated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellu-
lose membranes. Blocking was done in 10% bovine serum albumin in 1X Tris-
buffered saline (TBS). Immunoblot analyses were performed with various
specific primary antibodies, which were visualized with horseradish peroxidase-
coupled goat anti-rabbit or anti-mouse immunoglobulins (Amersham), by using
the enhanced chemiluminescence Western blotting system (Amersham). Be-
tween the various incubation periods, the blots were washed extensively with 1Xx
TBST buffer (1X TBS with 0.1% Tween 20). For control of equal protein
loading, the blots were stripped with 62.5 mM Tris-HCI (pH 6.8) containing 100
mM 2-mercaptoethanol and 2% SDS at 50°C and reprobed with antiactin anti-
body. Polyclonal antibodies against phospho-IkBa (Ser32), phospho-Akt
(Ser473), and phospho-p38 MAPK were purchased from Cell Signaling Tech-
nology. The monoclonal antibodies against phospho-ERK1/2 (clone MAPK-YT)
and B-actin (clone AC-74) were obtained from Sigma. Western blots shown are
representative of results obtained in at least three separate experiments.

EMSA. To prepare nuclear extracts, cells were washed with ice-cold phos-
phate-buffered saline and incubated on ice in 600 pl of buffer A (10 mM HEPES
[pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.5% NP-40, 1 mM dithiothreitol and 1
mM phenylmethylsulfonyl fluoride). After 10 min, cells were scraped off and
nuclei were separated by centrifugation at 3000 X g for 10 min. The supernatants
(cytoplasmic extracts) were removed. Pellets were resuspended in 50 pl of buffer
B (20 mM HEPES [pH 7.9], 400 mM KCI, 1 mM EDTA, 1 mM EGTA, 1 mM
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dithiothreitol, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, and 2 g each
of leupeptin and aprotinin/ml) and incubated at 4°C for 20 min with vigorous
mixing. The nuclear lysates were clarified by high-speed centrifugation. For the
electrophoretic mobility shift assay (EMSA), 5 pg of the nuclear extract were
preincubated for 10 min at room temperature in binding buffer (10 mM HEPES
[pH 7.9], 50 mM KCl, 0.2 mM EDTA, 2.5 mM dithiothreitol, 10% glycerol, 0.5%
NP-40) supplemented with 0.25 mg of poly(dI-dC)-poly(dI-dC) (Amersham)/ml.
This mixture was subsequently incubated in a total volume of 20 ul at room
temperature with [y->?P]ATP-labeled oligonucleotide probe (Promega) corre-
sponding to the human consensus NF-kB site. As a control for the quality of the
nuclear extracts, EMSAs were also performed with an oligonucleotide probe
with a specific binding site for the ubiquitously expressed transcription factor
OCT-1 (Promega). DNA-protein complexes were resolved on a 4% nondena-
turing polyacrylamide gel in 0.5X Tris-borate-EDTA, and the labeled complexes
were visualized by autoradiography. Specificity of the DNA-protein complexes
was determined by adding a 10-fold excess of unlabeled competitor consensus
oligonucleotide or 2 pl of antibodies against the NF-«kB subunits p65 and p50
(Santa Cruz) prior to the binding reaction with the labeled oligonucleotide
probe.

Proliferation assay and cell death enzyme-linked immunosorbent assay
(ELISA). To determine proliferation, cells were plated at a concentration of 0.8
X 10* cells/3-cm dish. After 12 h in 5% serum, cells were starved for 24 h in
medium with 0.1% FBS. Cells were then stimulated with 10 ng of HGF/ml in
0.1% FBS, or the medium was changed to 5% FBS. After 48 h, cells were
trypsinized and counted in a Burker’s hemocytometer chamber. Statistical anal-
ysis of the data was carried out using the Student ¢ test.

To detect apoptosis, we used a quantitative sandwich-enzyme-immunoassay
based on mouse monoclonal antibodies directed against histones and DNA (Cell
Death Detection ELISAPMYS, catalog no. 1774425; Roche). One essential fea-
ture of apoptotic cells is the fragmentation of DNA, due to the activation of
endonucleases. Actually not all the DNA is cleaved, because the nucleosome
DNA is tightly complexed with histones and therefore is protected from the
action of the enzyme. In this ELISA system, an antihistone antibody, which is
coated to a 96-well plate, binds the histone-DNA complexes which are recog-
nized by anti-DNA-peroxidase antibodies. This binding, which is quantifiable by
a colorimetric reaction, represents a measure of the cells’ apoptosis. Cells were
treated according to the manufacturer’s protocol. Briefly, 10* MLP29 cells were
plated onto 96-well plates together with the indicated reagents (100 uM Etopo-
side, 10 ng of HGF/ml, and 100 ng of TNF-a/ml). After an incubation time of 16
to 20 h, cells were lysed and 20 pl of supernatant was transferred into 96-well
plates together with antihistone and anti-DNA-peroxidase antibodies. DNA
fragmentation was quantified by a colorimetric reaction, by measuring the ab-
sorbance at 405 nm.

Scatter and branching tubulogenesis assays. For the scatter assay, cells were
seeded at low density in a six-well plate and cultured for 1 to 2 days until they
formed colonies. After a starvation time of 12 to 24 h in medium with 0.1% FBS,
cells were stimulated overnight with or without 10 ng of HGF/ml. For the
branching tubulogenesis assay, collagen solution (Vitrogen 100; Collagen Corp.,
Fremont, Calif.) was mixed with 10X DMEM and sterile water to a final collagen
concentration of 2 mg/ml and neutralized with NaOH on ice. Collagen solution
(0.4 ml) was allowed to gel at 37°C in a 24-well plate. Cells (5 X 10°) were plated
on top of the previously gelled collagen layer in a further 0.5 ml of collagen
solution. Finally 0.5 ml of DMEM with 4% FBS was added. When indicated, the
medium was supplemented with HGF (10 ng/ml) and with the NF-«B inhibitor
BAY 11-7082 (2.5 to 5 pM). The medium was changed every 2 days, and the
cultures were photographed at 5 to 7 days.

Transient transfection and luciferase reporter assay. One day prior to trans-
fection, cells were seeded in six-well cell culture plates at a density of 1.5 X 10°
cells/well. Transient transfections were performed using Lipofectamine reagent
(Life Technologies, Inc.) following the manufacturer’s protocol, with 300 ng of
kB-luciferase reporter plasmid, 3xkB-Luc (kindly provided by D. Besser, Rock-
efeller University, New York, N.Y.). Control transfections with 300 ng of the
luciferase expression plasmid pGL3 Control (Promega) were performed to check
the efficiency of transfection. Twelve hours after transfection, cells were starved
in medium with 0.1% FBS for an additional 16 h and then stimulated with HGF
(40 ng/ml) or TNF-a (100 ng/ml) for 8 h. Where indicated, prior to stimulation
cells were preincubated for 1 h with specified inhibitors. Cells were harvested
with 300 ul of Reporter Lysis Buffer (Promega), and the protein concentration
was determined with Protein Assay Dye Reagents (Bio-Rad). Luciferase assays
were performed on equal amount of protein (=20 pg/sample). Luciferase activity
was determined using the Luciferase Assay System (Promega) and the luminom-
eter Junior (Berthold).
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FIG. 1. HGF enhances NF-kB DNA-binding and transcriptional activity. (A) Upper panel, MLP29 cells were stimulated with HGF (40 ng/ml)
or TNF-a (100 ng/ml) for the indicated times (min). EMSAs were performed on nuclear extracts using a radiolabeled oligonucleotide probe
containing a NF-«kB binding site. Lower panel, to verify the quality of the nuclear extracts EMSAs were carried out in parallel with a probe specific
for the constituive OCT-1 transcription factor. (B) To further characterize the NF-kB complex, nuclear extracts were preincubated with a 10-fold
excess of unlabeled NF-kB oligonucleotide (comp, competitor) and with antibodies specific for the p5S0 or p65 subunit of NF-kB (ap50, ap65).
High- and low-molecular-weight (Complex I and II)) and supershifted (s.s.) complexes are indicated. Results in panels A and B are representative
of experiments repeated at least three times. (C) MLP29 cells were transiently transfected with a 3xkB-Luc reporter plasmid and allowed to recover
for 12 h. After an additional 16 h in medium with 0.1% serum, cells were stimulated for 8 h with HGF at the indicated concentrations or with
TNF-a (100 ng/ml). Luciferase activity was determined on cell extracts normalized for protein concentration. Data are presented as fold luciferase
induction, with nonstimulated control cells (—) normalized to 1. Results are the mean * the standard error of the mean of the data obtained from

at least three independent experiments.

RESULTS

HGF increases NF-kB DNA binding and activates NF-kB-
dependent transcription. To assess whether HGF stimulation
has any effect on NF-kB in epithelial cells, we first verified
whether it modulates its DNA-binding activity. For this, we
treated MLP29 cells with 40 ng of HGF/ml for different times
and analyzed nuclear extracts by EMSA, using a radiolabeled
DNA probe with a NF-«kB consensus motif. While a basal level
of low-molecular-weight NF-kB complex was already present
in nonstimulated cells, 15 min after HGF stimulation both
high- and low-molecular-weight complexes (Fig. 1A) became
clearly detectable, reached a maximum at 30 to 60 min, and

declined thereafter. Under similar conditions, stimulation with
TNF-a (100 ng/ml) induced NF-«kB DNA-binding activity
more rapidly. High- and low-molecular-weight complexes were
already present 5 min after stimulation and peaked at 15 min
(Fig. 1A). Interestingly, while TNF-a induced predominantly
the high-molecular-weight complex, HGF stimulation resulted
in a pronounced induction also of the low-molecular-weight
complex.

The two types of NF-kB DNA complexes were further char-
acterized by supershift analysis. Nuclear extracts were incu-
bated with antibodies against the pS0 or p65 subunits of NF-
kB. This resulted, respectively, in the shift of both bands or in
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the abrogation of the higher-molecular-weight band (Fig. 1B).
Thus, the high-molecular-weight NF-kB complex consists of a
p65/p50 heterodimer, which is known to be transcriptionally
active. The low-molecular-weight complex contains p50, pre-
sumably present as a p50/p50 homodimer or as a heterodimer
with another NF-«kB family member, such as p52. It should be
noted that although low-molecular-weight complexes have
been mostly described as transcriptionally silent, under some
circumstances they may be capable of transcriptional activity
(27).

Due to the complexity of its regulation, the increase in
NF-«kB DNA binding does not always correlate with the en-
hancement of NF-kB-dependent transcription. To determine
whether HGF treatment induces NF-kB-mediated transcrip-
tion, MLP29 cells were transiently transfected with a plasmid
containing a promoter composed of three NF-kB binding sites
linked to a luciferase reporter gene (3xkB-Luc). Stimulation
with 40 ng of HGF/ml for 8 h caused a 3.1- = 0.3-fold increase
in luciferase activity (Fig. 1C). Lowering the HGF concentra-
tion to 10 ng/ml resulted in only a 1.8- + 0.2-fold increase over
the control, indicating that NF-kB transcriptional activity was
induced by HGF in a dose-dependent manner.

In our system the increase in transcriptional NF-kB activity
caused by TNF-a (100 ng/ml) was only slightly more pro-
nounced than that caused by 40 ng of HGF/ml (Fig. 1C). The
response to TNF-a did not change within a range of concen-
trations from 10 to 200 ng/ml.

Differential modulation of IkBa, ERK1/2, p38 MAPK, and
Akt by HGF and TNF-a. A crucial control point in NF-«B
activation by TNF-« is the phosphorylation of IkBa at serines
32 and 36 followed by its ubiquitination and degradation,
which result in the nuclear translocation of NF-kB. We wanted
to investigate whether the activation of NF-kB by HGF in-
volves the same mechanism. For this, we stimulated MLP29
cells with HGF (40 ng/ml) or TNF-a (100 ng/ml) for different
times and monitored phosphorylation and degradation of
IkBa by Western blotting, using specific polyclonal antibodies
against the Ser32-phosporylated form of IkBa or against pan-
IkBa.

As expected, TNF-a was very efficient at promoting phos-
phorylation of IkBa and subsequent degradation of the protein
(Fig. 2A, right panel). Phosphorylation of IkBa reached its
maximum as early as 5 min after stimulation. After 10 min,
degradation of IkBa was nearly complete, and at 60 min, IkBa
was already resynthesized, indicating NF-kB-dependent IkBa
transcription. The fast kinetics of IkBa phosphorylation and
degradation correlated well with those of induction of NF-«B
DNA-binding activity by TNF-a (Fig. 1A). HGF stimulation
resulted in a different pattern of modulation of IkBa (Fig. 2A,
left panel). Phosphorylation of IkBa was seen only after 15 min
and peaked as late as 2 h. Degradation of IkBa ensued, but the
maximal loss of the protein never exceeded 40% of the total. In
contrast to TNF-a stimulation, IkBa did not return to basal
levels even after 3 h. The modest amount of IkBa phosphor-
ylation and degradation seen in the first 60 min after HGF
stimulation was probably responsible for the increase in NF-«kB
DNA-binding activity observed in the EMSA assay in the same
time interval after HGF treatment (see Fig. 1A). The more
pronounced phosphorylation of IkBa seen at 2 h appears to
have no further effect on NF-kB DNA-binding activity.
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Recently other pathways besides IkBa degradation, such as
the ERK1/2 and p38 MAPK cascades as well as PI3K/Akt,
have been implicated in NF-«B transcriptional activation
downstream of the TNF-q, IL-1, or PDGF receptors (36, 46,
63, 71, 75). To assess the effect of HGF and TNF-a on these
three pathways in our cell model, we analyzed by Western
blotting the activation of ERK1/2, Akt, and p38 following HGF
and TNF-a stimulation (Fig. 2B). For this we used antibodies
specific for the phosphorylated forms of these proteins. As
expected, HGF activated all three pathways. Time course anal-
ysis revealed that both ERK1/2 and Akt were already fully
phosphorylated after 15 min of HGF stimulation and that
phosphorylation was sustained for at least 2 h. TNF-a resulted
in a much less pronounced and more transient phosphorylation
of ERK1/2, while phosphorylation of Akt was only barely de-
tectable. P38 phosphorylation peaked at 30 min and was sus-
tained for up to 3 h following HGF treatment. After TNF-«a
stimulation, maximal p38 phosphorylation was reached at 10
min, but it seemed to be more transient compared with that
elicited by the HGF stimulus.

Inhibition of ERK1/2 or of p38 MAPK reduces HGF-induced
NF-kB transcriptional activity without affecting IxBa phos-
phorylation. Pharmacological inhibitors, such as PD098059
(specific for MEK1), SB203580 (specific for p38 MAPK), and
wortmannin (specific for PI3K) are commonly used to assess
the contribution of these pathways to a biological response.
The effect of the above inhibitors on HGF-induced NF-kB
transcriptional activity was evaluated in a luciferase reporter
assay. Cells transfected with the luciferase reporter plasmid
3xkB-Luc were preincubated for 1 h with the different inhibi-
tors at the appropriate concentrations, and were stimulated
with either HGF or TNF-a. Control assays on unstimulated
cells showed that all three inhibitors had no effect on the basal
level of luciferase activity (data not shown). HGF-induced
NF-«kB transcription was nearly abolished by PD098059 and
was reduced to approximately 50% by SB203580 (Fig. 3A).
Thus, both the ERK1/2 pathway and, to a lesser extent, the p38
MAPK pathway are involved in NF-kB-dependent transcrip-
tional activation by HGF. In cells stimulated with TNF-«, the
effect of the inhibitors was much less pronounced. The PI3K
inhibitor wortmannin did not show an inhibitory effect on ei-
ther HGF or TNF-a-induced NF-kB activation (Fig. 3A).

To investigate whether the above pathways are involved in
IkBa phosphorylation and degradation, we determined the
level of phosphorylated IkBa in cells treated with the different
inhibitors. Fig. 3B shows that neither HGF nor TNF-«a induces
IkBa phosphorylation via pathways sensitive to the inhibitors
of ERK1/2, p38 MAPK or PI3K. This result was further con-
firmed by EMSAs demonstrating that NF-kB DNA-binding
activity as well is not influenced by the use of the inhibitors
(data not shown).

Taken together, our results suggest that HGF can modulate
NF-«kB-dependent transcription through mechanisms at least
in part independent of IkBa degradation and nuclear translo-
cation. These mechanisms involve the ERK1/2 and the p38
MAPK cascades. PI3K-dependent signaling appears to be dis-
pensable for HGF-induced NF-«kB activation.

Stable expression of the specific NF-kB inhibitor IkBaSR
abolishes NF-kB transcriptional activation by HGF and
TNF-o and sensitizes MLP29 cells to TNF-a-induced cell
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FIG. 2. Differential modulation of IkBa, ERK1/2, AKT, and p38 by HGF and TNF-a. MLP29 cells, starved in medium with 0.1% serum for
12 h, were stimulated for the indicated times either with HGF (40 ng/ml) or with TNF-a (100 ng/ml) (note that the time course for HGF and TNF-«
stimulation is different). Phospho-IkBa and IkBa (A) and phospho-ERK 1/2, phospho-Akt, and phospho-p38 (B) were detected on Western blots
of total proteins (15 wg/lane). The B-actin control confirming that an equal amount of protein was loaded in each lane applies to both panels A

and B.

death. In order to further explore the role of NF-kB in HGF
signaling, we wanted to determine whether NF-kB activity is
required for the biological functions mediated by HGF. To
answer this question we generated stable MLP29 clones ex-
pressing a mutant form of the human IkBa protein with serines
32 and 36 mutated into alanine (IkBa2A). This protein is no
longer subject to phosphorylation and degradation and there-
fore acts as a potent and specific repressor of NF-«kB activity
(IkBa super-repressor, IkBaSR) (22, 79). A number of stable
transfectants were selected by Western blot analysis. Positive
clones were grouped according to high or low levels of IkBaSR
expression. In high expressors, the level of IkBaSR was com-
parable to that of endogenous IkBa. In low expressors, the
level of IkBaSR was lower (see representative clones of both
groups in the inset of Fig. 4A). In clones of both groups
activation of ERK1/2, p38 MAPK, and Akt upon HGF stim-
ulation was similar to that in wild-type cells (not shown). Thus,
expression of IkBaSR did not cause alterations in these sig-

naling pathways. The inhibitory action of IkBaSR on NF-«B
was verified by luciferase reporter assays with the two repre-
sentative clones 15 (high-level expression of IkBaSR) and 21
(low-level expression of IkBaSR). In clone 15, TNF-a- and
HGF-induced NF-«B transcriptional activity was nearly com-
pletely abolished, while in clone 21 it was approximately 50%
reduced (Fig. 4A). The inhibitory activity of IkBaSR was fur-
ther confirmed by assessing the ability of TNF-a to induce
apoptosis in the transfected cells. It is known that while wild-
type epithelial cells are mostly resistant to TNF-a-induced
apoptosis, cells with impaired NF-kB activity become sensitive
(8, 74, 81). We determined TNF-a-induced cell death by mea-
suring histone-associated DNA fragments using an ELISA-
based assay (see Materials and Methods). Fig. 4B shows that
while wild-type and clone 21 cells were nearly unaffected by
TNF-q, in clone 15 (expressing high levels of IkBaSR) DNA
fragmentation was dramatically increased by TNF-a stimula-
tion. This confirms that high levels of IkBaSR suppress NF-«kB
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FIG. 3. Effect of inhibitors on HGF and TNF-a-induced NF-«kB transcriptional activity and IkBa phosphorylation. (A) Cells were transiently
transfected with 3xkB-Luc reporter plasmid and incubated in rich medium for 12 h. Following 16 h in medium with 0.1% serum, cells were treated
with the different inhibitors or with dimethyl sulfoxide (DMSO) for 1 h and then stimulated with HGF (40 ng/ml) or TNF-a (100 ng/ml) for 8 h
prior to determination of luciferase activity. PD098059 (PD) and SB203580 (SB) were each used at a concentration of 30 wM; wortmannin (WM)
was used at a concentration of 100 nM. Luciferase activity is expressed as percentage of induction, relative to that measured in cells stimulated
with HGF or TNF-«, which was set to 100% (DMSO was without effect). Bars are the mean * SEM of data collected from at least three
independent experiments. (B) MLP29 cells were incubated for 12 h with medium containing 0.1% serum and pretreated either with PD098059
(PD), SB203580 (SB) (both used in a concentration of 30 wM), wortmannin (WM) (100 nM) or with DMSO alone for 1 h. Cells were then
stimulated with HGF (40 ng/ml) for 1 h or with TNF-a (100 ng/ml) for 5 min, and IkBa phosphorylation was visualized by Western blotting.

activation. On the other hand, the residual level of NF-«xB
present in clone 21 seems to be sufficient to counterbalance the
proapoptotic effect of TNF-« stimulation.

NF-kB activation is dispensable for cell scattering but is
required for HGF-induced proliferation. Biological functions
mediated by HGF in MLP29 cells include stimulation of cell
motility (scatter), proliferation, survival, and tubulogenesis
(53). These responses were evaluated in the cells expressing
high or low levels of IkBaSR described above.

HGEF is identical to scatter factor, a molecule which was
independently identified for its ability to induce motility in
epithelial cells (12; E. Gherardi and M. Stoker, Letter, Nature
346:228, 1990). MLP29 cells grow on plastic in tightly packed
islands with cell-to-cell contacts mimicking the structure of an
epithelial sheet. Addition of HGF to the medium causes loss of
cell junctions and cell dispersal throughout the culture dish
(scatter). The scatter response, which requires gene transcrip-
tion and protein synthesis, is generally assessed by examining
the culture dish after an overnight incubation with the growth
factor (12; Gherardi and Stoker, letter).

Control MLP29 cells and clones expressing high or low lev-
els of IkBaSR (at least three independently isolated clones

each) were seeded at low density and allowed to grow in 5%
serum for 2 days, until they formed islets of closely packed
cells. Cells were then starved for 24 h at 0.1% serum and
stimulated overnight with 10 ng of HGF/ml. No differences
could be detected in the scatter response of high- or low-level
IkBaSR expressors with respect to wild-type MLP29 cells. Fig.
5A shows the results obtained with representative clones 15
and 21.

To test the effect of inhibition of NF-«B activation on the
HGF-induced proliferative response, high- or low-level
IkBaSR expressor clones (at least three independently isolated
clones each) were plated at low density in 5% serum for 24 h.
Cells were then starved in 0.1% serum for an additional 24 h
and finally switched to growth medium (0.1% serum supple-
mented with 10 ng of HGF/ml, or 5% serum as a control).
Proliferation was assessed by counting cells after 48 h of incu-
bation in growth medium.

MLP29 cells responded to HGF stimulation by roughly dou-
bling their number, while serum provided a more powerful
growth stimulus (see also reference 53). The results obtained
with representative clones 15 and 21 are shown in Fig. 5B. In
clone 15 the proliferative response to HGF was almost com-
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FIG. 4. Expression of IkBaSR inhibits HGF-induced NF-«B tran-
scriptional activation and sensitizes MLP29 cells to TNF-a-induced
cell death. (A) HGF (40 ng/ml)- or TNF-a (100 ng/ml)-induced NF-xB
transcriptional activity was measured in wild-type MLP29 cells (WT)
and in clones 15 and 21, using a luciferase reporter assay as described
in Fig. 1C. Inset, Western blot of total protein extracts from clones 15
(high IkBaSR expressor) and 21 (low IkBaSR expressor), probed with
anti-IkBa antibody. The human IkBaSR has a slightly lower mobility
than the endogenous murine protein. Endo, endogenous murine IkBa;
Mut, transfected human IkBaSR. (B) Wild-type MLP29 cells (WT),
clone 15, and clone 21 were either treated with TNF-a (100 ng/ml) for
18 h or left untreated. Cells were lysed, and extracts were analyzed for
DNA fragmentation using a photometric enzyme immunoassay, spe-
cific for cytoplasmic histone-associated-DNA fragments (Cell Death
Detection ELISAP™YS kit; Roche). Absorbance was measured at 405
nm. Bars represent the mean * standard error of the mean of data
collected from three separate experiments.

pletely abrogated. Conversely, clone 21 was still capable of
responding to HGF, although at a reduced level compared to
wild-type cells. Using higher concentrations of HGF (up to 40
ng/ml), proliferation was not rescued (data not shown). Inter-
fering with NF-kB activation affected especially the prolifera-
tive response induced by HGF. In fact, when the growth stim-
ulus was provided by serum, the inhibitory effect of the
IkBaSR expression was much less pronounced (Fig. 5B).
Inhibition of NF-kB activation interferes with HGF-induced
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FIG. 5. NF-«kB activation is dispensable for cell scattering but is
required for HGF-induced proliferation. (A) Wild-type MLP29 cells
(WT) and clones 15 and 21, expressing high and low levels of the
IkBaSR, were kept in 5% serum until they formed tightly packed
islands. Cells were then starved for 24 h in 0.1% serum and either left
untreated (-) or treated with 10 ng/ml of HGF. Photographs were
taken after an overnight incubation with the growth factor. (B) Wild-
type MLP29 cells (WT) and clones 15 and 21 were seeded in 3-cm
dishes (0.8 X 10* cells/dish) and grown for 12 h in 5% serum. Cells
were starved in 0.1% serum for 24 h (cell numbers at the end of
starvation time were similar for all cell types). Cells were then switched
to 5% serum or to 0.1% serum supplemented with 10 ng of HGF/ml
and incubated for an additional 48 h with one change of medium. After
trypsinization, cells were counted in triplicate. Bars represent the mean
of four independent experiments * the standard error of the mean. *,
P < 0.001, compared to WT treated with HGF; O, P < 0.001, com-
pared to WT treated with 5% serum; OO, P < 0.05, compared to WT
treated with 5% serum.

tubulogenesis. Next we tested the ability of IkBaSR-expressing
clones to form tubules in collagen gels upon HGF stimulation.
Tubulogenesis is a highly complex long-term process, specifi-
cally mediated by Met or by the other members of the Met
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FIG. 6. Expression of IkBaSR inhibits HGF-induced tubulogen-
esis. (A) Clones 15 and 21 were plated in collagen gels and either left
untreated (-) or incubated with HGF (10 ng/ml). Branching tubules
were observed 7 days later by phase-contrast light microscopy. Each
clone was tested in three tubulogenesis assays with consistent results.
The bar corresponds to 50 pm. (B) Tubulogenesis was quantified in
three distinct clones/type (high and low expressors) by measuring the
maximum length of whole tubules (distance between the two arrow-
heads in panel A; black columns) or the diameter of cysts (white
columns). Experiments were carried out in triplicate, and the length of
15 tubular structures in each assay (or the diameter of 15 cysts) was
measured for each clone. Each bar represents the mean * the stan-
dard deviation.

family, Ron and Sea (53). MLP29 cells seeded in three-dimen-
sional collagen gels grow to form spherical cysts. Within 1 week
of HGF addition, the cysts undergo a morphogenetic process
yielding tridimensional structures characterized by long
branched tubules (53).

Wild-type MLP29 cells and at least three distinct clones
expressing high and low levels of the IkBaSR protein (exem-
plified by clones 15 and 21) formed cysts equally well in colla-
gen supplemented with 4% serum (Fig. 6A). Upon addition of
HGF (10 ng/ml), wild-type MLP29 cells yielded the expected
highly branched long tubular structures (Fig. 6A). On the other
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hand, high IkBaSR expressors produced at best short un-
branched tubules (see Clone 15 in Fig. 6A). Tubulogenesis was
also inhibited in low expressors, although to a lesser extent
(clone 21 [Fig. 6A]). To quantitate this effect, the tubulogen-
esis assay was carried out (in triplicate) using high- and low-
expressor clones (three distinct clones/type) and nontrans-
fected cells as a control. The maximum length of 15 tubules/
assay/clone was measured, without taking into account the
number of branches. For cysts, we measured the diameter. The
results of this analysis, shown in Fig. 6B, confirmed that inhi-
bition of NF-kB activation heavily interferes with the morpho-
genetic process.

To further confirm these results, we treated wild-type
MLP29 cells with BAY 11-7082, a known pharmacological
inhibitor of IkBa phosphorylation (58). BAY 11-7082 was
added together with HGF at the start of the tubulogenesis
assay with MLP29 cells seeded in collagen gels. We used the
compound at concentrations in the low micromolar range to
avoid toxicity and to minimize aspecific effects. Fig. 7A shows
that BAY 11-7082 effectively inhibited tubule formation, in a
dose-dependent way, confirming the requirement for NF-«kB
activation in HGF-dependent morphogenesis. To verify bio-
chemically that the inhibitory effect of BAY 11-7082 was spe-
cific for IkBa phosphorylation, MLP29 cells were pretreated
with 5 to 10 puM BAY 11-7082 for 1 h and stimulated with 40
ng of HGF/ml for 30 min. Fig. 7B shows that BAY 11-7082 was
effective at reducing HGF-induced IkBa phosphorylation but
did not interfere with ERK1/2 and Akt phosphorylation.

The antiapoptotic effect of HGF is independent of NF-«xB
activation. Protection against apoptosis is a function that HGF
shares with many other growth factors. We wanted to investi-
gate whether this function was affected by the inhibition of
NF-«kB activation.

Inhibition of NF-«B activation confers sensitivity to TNF-a-
induced cell death. Wild-type MLP29 cells and clones express-
ing low levels of IkBaSR did not show any increase in apopto-
sis following TNF-a treatment. Conversely, MLP29 clones
expressing high levels of IkBaSR underwent massive DNA
fragmentation (see Fig. 4B). HGF can protect hepatocytes
from TNF-a-mediated cell damage and DNA fragmentation
(68). To find out whether this protective effect requires NF-«kB
activation, we treated high-level IkBaSR expressors with HGF
(at a concentration of 10 ng/ml) together with TNF-a and
determined the extent of apoptosis as previously described.
HGF caused a 70% reduction in DNA fragmentation (—69.5%
* 6.9% in clone 15) compared to cells treated with TNF-«
alone.

HGEF is also known to protect cells from apoptosis induced
by DNA damaging agents, such as the topoisomerase inhibitor
Etoposide (5). Control MLP29 cells and clone 15 were equally
sensitive to micromolar concentrations of Etoposide, which
caused about a 10-fold increase in apoptosis. As expected, in
wild-type MLP29 cells addition of 10 ng of HGF/ml together
with Etoposide resulted in a substantial suppression of DNA
fragmentation relative to cells treated with Etoposide alone
(—35.9% = 3.4%). Interestingly, the extent of protection from
cell death was essentially the same in clone 15 (—34.5% =
8%). Similar results were obtained with two additional inde-
pendently isolated high IkBaSR expressors.

These results indicate that HGF is capable of protecting
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FIG. 7. Effect of the NF-«kB inhibitor BAY 11-7082 (BAY) on
HGF-mediated tubulogenesis. (A) Wild-type MLP29 cells were plated
in collagen gels. Twenty-four hours later, HGF (10 ng/ml) was added
to the medium together with BAY 11-7082 at the indicated concen-
trations or with dimethyl sulfoxide (DMSO) alone. The medium was
changed every 48 h. Pictures were taken after 1 week. Bar, 50 um. The
results are representative of three independent experiments. (B) Wild
type MLP29 cells, starved in 0.1% serum for 24 h, were preincubated
for 1 h with BAY 11-7082 at the indicated concentrations before HGF
stimulation (40 ng/ml for 30 min). Phosphoproteins were detected on
Western blots of total protein extracts (15 pg/lane). B-Actin was visu-
alized to confirm that an equal amount of protein was loaded in each
lane.

cells against TNF-a- and Etoposide-mediated apoptosis in a
NF-kB-independent way.

DISCUSSION

In this work we have identified NF-kB as an effector of Met
signaling. HGF activates NF-kB through stimulation of its
DNA binding activity and enhances its transcriptional activa-
tion. This occurs via the canonical IkBa phosphorylation-deg-
radation cycle and via ERK1/2 and p38 MAPK stimulation.
PI3K does not seem to be involved in NF-«kB activation by
HGF, at least in MLP29 liver cells. NF-kB activation down-
stream of Met seems to be essential for proliferation and
tubular morphogenesis but not for scatter and for the anti-
apoptotic function of HGF.
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Mechanisms of NF-kB activation by HGF. HGF stimulation
of MLP29 cells enhances NF-kB DNA binding at least in part
through a mechanism involving phosphorylation-degradation
of IkBa and translocation of NF-«kB into the nucleus. How
could Met, the HGF receptor, connect with the IKKs, which
are responsible for IkBa phosphorylation? While the mole-
cules linking the TNF-a and IL-1 receptors to the IKK multi-
subunit complex have been described in detail (3, 72), the
proximal signaling component used by growth factor receptors
to activate the IKKs is not yet understood. For the PDGF
receptor it has been proposed that Akt itself may act as a
bridge, since at least in fibroblasts, it seems to be responsible
for phosphorylating IKK directly (63). However, this does not
seem to be a general mechanism, since in the case of Met (this
work) and of other receptors (25), inhibition of the PI3K/Akt
pathway does not interfere with IkBa phosphorylation. Work
done with the EGFR suggests two alternative ways in which
tyrosine kinase receptors could be linked to the IKKs. Using
transiently transfected cells it was shown that the EGFR en-
gages the tumor necrosis factor receptor-interacting proteins
RIP and NF-kB-inducing kinase to form a multisubunit com-
plex, similar to but not identical with that of tumor necrosis
factor receptor, which results in the phosphorylation of IKKs
(31). In another cell system, the EGFR was shown to recruit
and activate MEKKI1 (itself an IKK kinase) via the Grb2
adapter (59). The latter mechanism could be hypothesized also
for Met, which binds Grb2 at high affinity (60).

In our cell model, HGF/Met signaling promotes IkBa phos-
phorylation and degradation at a lower level than TNF-a.
However, the two ligands have comparable effects on NF-kB-
dependent transcription. IkBa phosphorylation and increased
NF-kB DNA binding may therefore represent only an initial
step of the HGF-mediated activation process, which can be
reinforced by additional steps enhancing NF-kB transcrip-
tional activity (67). Signaling pathways which positively mod-
ulate the NF-kB transcription potential independently from
nuclear translocation have been described downstream of
TNF-«, IL-1, and growth factor receptors. In particular, the
ERK1/2 and p38 MAPK cascades were found to be involved in
NF-kB activation by two groups working with nonepithelial
cells (36, 75). Others found an involvement only of p38 MAPK
(10, 43, 78), while ERK1/2 was reported to have no effect or a
even negative effect on NF-kB activation (20). Our studies with
specific inhibitors of these two pathways indicate that the
ERK1/2 and, less extensively, also the p38 MAPK cascades are
necessary for HGF-induced NF-«B transcriptional activation.

How these MAP kinases can modify the transcriptional ac-
tivation of NF-kB remains to be defined. One possibility could
be through phosphorylation of the NF-kB p65 subunit. Several
reports indicate that phosphorylation of distinct serine resi-
dues in the p65 transactivation domain enhances the transcrip-
tional potential of NF-kB (2, 71, 77, 83). This modification may
facilitate interactions with proteins of the basal transcriptional
apparatus, as well as with NF-kB coactivators, including CBP
and p300 (83). It is unlikely that ERK1/2 and p38 phosphory-
late p65 directly, for lack of the appropriate consensus se-
quence. On the other hand kinases such as casein kinase II,
PKA, and PKC ¢, known to be capable of phosphorylating p65
in vivo (2, 77, 83), are not physiological substrates for ERK1/2
and p38 MAPK. Therefore, there may be a critical kinase still
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to be identified. Alternatively, it is possible that the MAPKs
could enhance NF-kB-dependent gene expression by modulat-
ing the activity of the transcriptional machinery or of coacti-
vator proteins. For example, p38 and ERK1 have been shown
to phosphorylate, respectively, the TATA binding protein (1,
19) and CBP (1).

Another pathway which has been implicated in the enhance-
ment of NF-kB-dependent transcription is PI3K/Akt. Recent
studies have yielded conflicting results. An essential role for
PI3K/Akt in enhancing the transcriptional activity of the
NF-kB p65 subunit has been described downstream of TNF-a
or II-1 (46, 71). However, this pathway does not seem to be
required in all cell types or for all stimuli (25, 45, 62). Our
study provides clear evidence that in MLP29 cells PI3K activity
is not essential for HGF-induced NF-kB activation. This is not
due to a lack of activation of PI3K/Akt upon HGF stimulation,
because we and others have shown that HGF is a potent
inducer of this pathway (this work and references 17, 29, 40,
and 73). On the other hand, given the virtual lack of response
in Akt phosphorylation upon stimulation by TNF-q, it is less
surprising that the inhibition of PI3K did not have any effect on
TNF-a-mediated NF-«kB activation.

Role of NF-kB in cell scatter, proliferation, and tubulogen-
esis. HGF elicits in MLP29 cells the full array of its biological
effects: scattering, survival, proliferation, and tubular morpho-
genesis (53). HGF-induced scattering was unaffected by the
block of NF-kB activation obtained by expression of the
IkBaSR. Scattering depends on PI3K activation in combina-
tion with a basal level of the ERK-MAPK pathway (40). The
response of both pathways to HGF was unaffected in IkBaSR-
expressing cells; thus, the lack of effect on scattering was ex-
pected.

Inhibition of NF-kB activation interfered with HGF-induced
proliferation. NF-«kB has been shown to contribute to cell cycle
progression by inducing transcription of cyclin D1 in fibro-
blasts, myoblasts (30), and mammary carcinoma cells (33).
Increased cyclin D1 levels have been observed also in response
to HGF treatment (61). Our results suggest the hypothesis that
NF-kB could be essential in order to mediate the HGF-depen-
dent activation of cyclin D1 transcription. The lesser effect of
the blockage in NF-«kB activation on serum-induced prolifer-
ation suggests that the control of cyclin D1 transcription down-
stream of a more complex stimulus relies on multiple transcrip-
tion factors.

Branching tubulogenesis is a complex process which is
uniquely elicited by HGF in epithelial cells. It requires cell
scatter, proliferation, and finally a phase during which cells
become polarized to form the walls of tubular structures. In
vitro, HGF-induced proliferation and tubulogenesis are not
necessarily linked. In fact, in some cells, such as in the majority
of MDCK clones, HGF is unable to elicit a proliferative re-
sponse but acts as a powerful morphogen (28). In cells in which
NF-kB activation is blocked (obtained either by IkBa-SR ex-
pression or by treatment with a pharmacological inhibitor of
IkBa phosphorylation), HGF-induced tubulogenesis was ab-
rogated. We think that it is unlikely that this inhibitory effect
was due only to reduced proliferation. The tubulogenesis assay
was carried out in 4% serum, a condition in which proliferation
was only modestly reduced (even in high IkBa-SR expressors),
while the defect in tubulogenesis was much more severe. Ac-
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cordingly, with cells expressing high levels of IkBa-SR, forma-
tion of cysts in collagen was equal to that of wild-type MLP29
cells. Thus, the blocking of NF-kB activation seems to affect
specifically the morphogenetic process.

A number of signaling pathways have been shown to be
essential for tubulogenesis. Activation of the MAPK cascade
and of PI3K are both required (40). Phosphorylation of the
multiadaptor protein Gab-1 is essential (50). Binding of PLCry
to Gab-1 and recruitment and activation of the transcription
factor Stat-3 to the Met receptor, both dispensable for cell
scattering and growth, are also specifically required (15, 30). In
this study we show that tubulogenesis was abrogated by a
blocking of NF-«kB activation, obtained either by IkBa-SR
expression or by treatment with a pharmacological inhibitor of
IkBa phosphorylation. We have thus identified the transcrip-
tion factor NF-kB as another essential factor for HGF-stimu-
lated growth of tubular structures. A link between NF-kB and
tubulogenesis was suggested by previous studies of Shono et al.
on TNF-a-mediated angiogenesis (70), a process with some
similarities to tubulogenesis. According to this work, NF-«B
promotes angiogenesis by inducing production of secondary
angiogenic factors, such as IL-8. Another, more direct expla-
nation for the NF-kB requirement may be related to the fact
that tubulogenesis (which occurs in collagen gels) requires
secretion of extracellular matrix proteases and cell polariza-
tion. NF-kB may be required for HGF-induced expression of
cell adhesion molecules involved in cell polarization or for
secretion of proteases, such as matrix metalloproteinase 9 (9,
42).

NF-kB is not essential for HGF-mediated protection from
apoptosis. HGF protects a broad range of diverse cell types
from apoptosis induced by serum starvation, by various DNA-
damaging agents, and also by death factors (17, 44, 68, 73). The
antiapoptotic action of HGF is particularly important in liver
cells. HGF protects hepatocytes in culture from Fas- and TNF-
a-induced cell death (68, 73) and, in vivo, prevents endotoxin-
or Fas-induced lethal hepatic failure (41). Furthermore, in
mice null for HGF or Met the liver undergoes regression in
mid-gestation, due to massive apoptosis of hepatocytes (48,
66). Although the precise mechanisms by which HGF pro-
motes cell survival remain unclear, in most cell types there
seems to be an involvement of the PI3K/Akt pathway, which
results in the modulation of anti- or proapoptotic members of
the Bcl-2 family, such as BAG-1, Bcl-xL, or Bad (5, 17, 68, 73).

NF-«kB has been widely implicated in regulating the apopto-
tic program, especially for its antiapoptotic properties (6),
more rarely as an inducer of cell death (39, 65). Similar to
HGF and Met, the survival-promoting function of NF-«kB is
confirmed by the phenotype of the p65 knockout, which is
characterized by embryonic lethality in mid-gestation due to
massive apoptosis of the liver (7). Subsequently it was shown
that NF-«B is essential to suppress TNF-a-induced cell death
(8, 74). This function in counteracting the proapoptotic effect
of TNF-a was confirmed in vivo by the generation of mice
doubly deficient for p65 and TNF-a (26). In these animals the
liver defect was rescued, implying that the role of NF-kB dur-
ing liver development is that of protecting hepatocytes from
TNF-a-mediated cytotoxicity. Recent reports have shown that
protection against cell death by many growth factors, such as
PDGF, NGF, IGF-I, and insulin, involves NF-kB activation
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(11, 32, 47, 63). Interestingly, in some cases Akt may link the
action of growth factors and the activation of NF-kB in a
common antiapoptotic route (32, 63).

In this work we confirmed the antiapoptotic effect of HGF in
MLP29 hepatocyte precursor cells. TNF-a and Etoposide-in-
duced apoptosis were both efficiently counteracted by HGF.
Quite unexpectedly, however, we found that the survival effect
of HGF is mostly NF-kB independent, as shown by the fact
that protection occurred also in cells where NF-kB was
blocked by the expression of the inhibitory protein IkBaSR.
Our experiments do not exclude the possibility that in liver
cells NF-kB may contribute to the antiapoptotic effect of HGF;
however, this is certainly not a strict requirement, as shown by
the nearly complete protection afforded by HGF in the ab-
sence of NF-kB activity. Further studies are needed to estab-
lish how the NF-kB-independent HGF-induced cell survival
stimulus is implemented. It seems likely that the PI3K-Akt
pathway, which has been shown to have a role in HGF-medi-
ated protection from apoptosis in other cell types (82), may do
so also in hepatocytes.

Our study and the data in the literature suggest a few final
considerations on the role of NF-kB and HGF in protection of
liver cells from apoptosis. There is evidence from in vivo stud-
ies that NF-kB is required in the liver to counteract TNF-a-
mediated cytotoxicity under conditions when TNF-a produc-
tion is likely be particularly high, such as embryonal development
(7) or massive regeneration after a partial hepatectomy (34). In
these circumstances there is also a requirement for concomi-
tant antiapoptotic HGF/Met signaling (35, 66). In the simplest
scenario to reconcile these data, NF-kB could lie downstream
of Met in the execution of the HGF-induced antiapoptotic
program. Our data show that this is not the case. In fact, in
MLP29 cells in culture, HGF treatment can counteract the
proapoptotic effect of TNF-« in the absence of NF-«kB. Thus,
in liver cells two distinct and independent antiapoptotic path-
ways must operate, one triggered by TNF-a and mediated by
NF-kB, and another, triggered by HGF, which is NF-«B inde-
pendent and probably PI3K mediated. The latter one, how-
ever, is not sufficient in vivo to sustain hepatocyte survival in
p65~/~ mice. The physiological level of the HGF ligand in the
embryonal liver may be inadequate for this rescue.

TNF-a has been implicated as a causative agent in many
disease states, such as septic shock or fulminant hepatic failure
(18). Our data suggest that a treatment with high doses of
HGF may be efficient in counteracting these pathological ef-
fects of TNF-q, independently of the activation state of NF-«B.
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