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Abstract
Hepatocyte growth factor (HGF) is a potent hepatocyte mitogen that exerts opposing effects
depending on cell density. Glutathione (GSH) is the main non-protein thiol in mammalian cells that
modulates growth and apoptosis. We previously showed that GSH level is inversely related to cell
density of hepatocytes and is positively related to growth. Our current work examined whether HGF
can modulate GSH synthesis in a cell density dependent manner and how GSH in turn influence
HGF’s effects. We found HGF treatment of H4IIE cells increased cell GSH levels only under
subconfluent density. The increase in cell GSH under low density was due to increased transcription
of GSH synthetic enzymes. This correlated with increased protein levels and nuclear binding
activities of c-Jun, c-Fos, p65, p50, Nrf1 and Nrf2 to the promoter region of these genes. HGF acts
as a mitogen in H4IIE cells under low cell density and protects against tumor necrosis factor α
(TNFα)-induced apoptosis by limiting JNK activation. However, HGF is pro-apoptotic under high
cell density and exacerbates TNFα-induced apoptosis by potentiating JNK activation. The increase
in cell GSH under low cell density allows HGF to exert its full mitogenic effect but is not necessary
for its anti-apoptotic effect.
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INTRODUCTION
Glutathione (GSH) is the main non-protein thiol in mammalian cells that participates in many
critical cellular functions including antioxidant defense and cell growth [1]. GSH synthesis
occurs in the cytosol of all mammalian cells via two enzymatic steps: the formation of γ-
glutamylcysteine from glutamate and cysteine catalyzed by glutamate-cysteine ligase (GCL),
and formation of GSH from γ-glutamylcysteine and glycine catalyzed by GSH synthetase
(GSS) [1]. GCL, the rate-limiting enzyme, is made up of a catalytic (GCLC) and a modifier
(GCLM) subunit [2]. Coordinated up-regulation of GCL and GSS further enhances the GSH
synthetic capacity [3]. We showed previously that GSH levels and GCLC transcription
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increased when cultured hepatocytes are plated under low cell density [4,5] and during rat liver
regeneration [6]. If the increase in GSH was blocked, regeneration was impaired [7]. A positive
correlation between GSH level and cell growth was also observed in vitro in HepG2 cells [7].

Hepatocyte growth factor (HGF) is a potent mitogen for a variety of cells through activation
of its receptor c-Met [8–10]. HGF acts as a hepatotropic factor in vivo after partial hepatectomy
and was initially isolated as a potent mitogen for hepatocytes in primary culture [11,12].
However, HGF’s mitogenic effect in primary cultures of rat hepatocytes depends on the cell
density of the culture. It induced growth at low cell density whereas it induced albumin
synthesis at high cell density [13]. The role of HGF in liver cancer has been highly controversial
[14–17] and its effect in liver cancer cells often contradictory [18–23]. Recently, we reported
that the effect of HGF in liver cancer cell line HepG2 depends on the cell density [24]. HGF
acts as a mitogen at low cell density but causes cell cycle arrest at high cell density. This can
help to reconcile conflicting reports in the literature regarding the effect of HGF in vitro and
may explain why HGF only acts as a mitogen in vivo when there is loss of cell-cell contact.

Given our previous observation that cell GSH is increased under low cell density and is
positively correlated with hepatocyte growth, the aims of our current work were to examine
whether HGF can modulate GSH synthesis in a cell density dependent manner and how GSH
in turn influence HGF’s effects. Our current work was carried out using rat hepatoma H4IIE
cells to facilitate transfection studies with rat GSH synthetic enzyme promoter constructs. We
found that HGF has growth and death modulatory effects, depending on the cell density and
that GSH plays an important role in HGF’s mitogenic but not its anti-apoptotic effects.

MATERIALS AND METHODS
Materials

Fetal bovine serum was obtained from Atlas Biologicals (Fort Colins, CO). HGF and
buthionine sulfoximine (BSO) were obtained from Sigma (St. Louis, MS). Recombinant rat
TNF -α was obtained from Biosource (Camarillo, CA). [32P]dCTP and γ-32P ATP (3000 Ci/
mmol) were purchased from PerkinElmer Life Sciences (DuPont, Boston, MA). Methyl-[3H]
thymidine (25 Ci/mmol) was purchased from GE Healthcare (Piscataway, NJ). All other
reagents were of analytical grade and were obtained from commercial sources.

Cell Culture and HGF treatment
H4IIE cells were obtained from the Cell Culture Core of the USC Liver Disease Research
Center and grown according to instructions provided by the American Type Culture Collection
(Rockville, MD) in Earle’s minimal essential medium supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine and 1% penicillin-streptomycin mixture. Cells were plated
at different cell densities in 10% FBS for 24 hours and then switched to 0.1% FBS overnight.
Cell density was determined at this time (2.5 to 6.2x104 cells/cm2) and medium was then
changed to omit serum in the presence or absence of HGF (10 ng/ml) for 30 minutes to 48 hour
for various assays described below.

RNA Isolation and Gene Expression Analysis
Total RNA was isolated by the TRIzol reagent (Invitrogen, Carlsbad, CA) from H4IIE cells.
RNA concentration was determined spectrophotometrically before use and the integrity was
checked by electrophoresis with subsequent ethidium bromide staining. Electrophoresis of
RNA, gel blotting, and Northern hybridization analysis were performed on total RNA using
standard procedures as described [25]. Specific GCLC, GCLM, GSS and β-actin cDNA probes
were labeled with [32P]dCTP using a DECAprime II kit (Ambion, Austin, TX).
Autoradiography and densitometry (Gel Documentation System, Scientific Technologies,
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Carlsbad, CA and NIH Image 1.63 software program) were used to quantitate relative RNA.
Results of Northern blot analysis were normalized to β-actin.

Western Blot Analysis
H4IIE cells plated at different densities and treated with HGF (10 ng/ml) for varying duration
were subjected to Western blot analysis as we described [24]. Equal amounts of protein (15
μg/well) were resolved in 12.5% SDS-polyacrylamide gels. Proteins were electrophoretically
transferred to nitrocellulose membranes, blocked 1h with blocking buffer (Rockland,
Gilbersville, PA), washed with tris-buffered saline/0.1% Tween 20, and incubated 1.5 hr with
primary antibodies in tris-buffered saline/0.1% Tween 20. Blots were washed in tris-buffered
saline/0.1% Tween 20 and incubated 1 hr with the secondary antibody in tris-buffered saline/
0.1% Tween 20. Membranes were probed with anti-GCLC, GCLM (Novus Biologicals,
Littleton, CO), GSS, c-Jun, JunD, c-Fos, FosB, p50, p65, RelB, c-Rel, Nrf1, Nrf2, phospho-
JNK, and total JNK1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA) antibodies. To ensure
equal loading, membranes were stripped and re-probed with anti-actin antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA). A horseradish peroxidase-conjugated secondary antibody
was used. Blots were developed by enhanced chemoluminescence.

Effect of Cell Density, HGF and TNFα on GSH Synthetic Enzymes’ Promoter Activity
H4IIE cells were plated under high cell density (HD, 6.2x104 cells/cm2) or low cell density
(LD, 2.5x104 cells/cm2) and transfected with recombinant rat GCLC (−597/+2-GCLC-LUC),
GCLM (−902/+3-GCLM-LUC) or GSS promoter construct (−561/+2-GSS-LUC) and treated
with 15 ng/ml TNFα or 10 ng/ml HGF during the last 4 hours of the transfection. At this short
duration, there was no detectable apoptosis or toxicity. We had previously shown that these
promoter constructs contain maximal promoter activity that could be induced by TNFα [25].
Luciferase activities driven by these promoter luciferase gene constructs were measured as we
described previously [25].

Electrophoretic Mobility Shift Assay (EMSA) and Supershift Assay
EMSAs and supershift assays were done as described [26]. Fifteen to 30 μg of nuclear protein
from H4IIE cells plated at HD or LD and treated with HGF (10 ng/ml) for 30 minutes to 24
hours were preincubated with 2μg of poly(dI-dC) in a buffer containing 10 mM HEPES (pH
7.6), 50 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol, 5 mM MgCl2 and 10% glycerol for
10 minutes on ice. 32P-end labeled double-stranded DNA fragments used in the EMSAs and
supershift assays contained AP-1 (−358 to −336) or NFκB (−380 to −358) elements of rat
GCLC [25,27], antioxidant response element (ARE) of rat GCLM (−300 to −279) [25], and
AP-1/Nrf2 site of rat GSS (−194 to −171) [28]. Mixtures were incubated for 20 minutes on
ice, loaded on a 4% nondenaturing polyacrylamide gel and subjected to electrophoresis in 50
mM Tris, 45 mM borate, and 0.5 mM EDTA (pH 8.0). Gels were dried and subjected to
autoradiography. Further confirmation of the identity of the binding proteins was done by
antibody supershift assays for c-Jun, JunB, JunD, c-Fos, FosB, p50, p65, Nrf1 and Nrf2 (Santa
Cruz Biotechnology Inc., Santa Cruz) as we described [25,26].

Measurement of Mitogenic Response
H4IIE cells were plated at high cell density (HD, 6.2x104 cells/cm2) or low cell density (LD,
2.5x104 cells/cm2) and treated with 10 ng/ml HGF for up to 48 hours. DNA synthesis was
measured by [3H]thymidine incorporation into DNA (1 μCi per well) during the last 4 hours
of HGF treatment as we described [24].
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Measurement of GSH Levels
GSH levels were measured in H4IIE cells plated under high or low cell density by the recycling
method of Tietze as we described [6].

Measurement of Apoptosis
Apoptosis was measured by DNA fragmentation and Hoeschst staining as we described [29].

JNK Activation
JNK activation was documented by measuring levels of phosphorylated JNK normalized to
total JNK using Western blot analysis as described above.

Statistical analysis
Data are given as mean±s.e.m. and statistical analysis was performed using ANOVA followed
by Fisher’s test for multiple comparisons. For changes in mRNA and protein levels, ratios of
various genes to β-actin, or various proteins to actin densitometric values were compared by
ANOVA. Significance was defined by p<0.05.

RESULTS
Effect of Cell Density and HGF on GSH Levels in H4IIE Cells

We had previously shown that there is an inverse relationship between plating cell density of
primary rat hepatocytes and cell GSH levels [4]. The same is also true for rat hepatoma cell
line H4IIE and HGF treatment increased GSH levels only under low cell density (Fig. 1).

Effect of Cell Density and HGF on mRNA and Protein Levels of GCL and GSS
To see if the increase in cell GSH levels is due to increased expression of GSH synthetic
enzymes, we examined mRNA and protein levels of GCLC, GCLM and GSS in H4IIE cells
plated under high density (HD, 6.2x104 cells/cm2) or low density (LD, 2.5x104 cells/cm2).
Figure 2A shows that HGF treatment under LD increased the mRNA levels of GCLC,
GCLM and GSS in a time-dependent manner, reaching maximum effect at 4 hours after
treatment. However, HGF treatment under HD had no effect on the mRNA levels of any of
these genes (Fig. 2B). The increase in mRNA level translated to increased steady state levels
of the proteins as well under LD (Fig. 3A). Note that the baseline protein levels of GCLC and
GSS, but not GCLM, were higher under LD as compared to HD (see first two lanes of Fig. 3A,
both GCLC and GSS baseline protein levels under LD were about 200% of HD). HGF treatment
under LD increased the steady state levels of all three proteins, reaching a maximum about 4
to 8 hours after treatment (Fig. 3B, GCLC peaked at 4 hours at 423% of control, GCLM peaked
at 8 hours at 450% of control, GSS peaked at 8 hours at 350% of control, values represent mean
of two independent experiments). Again, HGF had no effect under HD (Fig. 3B).

Effects of Cell Density, HGF, and TNFα on Promoter Activities of GCLC, GCLM and GSS
We next examined whether increased expression of GSH synthetic enzymes lies at the level
of gene transcription by measuring recombinant promoter activities of these genes. Figure 4
shows that HGF treatment for 4 hours induced the promoter activity of rat GCLC, GCLM, and
GSS only under LD. TNFα also exerted a stimulatory effect on the same genes in a cell density
dependent manner. Note that the basal promoter activity of GCLC and GSS was significantly
higher under LD as compared to HD, but the basal promoter activity of GCLM was independent
of cell density.
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Effect of HGF on Binding Activity of Key Transcription Factors to GCLC, GCLM and GSS
HGF treatment in LD cells exerted a time-dependent increase in nuclear binding of c-Jun, JunB,
FosB, c-Fos, p65 and p50 to the rat GCLC promoter fragments that contain functional AP-1
and NFκB sites [25–27] (Fig. 5). Similarly, HGF treatment in LD cells exerted a time-
dependent increase in nuclear binding of c-Jun, c-Fos, Nrf1 and Nrf2 to the rat GCLM promoter
fragment that contains a critical ARE site [25] (Fig. 6A), and a time-dependent increase in
nuclear binding of Nrf2, c-Jun, c-Fos, JunB, JunD and FosB to the rat GSS promoter fragment
that contains an AP-1/Nrf2 site [28] (Fig. 7A). HGF had no effect on nuclear binding activity
to any of these promoter fragments under high cell density (Figs. 5, 6B and 7B).

Effect of HGF on Expression of Transcription Factors
Increased nuclear binding activity can be due to increased level of the transcription factor or
increased nuclear binding activity without a change in the level. Figure 8 shows that HGF
treatment of LD cells led to a time-dependent increase in NFκB family members (p65, p50,
RelB, c-Rel), AP-1 family members (c-Fos, FosB, c-Jun, JunD), Nrf1 and Nrf2. HGF treatment
of HD cells had minimal to no effect on any of these proteins except for Nrf1.

Effects of HGF and GSH on Mitogenic Response
Similar to our observations in HepG2 cells [24], HGF is only mitogenic in H4IIE cells plated
under LD (Fig. 9A). To see if the HGF-mediated increase in GSH is important for the mitogenic
response, we blocked the increase in GSH using BSO, an irreversible inhibitor of GCL [7].
We first established the optimal dose of BSO that resulted in maximal GSH depletion after 24
hours without causing any toxicity. This was achieved with 200 μM BSO (GSH was 39% of
control). Lowering baseline GSH itself had no significant effect on [3H]thymidine
incorporation but blocking the increase in GSH by HGF under LD condition significantly
inhibited HGF’s mitogenic response (Fig. 9B, see Fig. 11B for cell GSH levels).

Effect of HGF on Apoptosis is Cell Density-Dependent
TNFα induced apoptosis in H4IIE cells, regardless of the cell density, although the magnitude
is higher under high cell density (Fig. 10). However, HGF’s effect on apoptosis depends on
the cell density. Under LD, HGF protected against TNFα-induced apoptosis; under HD, HGF
induced apoptosis by itself and potentiated TNFα-induced apoptosis (Fig. 10). To see if the
HGF-mediated increase in GSH is important in the anti-apoptotic response under LD, we used
BSO to block the increase in GSH. Figure 11 shows that BSO treatment, which reduced the
cell GSH level by 61% (Fig. 11B), greatly potentiated TNFα-induced apoptosis (Fig. 11A).
However, despite blocking the increase in GSH by BSO, HGF was still protective against
TNFα-induced apoptosis (compare BSO+TNFα to BSO+HGF+TNFα). These results suggest
lowering GSH exacerbated TNFα-induced apoptosis but HGF’s anti-apoptotic effect is GSH-
independent.

Molecular Mechanism of Cell Density’s Influence on HGF’s Apoptotic Effects
HGF has been reported to either activate JNK [30–32] or inhibit JNK [33] and to be either pro-
apoptotic [20,31,32] or anti-apoptotic [33,34]. TNFα is known to induce apoptosis via
sustained JNK activation [35,36]. GSH depletion is known to sensitize hepatocytes to TNFα-
induced apoptosis in part via sustained JNK activation [35]; whereas in retinal epithelial cells,
HGF protected against cell death induced by GSH depletion by in part raising mitochondrial
GSH [34]. These complex interactions and contradictory reports prompted us to examine the
effects of HGF, GSH and TNFα on JNK activation under different cell densities.

HGF’s effect on JNK activation is dependent on cell density. Under high cell density, HGF
activated both JNK forms; while under low cell density, HGF exerted minimal effect on JNK
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(Fig. 12A). TNFα activated JNK regardless of cell density, although the magnitude was higher
under high cell density. BSO treatment potentiated TNFα-induced JNK activation.
Interestingly, HGF lowered TNFα-mediated JNK activation under low cell density, but it
potentiated TNFα-induced JNK activation under high cell density (Fig. 12B).

DISCUSSION
We recently showed that the effect of HGF on growth depends on the plating cell density in
HepG2 cells [24]. Under low cell density HGF acts as a mitogen and induces the expression
of genes associated with growth; whereas under high confluent cell density, HGF induces p21
and p27 and causes cell cycle arrest. This observation may explain why HGF only acts as a
mitogen in vivo when there is loss of cell-cell contact [37]. It also helps to reconcile many
contradictory reports in the literature regarding the effect of HGF on growth both in vitro and
in vivo [14–23,31,38]. In the current work we examined the influence of HGF on GSH status
because GSH is another parameter known to influence hepatocyte growth. Thus, GSH level
increases during rapid liver growth [6] and GSH status directly correlates with the growth of
liver cancer cells [7]. Others have also shown that increased GSH promotes growth of
metastatic melanoma cells in the liver [39]. In cultured rat hepatocytes, GSH level is inversely
correlated with plating cell density [4]. Thus, it is of interest to know whether HGF influences
GSH status in liver cancer cells and whether this depends on the cell density. Furthermore, it
is also of interest to know whether GSH in turn modulates the effects of HGF. In this regards,
we examined how GSH status influenced HGF’s effect on both growth and apoptosis.

Similar to what we reported in primary cultures of rat hepatocytes [4], cell GSH levels are also
inversely correlated to plating cell density in rat hepatoma cells H4IIE. HGF treatment
increased cell GSH levels only in subconfluent low density cells. HGF has been reported to
increase GSH level and GCL activity in rat hepatocytes [40]. However, the molecular
mechanism for the increase in GCL activity was not investigated in that work. We found that
the increase in cell GSH levels can be explained by increased expression of genes involved in
GSH biosynthesis, namely GCL (both GCLC and GCLM subunits) and GSS. The mechanism
lies at the transcriptional level as HGF induced the recombinant promoter activity of all three
genes. Cell density by itself also influenced the promoter activity of GCLC and GSS but not
GCLM. This is reflected at the protein level as well. Interestingly, cell density also exerted a
strong influence on TNFα-mediated increase in promoter activity, being inductive only at low
cell density. These findings stress the importance of cell density as a variable that will influence
experimental outcome.

To further investigate the molecular mechanisms of the increase in GCL and GSS gene
expression, we examined the nuclear binding activities of key transcription factors that we have
shown to regulate the expression of these genes. For the rat genes, both AP-1 and NFκB can
trans-activate GCLC at functional AP-1 and NFκB sites, respectively [25–28]; whereas Nrf2
and c-Jun trans-activate a functional ARE site in the rat GCLM promoter [25], and multiple
functional AP-1 sites exist in the rat GSS [28]. Furthermore, Nrf1 and Nrf2 can positively
influence rat GCLC and GSS expression despite lack of ARE sites because these transcription
factors can positively influence the expression of c-Jun, c-Fos, p50 and p65 [26]. Consistently,
HGF treatment of low density cells led to increased AP-1 and NFκB binding to the rat GCLC
promoter fragments containing the functional AP-1 and NFκB sites, c-Jun and Nrf2 to the rat
GCLM fragment containing the functional ARE site, and Nrf2, c-Jun and c-Fos binding to the
rat GSS promoter containing an AP-1/Nrf2 site. We further showed that this increased nuclear
binding is largely due to increased expression of these transcription factors. Collectively, these
results show that HGF treatment of low density cells resulted in increased expression of AP-1,
NFκB and Nrf2, with subsequent increase in gene transcriptional rates of GCL and GSS and
increased steady state cell GSH levels.
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Similar to HepG2 cells, HGF treatment of H4IIE cells led to increased DNA synthesis only
when cells were plated under low density. Since GSH synthesis is induced under low cell
density by HGF and GSH level positively correlates with growth, we next asked the question
whether the increase in GSH is important for the mitogenic effect of HGF. We found that when
the increase in GSH was blocked, the mitogenic activity of HGF is significantly inhibited but
not entirely eliminated. Thus, increased GSH contributes to increased DNA synthesis. GSH is
known to modulate DNA synthesis by maintaining reduced glutaredoxin or thioredoxin, which
are required for the activity of ribonucleotide reductase, the rate-limiting enzyme in DNA
synthesis [41]. Alternatively, an increase in the cellular GSH content may change the thiolredox
status of the cell which is proportional to [GSH]2/[GSSG] [42]. This may affect the expression
or activity of factors important for cell cycle progression.

GSH also modulates TNFα-induced apoptosis [35]. This prompted us to examine whether HGF
can modulate TNFα-induced apoptosis in a cell density-dependent manner. We found that HGF
by itself had no toxicity under low cell density and protected against TNFα-induced apoptosis.
However, the scenario is quite different under high cell density. HGF induced apoptosis by
itself and potentiated TNFα-induced apoptosis. To see if the HGF’s protection against TNFα-
induced apoptosis under low cell density is due to increased GSH, we blocked the increase in
GSH with BSO. Lowering GSH itself exacerbated TNFα-induced apoptosis, which is
consistent with previous report [35]. However, HGF was still protective even though GSH
synthesis was blocked. These results suggest that while GSH does modulate TNFα-induced
apoptosis, HGF’s protective effect is independent of GSH.

An apparent discrepancy is the finding that despite the ability of TNFα to increase the promoter
activity of GSH synthetic enzymes to even higher levels than HGF (Fig. 4), cell GSH levels
were lower in TNFα treated cells (Fig. 11B). Two reasons explain this discrepancy. First is
that the promoter analysis was done with only 4 hours of treatment with TNFα, whereas GSH
levels were measured after 24 hours. TNFα induced apoptosis in H4IIE cells when treated for
24 hours irregardless of cell density (but no toxicity at 4 hours). Second, toxic dose of TNFα
is well known to induce oxidative stress, which will consume GSH as GSH is oxidized to GSSG
and GSSG is pumped out of the cell. Thus, cellular GSH level is determined by the balance
between biosynthesis and consumption (such as oxidative stress) [1]. Indeed, Morales et al
showed TNFα’s effect on cell GSH levels depended on the dose. At lower doses, cell GSH
levels were increased but at higher doses, cell GSH levels were lower. This was due to increased
oxidative stress [43].

TNFα is known to induce hepatocyte apoptosis via sustained JNK activation, which is
prevented by NFκB [36,44–46]. JNK exists in two isoforms, JNK1 and JNK2, in most cell
types. Jnk1 and jnk2 null mice are viable but double knockout is embryonically lethal,
suggesting JNK1 and JNK2 have redundant functions [46]. With respect to c-Jun, JNK1 and
JNK2 have been shown to play distinct roles, with JNK1 mediating the majority of c-Jun
phosphorylation whereas JNK2 lacks this kinase activity and actually can decrease c-Jun
stability when it binds to c-Jun [36,47]. There are conflicting reports on the role of the two
JNK forms in mediating the pro-apoptotic effects of TNFα, with JNK1 being responsible in
fibroblasts [45] but JNK2 being responsible in galactosamine/lipopolysaccharide-induced liver
injury in vivo [46]. HGF’s effect on JNK is highly controversial, as both activation [30–32]
and inhibition [33] have been reported. We next investigated the influence of cell density and
GSH on this pathway. Interestingly, we found that at high density, HGF treatment by itself led
to JNK activation of both JNK forms. TNFα also activated JNK and together the level of JNK
activation was further enhanced. At low cell density, HGF by itself had little influence on JNK
activation, but it reduced TNFα-mediated JNK activation. Since NFκB is known to keep JNK
activation in check, it is likely that the increase in NFκB by HGF under low cell density
contributes to the reduction in JNK activation by TNFα. Lowering cell GSH by BSO enhanced
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JNK activation by TNFα. This is consistent with previous report [35]. Taken together, these
results show that cell density has a strong influence on HGF-activation of JNK. Under high
cell density, HGF is pro-apoptotic and further exacerbates TNFα-induced apoptosis because
of higher and more sustained JNK activation. The opposite occurs under low cell density. How
cell density influence HGF’s effect on JNK activation is unknown and will require further
investigation. However, these results can explain the contradictory reports in the literature
regarding HGF’s effect on JNK activation and apoptosis.

Question can be raised about the relevance of our findings in vivo. Loss of cell-cell contact is
a critical step in cancer metastasis, including liver cancer [48]. Others have shown that
increased GSH content in B16 melanoma cells protect them from hepatic sinusoidal cell-
mediated oxidative damage and promote survival and metastasis [39]. We showed that HGF
and its receptor c-Met are both up-regulated in HCC [24]. Our current data would suggest that
HGF acts to promote further growth and protect liver cancer cells from apoptotic insult when
they lose cell-cell contact. This way HGF can further facilitate the invasive and metastatic
potential of liver cancer cells.

In summary, HGF induces the expression of GSH synthetic enzymes and raises cellular GSH
levels when H4IIE cells are plated under low cell density. This is a result of HGF’s ability to
increase the expression of key transcription factors known to trans-activate these genes. The
increase in GSH is important for the mitogenic response of HGF under low cell density. HGF
also modulates apoptosis in a cell density-dependent manner, being pro-apoptotic under high
cell density but anti-apoptotic under low cell density. The mechanism of anti-apoptosis is GSH-
independent, and is due to the influence of cell density on HGF-mediated changes in the JNK
signaling pathway.
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Fig. 1.
Effect of HGF on cellular GSH levels. H4IIE cells were plated under low (2.5x104 cells/
cm2) or high (6.2x104 cells/cm2) cell densities and treated with HGF (10 ng/ml) for 24 hours.
At the end of treatment, low density cells were about 50% confluent and high density cells
were fully confluent. Cell GSH levels were determined as described in Methods. *p<0.01 vs.
untreated control, †p<0.05 vs. low density control from 4 to 10 experiments.
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Fig. 2.
HGF’s effect on the mRNA levels of GSH synthetic enzymes depends on the cell density. RNA
(15 μg/lane) samples from H4IIE cells plated at low (part A, 2.5x104 cells/cm2) or high (part
B, 6.2x104 cells/cm2) densities and treated with HGF (10 ng/ml) for 0 to 16 hours as described
in Methods were analyzed by Northern blot analysis with different cDNA probes. The same
membranes were rehybridized with a 32P-labeled β-actin cDNA probe. Representative
Northern blots are shown. Numbers below each blot refer to densitometric changes expressed
as % of 0 hour.
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Fig. 3.
Effects of cell density and HGF on protein levels of GSH synthetic enzymes. H4IIE cells were
plated at low density (LD) or high density (HD) as above and treated with HGF (10 ng/ml) for
0 to 24 hours and subjected to Western blot analysis for GCLC, GCLM, and GSS protein levels
as described in Methods. Membranes were stripped and re-probed with actin for housekeeping
control. Part A shows the effect of density alone and HGF treatment under low density (LD).
Part B shows HGF treatment resulted in higher steady state GCLC, GCLM, and GSS protein
levels only under LD.
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Fig. 4.
Effects of cell density and HGF on promoter activities of GSH synthetic enzymes. H4IIE cells
were transfected with recombinant rat GCLC (A), GCLM (B), and GSS (C) promoter
constructs and subsequently treated with HGF (10 ng/ml) or TNFα (15 ng/ml) for 4 hours.
Promoter activities were measured as described in Methods. Results represent mean±s.e.m.
from 3 to 4 experiments. *p<0.05 vs. HD control, †p<0.05 vs. LD control.
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Fig. 5.
Effect of HGF on AP-1 and NFκB binding to the rat GCLC promoter depends on cell density.
H4IIE cells were plated under low or high cell density and treated with HGF (10 ng/ml) for 0
to 24 hours. EMSA with supershift was performed as described in Methods. Part A shows the
time-dependent increase in nuclear binding to GCLC promoter fragment containing functional
AP-1 site occurs only under low density (LD). Supershift revealed identity of the bound
proteins to include c-Jun, JunB, FosB, and c-Fos. Part B shows higher nuclear binding to
NFκB site under LD as compared to HD that is further induced by HGF treatment (10 ng/ml)
for 8 hours. HGF treatment had no effect on NFκB nuclear binding under HD. Supershift
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analysis confirmed presence of both p65 and p50. Representative EMSAs with supershift
analyses are shown.
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Fig. 6.
Effect of HGF on nuclear binding to the rat GCLM ARE element depends on cell density.
H4IIE cells were plated under low or high cell density and treated with HGF (10 ng/ml) for 0
to 24 hours. EMSA with supershift was performed as described in Methods. Part A shows the
time-dependent increase in nuclear binding to GCLM promoter fragment containing a
functional ARE site under low cell density. Supershift revealed identity of the bound proteins
to include c-Jun, c-Fos, Nrf1 and Nrf2. Part B shows lack of effect of HGF on nuclear binding
activity to the same promoter fragment when cells were plated under high density.
Representative EMSAs with supershift analyses are shown.
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Fig. 7.
Effect of HGF on nuclear binding to the rat GSS promoter fragment depends on cell density.
H4IIE cells were plated under low or high cell density and treated with HGF (10 ng/ml) for 0
to 24 hours. EMSA with supershift was performed as described in Methods. Part A shows the
time-dependent increase in nuclear binding to GSS promoter fragment containing an AP-1/
Nrf2 site under low cell density. Supershift revealed identity of the bound proteins to include
Nrf2, c-Jun, c-Fos, JunB, JunD and FosB. Part B shows lack of effect of HGF on nuclear
binding activity to the same promoter fragment when cells were plated under high density.
Representative EMSAs with supershift analyses are shown.
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Fig. 8.
HGF treatment increases the protein levels of key transcription factors under low cell density.
H4IIE cells were plated under low or high cell densities as described above and treated with
HGF (10 ng/ml) for up to 16 hours. Western blot analyses were performed for p65, p50, RelB,
c-Rel, c-Fos, FosB, c-Jun, JunD, Nrf1 and Nrf2 as described in Methods. Actin served as
housekeeping control. Numbers below the blots represent densitometric measurements
expressed as % of control (0 hour). Representative Western blots are shown.

Yang et al. Page 20

Exp Cell Res. Author manuscript; available in PMC 2009 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
GSH increase contributes to HGF’s mitogenic effect in H4IIE cells plated under low cell
density. Part A: H4IIE cells were plated at LD or HD at the time of HGF (10 ng/ml) treatment
for up to 48 hours. DNA synthesis was measured by 3H-thymidine incorporation into DNA
over the last 4 hours of the treatment or before the start of HGF treatment (time 0). *p<0.005
versus 0 hour, †p<0.05 versus 0 hour from 4 independent determinations. Part B: Increase in
GSH under LD contributes to HGF’s mitogenic effect. H4IIE cells were plated under LD and
treated with HGF (10 ng/ml), BSO (200 μM) or both BSO and HGF for 24 hours. DNA
synthesis was measured as above. *p<0.005 vs. LD control, **p<0.05 vs. both HGF and BSO
from 3 to 5 experiments.
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Fig. 10.
HGF modulates apoptosis in a cell density-dependent manner. H4IIE cells were plated under
low or high cell density and treated with HGF (10 ng/ml), TNFα (15 ng/ml) separately or
together for 24 hours. Part A DNA fragmentation occurred after TNFα treatment in both
densities but after HGF treatment only under HD. Furthermore, combination of HGF with
TNFα resulted in less DNA fragmentation as compared to TNFα alone under LD, but more
DNA fragmentation as compared to TNFα alone under HD. Part B shows quantitative
apoptosis measurements by Hoeschst staining as described in Methods. *p<0.01 vs. respective
controls, †p<0.05 vs. TNFα from 3 experiments.
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Fig. 11.
Role of GSH in HGF’s anti-apoptotic effect under LD. H4IIE cells were plated under LD and
treated with HGF (10 ng/ml), TNFα (15 ng/ml), BSO (200 μM) alone or together in various
combinations for 24 hours. At the end of the treatment, cells were processed for measurements
of apoptosis or GSH levels as described in Methods. Results are expressed as mean±s.e.m.
from 5 to 9 experiments. Part A: Effects on apoptosis is shown; *p<0.005 vs. control, †p<0.01
vs. TNFα, **p<0.01 vs. BSO or TNFα, ††p<0.05 vs. BSO, HGF+TNFα, or BSO+TNFα. Part
B: Effects on cell GSH is shown; *p<0.01 vs. control, †p<0.01 vs. HGF, ††p<0.05 vs.
TNFα, **p<0.01 vs. control or HGF+TNFα.
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Fig. 12.
Modulation of JNK activation by HGF is cell density dependent. Part A: H4IIE cells were
plated under HD or LD and treated with HGF (10 ng/ml) for up to 24 hours. Western blot
analysis of pJNK1/2 and total JNK1 was performed as described in Methods. Part B: H4IIE
cells were plated under HD or LD and treated with HGF (10 ng/ml), TNFα (15 ng/ml), BSO
(200 μM) alone or together for 24 hours. Western blot analysis of pJNK1/2 and total JNK1
was performed as described in Methods. Densitometric changes from three experiments are
shown in the table. Representative Western blots are shown.
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