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We investigated the effects of &- and B-adrenergic agonists on epidermal growth factor (EGF)-stimulated ex-
tracellular-signal regulated kinase (ERK) isoforms in primary cultures of adult rat hepatocytes. Hepatocytes
were isolated and cultured with EGF (20 ng/ml) and/or @;-, @,- and B,-adrenergic agonists. Phosphorylated ERK
isoforms (ERK1; p44 mitogen-activated protein kinase (MAPK) and ERK2; p42 MAPK) were detected by West-
ern blotting analysis using anti-phospho-ERK1/2 antibody. The results show that EGF induced a 2.5-fold in-
crease in ERK2-, but not ERK1-, phosphorylation within 3 min. This EGF-induced ERK2 activation was abol-
ished by treatment with the EGF-receptor kinase inhibitor AG1478 (10~"m) or the MEK (MAPK Kkinase) in-
hibitor PD98059 (10°m). The o,-adrenergic and f,-adrenergic agonists, UK14304 (10~%m) and metaproterenol
(10~°m), respectively, had no effect in the absence of EGF, but metaproterenol significantly potentiated EGF-
induced ERK2 phosphorylation. Moreover, the cell-permeable cAMP analog 8-bromo cAMP (1077 m), also poten-
tiated EGF-induced ERK2 phosphorylation. The effects of these analogs were antagonized by the protein kinase
A (PKA) inhibitor H-89 (1077 m). These results suggest that direct or indirect activation of PKA represents a
positive regulatory mechanism for EGF stimulation of ERK?2 induction.
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Epidermal growth factor (EGF) is well recognized as a po-
tent mitogen, and appears to trigger liver regeneration after
partial hepatectomy or after acute liver cell necrosis caused
by chemicals in vivo." ™ The response of adult rat hepato-
cytes to EGF has also been extensively investigated with re-
spect to DNA synthesis and proliferation in vitro. EGF is
now known to be a potent hepatocyte mitogen and induces
multiple biological activities in a wide variety of cell
types.>— More recently, we reported that EGF rapidly stim-
ulates hepatocyte DNA synthesis and proliferation during
short-term (e.g., 4h) culture.” In addition, the hepatocyte
DNA synthesis and proliferation induced by EGF was inhib-
ited depending on the initial plating density. Furthermore, we
found that EGF-induced hepatocyte DNA synthesis and pro-
liferation were potentiated by 3,-adrenergic agonists.”

The signal transduction pathways activated in response to
EGF in hepatocytes and other cell types are now more clearly
understood.''? Using specific inhibitors of signal transduc-
ers, we pharmacologically demonstrated that EGF-receptor
tyrosine kinase and ribosomal p70 S6 kinase activities, but
not phosphoinositide 3-kinase (PI3K), are essential for EGF-
induced DNA synthesis and proliferation in primary cultures
of adult rat hepatocytes.” PI3K is considered to be involved
in hepatocyte growth factor (HGF) signal transduction.'®

In addition, extracellular-signal regulated kinase
(ERK)1/2, also known as mitogen-activated protein kinase
(p42/44 MAPK), is now known to be activated in response to
a large number of mitogenic stimuli, and this enzyme is a key
participant in the response to various growth factors and cy-
tokines.'*'> In order to better understand the EGF-mediated
signaling pathway, we investigated whether activation of
the ERK isoforms, ERK1 and ERK2, is involved in EGF-
induced DNA synthesis and proliferation in primary cultures
of adult rat hepatocytes.

Catecholamines (e.g., norepinephrine and its analogs) have
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been shown to be involved in the regulation of liver function
(e.g., lipid metabolism, carbohydrate metabolism and cell
growth). There are several types of catecholamine receptors,
B,- and B,-receptors, that stimulate adenylate cyclase (AC),
while o,-receptor inhibits its phosphorylation.>'® ¢,-Recep-
tor is involved in phospholipase C activation and subsequent
increases in inositolphosphate turnover and diacylglycerol
production.'”'® However, some investigators have reported
that o;- and S-adrenergic responses are involved in adrener-
gic regulation of carbohydrate metabolism in the liver of nor-
mal adult rats and in cultured hepatocytes.'!*?” There are few
studies regarding the adrenergic regulation of ERK1/2 phos-
phorylation induced by growth factors in liver cells. There-
fore, in the present study, we examined whether -, o,- and
B,-adrenergic agonists can modulate EGF-induced ERK1/2
isoform activities. The physiological significance of cross-
talk between the EGF pathway and «,-, o,- and f3,-adrener-
gic receptor-mediated pathways in regulating hepatocyte
proliferation is also discussed.

MATERIALS AND METHODS

Materials The following reagents were obtained from
Sigma Chemical Co. (St. Louis, MO, U.S.A.): dexametha-
sone, aprotinin, EGF (human recombinant), 2,4-dideoxy-
adenosine, AG1478 (N-[3-chlorophenyl]-6,7-dimethoxy-4-
quinazolinamine), 8-bromo-cAMP, LY294002 (2-(4-mor-
pholinyl)-8-phenyl-4H-1-benzopyran-4-one hydrochloride),
H-89  (N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline-
sulfonamide dihydrochloride), aphidicolin, metaproterenol
hemisulfate, GF109203X hydrochloride (2-[1-(3-dimethyl-
aminopropyl)-1H-indol-3-yl]-3-(1 H-indol-3-yl)maleimide
hydrochloride, phenylephrine hydrochloride, UK14304 (5-
bromo-N-(4,5-dihydro-1H-imidazol-2-yl)-6-quinoxalin-
amine), PD98059 (2’-amino-3'-methoxyflavone). U-73122
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(1-[6-[[(17B)-3-methoxyestra-1,3,5(10)-trien-17-
yl]amin]ohexyl]-1H-pyrrole-2,5-dione) and U-73343 (1-[6-
((17 B-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-
2,5-pyrrolidinedione) were obtained from Enzo Life Sciences
(Farmingdale, NY, U.S.A.). Rapamycin and 12-O-tetrade-
canoylphorbol-13-acetate (phorbol ester, TPA) were obtained
from Research Biochemicals Inc. (Natick, MA, U.S.A.).
Williams” medium E and newborn calf serum were pur-
chased from Flow Laboratories (Irvine, Scotland). Collage-
nase (type II) was obtained from Worthington Biochemical
Co. (Freehold, NJ, U.S.A.). Anti-phospho-ERK1/2 mono-
clonal antibody, anti-ERK1/2 monoclonal antibody, anti-
phospho-EGF receptor (Tyr1068) polyclonal antibody, and
anti-EGF receptor antibody were obtained from Cell Signal-
ing Technology (Danvers, MA, U.S.A.). [Methyl->H]thymi-
dine (20 Ci/mmol) was purchased from DuPont-New Eng-
land Nuclear (Boston, MA, U.S.A.). All other reagents were
of analytical grade.

Animals Male Wistar rats (weight, 200—220 g) were
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obtained from Saitama Experimental Animal Co. (Saitama,
Japan). The rats were adapted to a light-, humidity- and tem-
perature-controlled room over a minimum 3-day period prior
to the start of experiments. Rats were fed a standard diet and
given tap water ad libitum. Animals used in this study were
handled in accordance with the “Guiding Principles for the
Care and Use of Laboratory Animals,” as approved by the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan and the Guidelines for the Care and Use of Lab-
oratory Animals of Josai University.

Hepatocyte Isolation and Culture Male Wistar rats
were anesthetized by intraperitoneal injection of sodium pen-
tobarbital (45 mg/kg). Two-step in situ collagenase perfusion
was performed to facilitate disaggregation of adult rat livers,
as described previously.?) After perfusion, cells were dis-
persed in Ca®*-free Hanks’ solution. Cells were then washed
three times by slow centrifugation (120 gX1min). Hepato-
cyte viability was monitored using Trypan blue dye exclu-
sion. On average, more than 96% of the cells remained in-
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Fig. 1.

Time Course and Patterns of ERK Isoform Phosphorylation Induced by EGF in the Absence and/or Presence of Metaproterenol

Isolated hepatocytes were cultured for 3 h, then washed and incubated in either the absence (control; C: medium alone), 10~ M metaproterenol (Met), presence of 20 ng/ml EGF
(EGF), or 20 ng/ml EGF with 10~®m metaproterenol (E+M) for the indicated times (min) at 37 °C. Phosphorylated ERK isoforms (pERK1/2) were identified by Western blotting
using an anti-pERK antibody, as described in Materials and Methods. The intensity of the M, 44-kDa and 42-kDa bands, corresponding to pERK1 and pERK2, respectively, was
normalized to total ERK (ERK1/2). (A) Representative Western blot; (B) time—course of pERK2 phosphorylation; (C) time—course of pERK1 phosphorylation. Results are ex-
pressed as a percentage of the respective control value (mean=S.E.M. of three experiments). * p<<0.05; ** p<<0.01 compared with respective controls (medium alone).
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Fig. 2. Effects of Specific Inhibitors of Signal Transducers on EGF Induction of ERK Isoform Phosphorylation

Hepatocytes were stimulated for Smin with EGF (20ng/ml) in the presence or absence of specific inhibitors of signal transducers: AG1478 (1077 m), LY294002 (10~ ®wm),
PD98059 (10 °m), or rapamycin (10 ng/ml). Phosphorylated ERK isoforms (p44 kDa/pERK1 and p42kDa/pERK2) were identified by Western blotting using an anti-phospho-
ERK antibody as described in Materials and Methods. Typical Western blot images are indicated on the top of figure. Results are expressed as a percentage of the respective control
value (mean=*S.E.M. of three experiments).  p<<0.01 compared with respective EGF-treated controls (EGF alone).

tact.

Isolated hepatocytes were plated onto collagen-coated
plastic culture dishes (35mm diameter) at a density of
3.3X10%cells/cm® in Williams’ medium E containing 5%
bovine calf serum and 0.1 nm dexamethasone for 3 h at 37°C
in 5% CO, in air. The medium was then changed, and the
cells were cultured in serum- and dexamethasone-free
Williams® medium E containing EGF (20ng/ml) with or
without «-, a,- and f3,-adrenergic agonists and/or specific
effectors or inhibitors of signal transducers for the indicated
times at 37 °C.

Measurement of Extracellular Signal-Regulated Ki-
nases 1 and 2 (ERK1/2) Phosphorylation Phosphorylated
ERK isoforms (pERK1; P-p44 MAPK and pERK2; P-p42
MAPK) were identified by Western blotting analysis using
anti-phospho-ERK1/2 monoclonal antibody as described by
Towbin et al?® Phosphorylated ERK1/2 phosphorylation
was normalized to total ERK1/2 levels. Briefly, cultured he-
patocytes were washed once with ice-cold phosphate-
buffered saline (pH 7.4) and 0.2ml of lysis buffer (10 mm
Tris—HCI1 buffer (pH 7.4), 150mm NaCl, 2mm ethylene
glycol bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid
(EGTA), 2mwm dithiothreitol, 1 mMm sodium orthovanadate,
I mm phenylmethylsulphonyl fluoride, 10 ug/ml leupeptin,
10 ug/ml aprotinin) was added, after which the hepatocytes
were harvested. After centrifugation at 16300Xg for 30 min
at 4°C, cell lysates were denatured in boiling water for
5min. Samples of the supernatant (30 ug of protein) were

subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) using a 10% acrylamide resolving
gel according to the method of Laemmli.*® After elec-
trophoresis, proteins were transferred to Immobilon-P mem-
branes.

For detection of phosphorylated extracellular-regulated ki-
nase 1 and 2 (pERK1/2), the membranes were immersed in
Tris-buffered saline (pH 7.4) containing 1% bovine serum al-
bumin. The membranes were then incubated with an anti-
body (1 pg/ml) against pERK1/2 and/or ERK1/2, and were
washed as described previously.*” Antibody binding was vi-
sualized by incubation with a horseradish peroxidase-conju-
gated donkey anti-rabbit immunoglobulin G (IgG) secondary
antibody (1:3000 dilution) followed by enhanced chemilu-
minescence detection (ECL Kit, Amersham, U.K.). Densito-
metric analysis was performed using NIH Image version 1.68
for Macintosh. Data were calculated in arbitrary units and are
expressed as means*S.E.M.

Cytosolic protein in hepatocytes was quantified by modifi-
cation of the Lowry procedure using bovine serum albumin
as a standard.*?

Determination of EGF Receptor Tyrosine Kinase Phos-
phorylation The 175-kDa EGF receptor protein was iden-
tified by immunoprecipitation and subsequent immunoblot-
ting with the corresponding anti-phospho-receptor tyrosine
kinase antibody according to the protocol of the manufac-
turer’s instructions. In brief, hepatocytes were freshly isolated
and seeded at a cell density of 3.3X10*cells/cm* and cul-
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tured in Williams” medium E containing 5% newborn bovine
serum. Cultured hepatocytes were washed once with ice-cold
phosphate-buffered saline (pH 7.4) and 0.2ml lysis buffer
(20 mm Tris buffer, pH 7.5, 1% Triton X-100, 150 mm NacCl,
I mMm ethylenediamine-N,N,N',N'-tetraacetic acid (EDTA),
Imm EGTA, 2.5mmMm sodium pyrophosphate, 1 mm sodium
orthovanadate, 1 mm f-glycerophosphate, phenylmethylsul-
fonyl fluoride) was added. Cell lysates were obtained by
scraping the cells in lysis buffer followed by sonication for
3 min. Cell lysates were then spun down (3000Xg for 3 min
at 4°C), and the supernatants were denatured in boiling
water for 5min. For immunoblotting analysis using anti-
phospho-EGF receptor (Tyr1068) antibody, samples of the
supernatant (30 ug/lane) were resolved by SDS-PAGE (7.5%
polyacrylamide gel), transferred to polyvinylidene difluoride
(PVDF) membrane, and immunoblotted with anti-phospho-
tyrosine antibodies. Blots were developed using enhanced
chemiluminescence following incubation with horseradish
peroxidase-conjugated secondary antibodies.”” The super-
natant protein concentration was determined using Lowry’s
assay method.*?

Quantification was performed by densitometry after devel-
opment of the membrane with the enhanced chemilumines-
cence reagent and exposure to Hyperfilm (Kodak, Japan).
Densitometric analysis was performed using the NIH image
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program version 1.6 for Macintosh. Data were calculated in
arbitrary units and are expressed as means*=S.E.M. The au-
todiagram is representative of three experiments using differ-
ent cell preparations.

Measurement of Hepatocyte DNA Synthesis and Prolif-
eration Hepatocyte DNA synthesis was assessed by meas-
uring by [*H]-thymidine incorporation into acid-precipitable
materials.”® After an initial attachment period of 3 h, the hepa-
tocytes were washed twice with serum-free Williams’ medium
E and cultured in a medium containing EGF (20ng/ml)
for a further 4 h. The cells were pulsed at 2h and post-EGF-
stimulation for 2 h with [*H]-thymidine (1.0 uCi/well). Incor-
poration of [*H]-thymidine into DNA was determined as de-
scribed previously.” Hepatocyte protein content was deter-
mined by a modified Lowry procedure,”” using bovine serum
albumin as the standard. Data are expressed as dpm/h/mg
cellular protein.

The number of nuclei rather than the number of cells was
counted using a modified version of the procedure described
previously.”'®

Statistical Analysis Group comparisons were made by
analysis of variance (ANOVA) for unpaired data followed by
post hoc analysis using Dunnett’s multiple comparison tests.
Differences of p<<0.05 were considered to be statistically sig-
nificant.
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Fig. 3.

Effect of Specific Inhibitors of Signal Transducers on Metaproterenol-Induced ERK2 Phosphorylation in the Presence of EGF

Hepatocytes were stimulated for 5 min with or without EGF (20 ng/ml) in the presence or absence of metaproterenol (10™% to 107°m) and in the presence or absence of the spe-
cific signal transducer inhibitors; AG1478 (10~ ), PD98059 (10~ °wm), LY294002 (10 °m), rapamycin (10 ng/ml), H-89 (10~ 7m), UK 14304, (10~7/10"*m) or 2,4-dideoxyadeno-
sine (10~ °m). Phosphorylated ERK isoforms (pERK1 and pERK?2) were determined by Western blotting using an anti-phospho-ERK1/2 antibody, as described in Materials and
Methods. Typical Western blot images are indicated on the top of figure. Results are expressed as a percentage of the respective control value (mean*S.E.M. of three experiments).
# p<<0.05; *# p<<0.01 compared with respective EGF-treated controls (EGF alone), # p<<0.05; # p<<0.01 compared with EGF plus metaproterenol (10~® m)-treated controls.
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RESULTS

Time Course and Patterns of EGF Stimulation of ERK
Isoform Phosphorylation, and Their Potentiation by the
B,-Adrenergic Agonist Metaproterenol Figure 1A shows
the typical pattern of phospho-ERK1/2 (pERK1/2) in iso-
lated hepatocytes in culture as detected by Western blotting
analysis. The phosphorylated ERK2 band (pERK2) was in-
duced after only 1min, and peaked (about 2-fold increase)
between 3 and 5 min, after addition of 20 ng/ml EGF (Figs.
1A, B). ERKI1 phosphorylation was not significantly affected
by either medium alone (control) or by EGF treatment (Figs.
1A, C).

The time course of the effect of a 3,-adrenergic agonist on
ERK1/2 phosphorylation induced by 20ng/ml EGF was in-
vestigated using metaproterenol. Stimulation of hepatocytes
with EGF in the presence of metaproterenol (10~°m?*”) in-
duced a more rapid and significant increase in ERK2 phos-
phorylation than stimulation with EGF alone, reaching a
peak at 5 min after addition (about 3-fold increase from base-
line) and rapidly declining to basal levels within 30 min
(Figs. 1A, B). In contrast, metaproterenol alone did not sig-
nificantly stimulate ERK2 phosphorylation (Figs. 1A, B).
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Metaproterenol in the presence of EGF also did not signifi-
cantly stimulate ERK1 phosphorylation (Figs. 1A, C). These
data indicate that metaproterenol (10~°wm) specifically poten-
tiated EGF-induced ERK2 phosphorylation.

Effects of Specific Inhibitors of Signal Transducers on
EGF-Stimulated ERK1/2 Isoform Phosphorylation In
order to characterize the involvement of ERK1/2 in the mito-
genic pathway induced by EGF, we investigated the effects of
the EGF receptor tyrosine kinase inhibitor AGI1478
(1077 M), the PI3 kinase inhibitor LY294002 (10~¢m*),
the MEK inhibitor PD98059 (10~ °®m*”) and the mammalian
target of rapamycin (mTOR) inhibitor rapamycin (10ng/
ml*Y) on EGF-induction of ERK1/2 phosphorylation. As
shown in Fig. 2, the phosphorylation of ERK2 induced by
EGF (20ng/ml) at 5 min was almost completely blocked by
AG1478 or PD98059. However, LY294002 and/or rapamycin
did not affect EGF-induced ERK2 phosphorylation. Neither
EGF (20ng/ml) nor EGF plus any of the inhibitors induced
phosphorylation of ERK1 (Fig. 2).

Effect of Specific Inhibitors of Signal Transducers on
Metaproterenol and/or 8-Bromo cAMP-Induced ERK1/2
Isoform Phosphorylation in the Presence of EGF In
order to investigate the mechanisms by which the f3,-adrener-
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Fig. 4. Effects of Specific Inhibitors of Signal Transducers on 8-Bromo cAMP-Induced ERK2 Phosphorylation in the Presence of EGF

Hepatocytes were stimulated for 5 min with or without EGF (20 ng/ml) in the presence or absence of 8-bromo cAMP (10~°—10"7m) and in the presence or absence of the spe-
cific signal transducer inhibitors; AG1478 (1077 m), PD98059 (10°wm), LY294002 (10~ m), rapamycin (10 ng/ml), 2,4-dideoxyadenosine (10~°m) and H-89 (1077 m), UK 14304,
(1077/10" % m) or 2,4-dideoxyadenosine (10™°wm). Phosphorylated ERK1/2 isoforms (pERK1/2) were determined by Western blotting using an anti-phospho-ERK1/2 antibody, as
described in Materials and Methods. Typical Western blot images are indicated on the top of figure. Results are expressed as a percentage of the respective control value
(mean*S.E.M. of three experiments). * p<<0.05; #: p<<0.01 compared with respective EGF-treated controls (EGF alone). s p<<0.05; $s p<<0.01 compared with EGF plus 8-bromo

cAMP (107 m)-treated controls.
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gic receptor/protein kinase A (PKA) pathway potentiates
EGF-induction of ERK2 phosphorylation, we examined the
effects of metaproterenol and the cell-permeable cAMP ana-
log 8-bromo cAMP*? on EGF-induced ERK2 phosphoryla-
tion. The dose-dependent potentiation of ERK2 phosphoryla-
tion induced by either metaproterenol or 8-bromo cAMP in
the presence of EGF was almost completely reduced to con-
trol levels by AG1478 (1077 m) and PD98059 (10 °m), but
not by LY294002 or rapamycin (Figs. 3, 4). In addition, the
a,,-adrenergic agonist UK14304°" dose-dependently inhib-
ited the metaproterenol-induced potentiation of ERK2 phos-
phorylation in the presence of EGF (Fig. 3), but not 8-bromo
cAMP-induced potentiation (Fig. 4). Furthermore, pretreat-
ment of hepatocytes with the direct AC inhibitor 2,4-
dideoxyadenosine (10~%m*¥) blocked the potentiating effect
of metaproterenol on the phosphorylation of ERK2 in the
presence of EGE, but not the effect of 8-bromo cAMP. In
contrast, pretreatment of hepatocytes with the PKA inhibitor
H-89 (1077 M%) blocked the potentiating effects of metapro-
terenol and 8-bromo cAMP on the phosphorylation of ERK2
in the presence of EGF. UK14304 (10~ °wm), metaproterenol
(10~°m) or 8-bromo cAMP (10~ "m) alone had no significant
effect on the phosphorylation of ERK1 or ERK2 (Figs. 3, 4).

Effects of Specific Inhibitors of Signal Transducers on
o,-Adrenergic Agonist Phenylephrine-Induced ERK Iso-
form Phosphorylation in the Presence of EGF The ef-
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fects of o-adrerenergic agonists on induction of ERK1/2
phosphorylation by 20ng/ml EGF were investigated using
the «,-adrenergic agonist phenylephrine (107°m*®) and 12-
O-tetradecanoylphorbol-13-acetate (phorbol ester, TPA*").
When hepatocytes were stimulated with EGF in the presence
of phenylephrine (10~¢wm), and/or TPA (10~ "m), significant
potentiation of ERK2 phosphorylation was not observed
when compared with EGF (20 ng/ml) alone (Fig. 5). EGF-
induced ERK2 phosphorylation in the presence of phenyl-
ephrine (10~%Mm) was also completely blocked by AG1478
and PD98059, but was not blocked by LY294002, or rapamy-
cin. In addition, pretreatment of hepatocytes with the phos-
pholipase C (PLC) inhibitor U-73122 (10~¢Mm*®), an inac-
tive analogue of U-73122, U-73343 (10~ °Mm*Y), or the PKC
inhibitor GF109203X (10~"M*”) did not block the phospho-
rylation of ERK2 in the presence of EGF. Phenylephrine
(10°°m), TPA (1077m), U-73122 (10 °wm), U-73343
(10~°m) or GF109203X alone had no significant effect on
the phosphorylation of ERK1 or ERK?2 (Fig. 5).

Time Course and Patterns of EGF Stimulation of EGF
Receptor Tyrosine Kinase Phosphorylation with or with-
out the f,-Adrenergic Agonist Metaproterenol Figure
6A shows the typical pattern of phospho-EGF receptor tyro-
sine kinase (Tyr1068) in isolated hepatocytes in culture as
detected by Western blotting analysis. The tyrosine phospho-
rylation of a 175-kDa protein (EGF receptor tyrosine kinase)
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Fig. 5.

Effects of Specific Inhibitors of Signal Transducers on Phenylephrine and/or TPA-Induced ERK2 Phosphorylation in the Presence of EGF

Hepatocytes were stimulated for 5 min with or without EGF (20 ng/ml) in the presence or absence of phenylephrine (10~°m), and/or TPA (10”7 M) and in the presence or absence
of specific inhibitors of the signal transducers; AG1478 (10~ 7m), PD98059 (10¢m), LY294002 (10~ °wm), rapamycin (10 ng/ml), U-73122, U-73343 and GF109203X (107 wm).
Phosphorylated ERK1/2 isoforms (pERK1/2) were determined by Western blotting using an anti-phospho-ERK1/2 antibody, as described in Materials and Methods. Typical West-
ern blot images are indicated on the top of figure. Results are expressed as a percentage of the respective control value (mean*S.E.M. of three experiments). < p<<0.01 compared

with respective EGF-treated controls (EGF alone).
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band (p175-kDa RTK) was induced only 1 min after EGF ad-
dition, and peaked about 3 min (about 3-fold increase), and
then rapidly declining to basal levels within 10 min after ad-
dition of 20 ng/ml EGF (Figs. 6A, B). EGF receptor tyrosine
kinase phosphorylation was not significantly affected by
medium alone (control) during treatment times (Figs. 6A, B).

The time course of the effect of a f3,-adrenergic agonist on
EGF receptor tyrosine kinase phosphorylation induced by
20ng/ml EGF was investigated using metaproterenol.
Metaproterenol (10~°m) had not any effect on hepatocyte
EGF receptor tyrosine kinase phosphorylation in the absence
or presence of EGF (Figs. 6A,B). These data indicate that
metaproterenol (10°wm) did not directly affect EGF receptor
tyrosine kinase phosphorylation.

Effect of Specific Inhibitors of Growth-Related Signal
Transducers and cAMP-Elevating Agents on EGF Recep-
tor Tyrosine Kinase Phosphorylation To obtain further
support for the cross-talk between EGF receptor mediated-
tyrosine kinase-induced ERK1/2 kinase activation (ERK1/2
phosphorylation) and @,- and f,-adrenergic receptor activi-
ties, we examined the effects of specific inhibitors of growth-
related signal transducers on EGF receptor tyrosine kinase
phosphorylation induced by o,- and f,-adrenergic receptor
agonists. Figure 7 shows that EGF (20 ng/ml) caused an in-
crease in the tyrosine phosphorylation of a 175-kDa protein
(EGF receptor tyrosine kinase) that peaked 3 min after addi-
tion, at about 3.0-fold (compared with control). When EGF
(20 ng/ml) was added in combination with AG1478 (10~"m),

A

P-p175 kDa—> = = = = *

Vol. 34, No. 10

the added AG1478 completely abolished the EGF-induced
increase in receptor autophosphorylation (Tyr1068). In con-
trast, EGF-induced receptor tyrosine kinase activation was
not abolished by LY294002 (10~°m), PD98059 (10 m), ra-
pamycin (10 ng/ml), 2,4-dideoxyadenosine (10~°m), or H-89
(1077m) treatment. In addition, the ,-adrenegic receptor
agonist UK14304 (10~ °wm), the S3,-adrenegic receptor agonist
metaproterenol (10~ °m), the cell-permeable cAMP analog 8-
bromo cAMP (107 m), 2.4-dideoxyadenosine (10~ °m) and
H-89 (10~ "m) had no significant effect on the phosphoryla-
tion of EGF receptor tyrosine kinase in the absence of EGF
(Fig. 7).

Effects of Specific Inhibitors of Growth-Related Signal-
Transducers on Hepatocyte DNA Synthesis and Prolifera-
tion Induced by EGF In order to confirm the notion that
20 ng/ml EGF induces hepatocyte DNA synthesis and prolif-
eration through receptor tyrosine kinase, ERK or mTOR
phosphorylation, we investigated whether or not AG1478,
LY294002, PD98059, and rapamycin are able to inhibit EGF-
induced hepatocyte DNA synthesis and proliferation in the
presence or absence of metaproterenol or 8-bormo cAMP. As
shown in Fig. 8, AG1478 (10~ 7m), PD98059 (10 °m), and
rapamycin (10ng/ml) almost completely blocked EGF-in-
duced hepatocyte DNA synthesis and proliferation with or
without metaproterenol (10~°m) or 8-bormo cAMP (10~7wm),
but not LY294002 (10 °m). In addition, potentiating effect
of metaproterenol (107 °m) on EGF-induced hepatocyte
DNA synthesis and proliferation was blocked by 2,4-

- — e e QD G o QR W o — — Ww— i Wowi OO e Ww W W
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Culture time, min
3501
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il —{ - Metaproterenol
300 F —-@- EGF

250 r
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150 |
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—/\+ +metaproterenol

p175 RTK phosphorylation (% of control)

30 60

Culture time, min

Fig. 6. Time Course and Patterns of EGF Receptor Tyrosine Kinase Phosphorylation Induced by EGF in the Absence or Presence of Metaproterenol

Isolated hepatocytes were cultured for 3 h, then washed and incubated in either the absence (control; C: medium alone), of 10~ M metaproterenol (Met), or presence of 20 ng/ml
EGF (EGF), and 10~° M metaproterenol (E-+M) for the indicated times (min) at 37 °C. Phosphorylated EGF receptor tyrosine kinase (P-p175 kDa) and total receptor tyrosine ki-
nase protein (p175 kDa) was identified by Western blotting using an anti-phospho-EGF receptor (Tyr1068) antibody, as described in Materials and Methods. The intensity of the M,
175-kDa band, corresponding to phospho-EGF receptor tyrosine kinase (P-p175 kDa), was normalized to total EGF receptor tyrosine kinase (p175kDa). (A) typical Western blot;
(B) time—course of EGF receptor tyrosine kinase phosphorylation. Results are expressed as a percentage of the respective control value (mean®S.E.M. of three experiments).

# p<0.05; ** p<<0.01 compared with respective controls.
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Fig. 7.

Effect of Specific Inhibitors of Growth-Related Signal Transducers on EGF Receptor Tyrosine Kinase Phosphorylation

Freshly isolated hepatocytes were plated at a density of 3.3X 10 cells/em? and cultured as described in the legend to Fig. 1. After a medium change the hepatocytes were cultured
with EGF, with or without the indicated specific inhibitors of signal transducers, for 3 min. Phosphorylated EGF receptor tyrosine kinase (P-p175kDa) and total receptor tyrosine
kinase protein (p175 kDa) (upper) were determined by Western blotting analysis as described in Materials and Methods. Typical Western blot images are indicated on the top of fig-
ure. The concentrations used were as follows: EGF, 20 ng/ml; UK 14304, 10~ °m; metaproterenol, 10~°Mm; 8-bromo cAMP, 1077 m; 2,4-dideoxyadenosine, 10~ %m; H-89, 107 m;
AG1478, 1077 m; LY294002, 10~ °m; PD98059, 10 °M and rapamycin, 10 ng/ml. The results are expressed as the mean=S.E.M. of three different experiments. *## p<<0.01 com-

pared with respective EGF-treated controls (EGF alone).

dideoxyadenosine (10 °m) and H-89 (10~ 7m) treatment. In
contrast, potentiating effect of 8-bormo cAMP (10”7 m) was
blocked by H-89 (107 7"m), but not 2,4-dideoxyadenosine
(107°m) treatment. Metaproterenol (107¢m) and 8-boromo
cAMP alone had not any effect on EGF-induced DNA syn-
thesis and proliferation (Fig. 8).

DISCUSSION

It has been reported that ERK plays an important role in
the proliferation of hepatocytes and other cells induced by
growth factors and cytokines.>'*!>40 The proliferative path-
way by which EGF activates the receptor tyrosine kinase
(p175kDa)/MAPK cascade (ERK1/2 pathway) has been de-
scribed in many normal and transformed cells. 11540 The
ERK pathway is one of the most important and intensively
studied signaling pathways.'*!>*) However, there are few
studies regarding EGF-induced activation of ERK1/2 iso-
forms in primary cultured adult rat hepatocytes. Therefore,
we investigated the possible roles of the ERK1/2 isoforms
whose phosphorylation was induced by EGF in primary cul-
tures of adult rat hepatocytes.

As shown in Figs. 1 and 2, EGF (20 ng/ml), a concentra-
tion that induces hepatocyte DNA synthesis and prolifera-
tion,” rapidly stimulates ERK2, but not ERK1 phosphoryla-
tion. Frémin et al. show that continued expression of cyclin-
D1 in the G,/G, phase is dependent on ERK?2 expression by
EGF, and that the ablation of ERK1 influences neither the
proliferation capacity of mice hepatocytes in this regulation,

in vivo and in vitro, nor the expression pattern of cyclin-
D1.*? Very recently, Frémin et al. show that differentiation is
ERK1 and ERK2 dependent, whereas ERK2 knockdown in-
hibited only proliferation and ERK1 silencing increased sur-
vival.* In agreement with the recent report, our data indicate
that ERK2 play a key role in hepatocyte proliferation.*> >
Moreover, EGF induction of ERK2 phosphorylation in hepa-
tocytes was almost completely blocked by specific inhibitors
of signal transducers, such as the EGF receptor tyrosine ki-
nase inhibitor AG1478 and the MEK inhibitor PD98059, but
not by LY294002 (PI3 kinase inhibitor) or rapamycin (mTOR
inhibitor) (Fig. 2). We have previously reported that EGF in-
duced hepatocyte DNA synthesis and proliferation within 4 h
of serum-free culture.” The hepatocytes DNA synthesis and
proliferation appeared to be dependent on the concentrations
of dexamethasone in the culture medium.*® The EGF effects
were almost completely blocked by AG1478, PD98059, and
rapamycin, but not by LY294002 (Fig. 8). These results sug-
gest are consistent with a previous report that signal trans-
ducers such as the EGF-receptor tyrosine kinase and ERK2
play an essential role in the mitogenic activity induced by
EGF under these experimental conditions.” The present
results are also consistent with reports that ERK2 acts
upstream of mTOR/p70S6K and downstream of the EGF
receptor tyrosine kinase in primary cultures of adult rat
hepatocytes.” 134749

There have been very few studies regarding adrenergic
agonist-induced regulation of ERK1/2 phosphorylation in
hepatocytes. Therefore, we examined whether «-, o,- and
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Fig. 8.
ence or Absence of Metaproterenol or 8-Bormo cAMP

Effects of Specific Inhibitors of Growth-Related Signal Transducers on Hepatocyte DNA Synthesis and Proliferation Induced by EGF in the Pres-

Hepatocytes were plated at a density of 3.3 10*cells/cm? and cultured as described in the legend to Fig. 1. Specific signal-transducer inhibitors were added without or with
20 ng/ml EGF immediately after the medium change, and the cells were cultured for a further 4 h. The concentrations were as follows: metaproterenol, 10~¢m; 8-boromo cAMP,
1077 m; AG1478, 1077 m; LY294002, 10 m; PD98059, 107 M; and rapamycin, 10 ng/ml; 2,4-dideoxyadenosine, 107 m; H-89, 1077 m. The rate of hepatocyte DNA synthesis is
expressed as dpm/mg protein/h (A). Hepatocyte proliferation is expressed as the percent increase in total number of nuclei compared with the control culture (B). The results are
expressed as means*S.E.M. of three independent experiments. * p<<0.05, #*p<<0.01 compared with the respective control. #p<<0.05; # p<<0.01 compared with EGF plus meta-
proterenol (107° m)-treated controls (EGF+metaproterenol). $ p<<0.05; s p<<0.01 compared with EGF plus 8-bromo cAMP (10~ 7 m)-treated controls (EGF+8-bromo cAMP).

B,-adrenergic agonists modulate the EGF-induced changes in
ERK2 phosphorylation. We found that EGF-induced hepato-
cyte ERK2 phosphorylation was enhanced by metaproterenol
(107%m), a B,-adrenergic receptor agonist and an indirect
adenylate cyclase (AC) activator (Figs. 1, 3). In contrast,
metaproterenol had no significant effects on hepatocyte
ERK1/2 phosphorylation in the absence of EGF (Fig. 3). The
enhancing effects of metaproterenol in the presence of EGF
were inhibited by o,-adrenegic receptor agonist UK14304
(10~°Mm; an indirect AC inhibitor and decreases cAMP), 2,4-
dideoxyadenosine (10~ 7m; a direct AC inhibitor) and the
PKA inhibitor H-89, thus suggesting the involvement of
PKA in the potentiating effects of metaproterenol (Fig. 3).
The involvement of PKA in the effects of metaproterenol is
supported by our previous results, which indicated that
metaproterenol-induced potentiation of hepatocyte DNA syn-
thesis and proliferation in the presence of EGF (20 ng/ml)
was completely inhibited by a specific PKA inhibitor, H-89
(Fig. 8).

However, the role of the second messenger, cAMP, in the
control of hepatocyte DNA synthesis and proliferation re-
mains uncertain.* " Cyclic AMP can either stimulate or in-
hibit DNA synthesis depending on culture conditions.’'
For example, Crespo ef al. reported that isoproterenol treat-

ment of COS-7 cells had an acute stimulatory and chronic in-
hibitory effect on ERK2 activity, the former being mediated
by G protein bg subunits and the latter by G protein a subunit
via PKA.>> We demonstrated that the cell-permeable cAMP
analog, 8-bromo cAMP also enhanced the ERK2 phosphory-
lation and hepatocyte proliferation induced by EGF (Figs. 4,
8). These results indicate that there is cross-talk between the
B,-adrenergic receptor/AC/cAMP pathway and the EGF re-
ceptor/ERK pathway, which potentiates hepatocyte growth.
Because both metaproterenol- and 8-bromo cAMP-induced
potentiation of ERK2 phosphorylation in the presence of
EGF were completely inhibited by AG1478 and PD98059,
but not by LY294002, or rapamycin, the cross-talk mediated
by the f3,-adrenergic pathway may occur upstream of ERK2.
In contrast, EGF-induction of hepatocyte ERK2 phospho-
rylation was not enhanced by a maximal dose of phenyl-
ephrine (10~°m), ,-adrenergic receptor agonist (an indirect
PLC/PKC activator), TPA (10~ "m), a synthetic analog of di-
acylglycerol (a direct activator of PKC), U-73122 (10 °wm), a
phospholipase C (PLC) inhibitor, and/or the protein kinase C
(PKC) inhibitor GF109203X (10~ "m) (Fig. 7). These results
indicate that the ;-adrenergic receptor/PLC/PKC pathway is
not involved in cross-talk with the EGF receptor/ERK path-
way in order to potentiate hepatocyte growth. The results are
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different from those of HGF. Accordingly, results were ob-
tained as to the hepatocyte DNA synthesis and proliferation
induced by EGF with or without phenylephrine (10~°m).”

To obtain further support for the cross-talk between EGF
receptor mediated-tyrosine kinase-induced ERK?2 kinase ac-
tivation (ERK2 phosphorylation) and ¢,- and f3,-adrenergic
receptor activities, we examined the effects of specific in-
hibitors of growth-related signal transducers on EGF recep-
tor tyrosine kinase phosphorylation induced by o,- and f3,-
adrenergic receptor agonists. Figure 6 and 7 shows that EGF
(20 ng/ml) caused an increase in the tyrosine phosphorylation
of a 175-kDa protein (EGF receptor tyrosine kinase) that
peaked 3 min after addition, at about 3.0-fold (compared with
control). When EGF (20 ng/ml) was added in combination
with AG1478 (1077 m), the added AG1478 completely abol-
ished the EGF-induced increase in receptor autophosphoryla-
tion (Tyr1068). In contrast, EGF-induced receptor tyrosine
kinase activation was not abolished by LY294002 (10~ °w),
PD98059 (10 °m), rapamycin (10ng/ml), a specific AC
inhibitor, 2,4-dideoxyadenosine (107°m), or a specific PKA
inhibitor, H-89 (10”7 M) treatment. In addition, neither the
a,,-adrenergic receptor agonist UK14304 (10~ °wm), the f,-
adrenergic receptor agonist metaproterenol (107¢m) nor the
cell-permeable cAMP analog 8-bromo cAMP (10~ wm), had
any effect on EGF-induced receptor tyrosine kinase activa-
tion (Fig. 7).

Therefore, the cross-talk between the o,- and f3,-adrener-
gic pathway and EGF signaling may influence signals such as
Ras, Raf and MEK that lie downstream of the EGF receptor
kinase but upstream of ERK activation.**** % In mammals,
there are three Raf proteins; Raf-1 (or c-Raf), A-Raf and B-
Raf.’” Recent reports have produced indirect, but strong evi-
dence for a branching of signals at the level of Raf, in partic-
ular Raf-1, which is the focus of the majority of Raf re-
search.**33% Therefore, we have done some experiments
concerning possible involvement of Raf. The results indicate
that EGF-induction of hepatocyte Raf-1 phosphorylation was
not enhanced by a maximal dose of metaproterenol (10~°m),
and 8-bromo cAMP (107 m) (data not shown). Hence, par-
ticipation of other Raf (A-Raf, B-Raf) and/or MEK is cur-
rently investigating in our laboratory using primary cultures
of adult rat hepatocytes.

The combined data suggest the potential scheme of cross-
talk between the EGF receptor/ERK2 pathway and the o,-
and f,-adrenergic receptor/PKA pathway that is shown in
Fig. 9.

In conclusion, the present study demonstrates that cross-
talk signals induced by extracellular f,-adrenoceptor ago-
nists such as metaproterenol potentiate EGF-induced ERK2
phosphorylation, and o,-adrenoceptor agonists, such as
UK14304, attenuate these f,-adrenoceptor agonist-induced
potentiating effects on EGF-induced ERK2 phosphorylation
in primary cultured adult rat hepatocytes. Furthermore, the
cross-talk signaling may occur downstream of EGF receptor
tyrosine kinase, and upstream of MEK/ERK and mTOR/p70
S6K (Fig. 9). The present findings support the notion that en-
dogenous catecholamine-induced potentiation of hepatocyte
DNA synthesis and proliferation in the presence of EGF
plays an important role in activation of the ERK2 cascade
during liver regeneration after partial hepatectomy or in liver
necrosis caused by toxic chemicals in vivo.'*
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Fig. 9. Potential Model of Cross-Talk between the EGF Receptor/ERK2
Pathway and @,- or f3,-Adrenergic Receptor-Mediated Pathways

Abbreviations: EGF, epidermal growth factor; TK, receptor tyrosine kinase; MEK,
MAP kinase kinase (upstream of ERK3”); ERK2, extracellular-signal regulated kinase
2 (p42 MAPK); mTOR, mammalian target of rapamycin; p70S6K, p70 ribosomal pro-
tein S6 kinase (downstream of mTOR?Y); AC, adenylate cyclase; PKA, protein kinase
A. — or @, stimulation; — - - or ©, inhibition.
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