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ABSTRACT – Background: We investigated the signal transduction pathway associated with growth 

hormone (GH)-stimulated DNA synthesis and proliferation in primary cultured hepatocytes. Methods: 

Adult rat hepatocytes were isolated from normal livers by two-step in situ collagenase perfusion to facilitate 

disaggregation of the adult rat liver. Then hepatocytes were cultured in serum-free Williams’ medium E 

supplemented with GH (1-100 ng/ml) in the presence or absence of test reagents. GH-induced hepatocyte 

DNA synthesis and proliferation were determined, and the phosphorylation activities of Janus kinase (JAK) 

2 (JAK2) (p125 kDa), p95-kDa RTK, and ERK1/2 were measured by western blotting. Results: 

Hepatocytes grown in serum-free defined medium proliferated within 5 h of culture in the presence of GH 

(100 ng/ml) in a concentration- and time-dependent manner (EC50 75 ng/ml). These proliferative effects of 

GH were almost completely blocked by an anti-GH receptor monoclonal antibody (85 ng/ml) and an 

anti-insulin-like growth factor (IGF)-I receptor monoclonal antibody. In addition, the proliferative effects of 

GH were significantly blocked by a JAK2 inhibitor (TG101209, 10−6 M), as well as specific 

signal-transducing inhibitors of phospholipase C (PLC; U-73122, 10−6 M), RTK (AG538, 10−6 M), 

phosphoinositide 3-kinase (PI3K; LY294002, 10−6 M), mitogen-activated protein kinase kinase/extracellular 

signal-regulated kinase (MEK/ERK; PD98059, 10−6 M), and mammalian target of rapamycin (mTOR; 

rapamycin, 10 ng/ml). GH significantly induced the phosphorylations of JAK2 (p125 kDa), p95-kDa IGF-I 

receptor tyrosine kinase (RTK), and ERK2 in this order according to western blotting analysis. 

Conclusions: The proliferative action of GH is mediated by two main signaling pathways. One includes 

activation of the GH receptor/JAK2/PLC/Ca2+ pathway, and the other involves activation of the p95-kDa 

IGF-I RTK/PI3K/ERK2/mTOR pathway in primary cultures of adult rat hepatocytes. 

 

 

INTRODUCTION 

 

The liver can regenerate by itself following partial 

hepatectomy or liver damage induced by chemical 

agents. This process is regulated by hormones, 

cytokines, endogenous growth factors, and other 

metabolic processes (1,2). For example, after 

partial liver resection, cytokines and growth factor 

receptors activate cellular signal transduction 

molecules such as tyrosine kinase receptor (RTK), 

mitogen-activated protein kinase/extracellular 

signal-regulated kinase (ERK), and transcription  

factor complex (3,4). 

 Growth hormone (GH), an anterior pituitary 

hormone, regulates important physiological 

processes, including body growth and carbohydrate 

and lipid metabolism, directly by activating the 

growth hormone receptor, or indirectly through 

insulin-like growth factor (IGF)-I (also known as 

somatomedin C), which is produced mainly in the 

liver in response to GH stimulation (5-7). Moreover, 

GH plays an important role in liver regeneration, 

but the molecular signaling mechanisms that are 

triggered by GH are not fully understood 

(1,2,4,8-10). 

 The GH receptor has been reported to be a 

member of the cytokine/hematopoietin receptor 

superfamily (11), which does not have intrinsic 

tyrosine kinase activity. Conformational changes 

induced by ligand binding led to activation of 
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receptor-associated tyrosine kinases of the Janus 

kinase (JAK) family. GH receptor activation 

initiates multiple downstream signals, such as 

JAK2, signal transducer and activator of 

transcription (STAT), phosphatidylinositol 3-kinase 

(PI3K), and ERK, and increases cellular calcium in 

vitro (3,4,9,10,12-15). 

 Although hepatocytes from adult rats seldom 

proliferate in normal physiological conditions, we 

have demonstrated that DNA synthesis and 

proliferation are induced in primary parenchymal 

hepatocytes grown in the presence of growth 

factors, cytokines, and some autacoids at low cell 

density (16). Moreover, we have identified the 

major intracellular signal transduction pathways 

that are activated by several growth factors, 

cytokines, and autacoids and that mediate 

hepatocyte DNA synthesis and proliferation in vitro 

(17). 

 The purpose of this study was to investigate 

whether GH induces hepatocyte DNA synthesis and 

proliferation during primary culture. We then 

investigated the role of the JAK2/STAT signaling 

pathway and the IGF-I RTK/ERK pathway in 

GH-stimulated hepatocyte DNA synthesis and 

proliferation. 

 

MATERIALS AND METHODS 

 

Materials. Human recombinant growth hormone 

(GH), aphidicolin, and aprotinin were purchased 

from Sigma Chemical Co. (St. Louis, MO, USA). 

PD98059 (2’-amino-3’-methoxyflavone) was 

purchased from Calbiochem-Behring (La Jolla, CA, 

USA). TG101209  (N-tert-butyl-3 -  (5-methyl-2- 

(4-(4-methylpiperazin-1-yl)phenylamino)pyrimidin-

4-ylamino) benzenesulfonamide) and SH-4-54 (4- 

(N-(4-cyclohexylbenzyl)-2-(2,3,4,5,6- pentafluoro- 

N-methylphenylsulfonamido)acetamido) benzoic 

acid) were obtained from Med Chem Express 

(Monmouth Junction, NJ, USA). U-73122 

(1-[6-[17-3-methoxyestra-1, 3, 5(10)-trien-17- 

yl]-amino] hexyl]-1H-pyrrol-2, 5-dione), AG538 

(-Cyano-(3,4 -dihydroxy)cinnamoyl-(3’4’- 

dihydroxyphenyl)ketone), GF109203X 

(2-[1-(3-dimethyl-aminopropyl)-1H-indol-3-yl]-3- 

(1H-indol-3-yl)maleimide), 2,4-dideoxyadenosine, 

H-89 (N-[2-(p-bromocinnamylamino) ethyl]-5- 

isoquinolinesulfonamide dihydrochloride), 

LY294002 (N-[3-chlorophenyl]-6,7-dimethoxy- 

4-quinazolinamine), and rapamycin were obtained 

from Enzo Life Sciences (Farmingdale, NY, USA). 

Anti-GH receptor rabbit monoclonal antibody and 

rabbit IgG monoclonal-isotype control were 

purchased from Abcam (Cambridge, MA, USA). 

Monoclonal antibodies against JAK2, 

phospho-JAK2 Tyr1007/1008, EGF receptor, IGF-I 

receptor, phospho-IGF-I receptor Tyr1316, ERK1/2, 

and phospho-ERK2 Thr202/Tyr204 were purchased 

from Cell Signaling Technology (Danvers, MA, 

USA). Williams’ medium E was obtained from 

Sigma-Aldrich Japan (Tokyo, Japan). Newborn calf 

serum was obtained from Thermo Fisher Scientific 

(Tokyo, Japan). Collagenase type II was purchased 

from Worthington Biochemical Corp. (Lakewood, 

NJ, USA). 

 

Animals. We purchased Wistar rats (males, 

weighing 200–220 g) from Tokyo Experimental 

Animal Co. (Tokyo, Japan). All rats were housed 

with a 12-h light, 12-h dark cycle with free access 

to food (standard laboratory diet) and water in a 

temperature-controlled room. Rats were provided 

with humane care according to the Guiding 

Principles for the Care and Use of Laboratory 

Animals. This study protocol was approved and 

conducted in accordance with the Institutional 

Animal Care and Use Committee of Josai 

University. 

 

Hepatocyte Isolation and Culture. Rats were 

anesthetized by intraperitoneal injection of 45 

mg/kg sodium pentobarbital. The method of 

two-step in situ collagenase perfusion was used for 

dissociation of rat livers and isolation of 

hepatocytes (18). More than 97% of hepatocytes 

were viable as determined with trypan blue 

exclusion. Fresh hepatocytes (5.0 × 104 cells/cm2) 

were plated onto 35-mm ø plastic culture dishes 

coated with collagen type II (Asahi Glass Co., 

Tokyo, Japan), and incubated for 3 h in Williams’ 

medium E containing 5% newborn calf serum (19). 

Medium was changed to serum-free Williams’ 

medium E supplemented with human recombinant 

GH (1-100 ng/ml) in the presence or absence of 

other reagents. The following compounds were 

then added: GH with or without TG101209 (20), 

SH-4-54 (21), U-73122 (22), GF109203X (23), and 

growth-related signal-transducing inhibitors (e.g., 

AG538 (24), LY294002 (25), PD98059 (26), and 

rapamycin (27)). 

 

DNA Synthesis and Proliferation of Hepatocytes. 

DNA synthesis was determined by measuring 

[3H]-thymidine incorporation following acid 

precipitation (19). Specific [3H]-thymidine 
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incorporation was determined by subtracting the 

value obtained in the presence of aphidicolin (10 

μg/ml) as a DNA polymerase α inhibitor. To 

precisely measure hepatocyte proliferation, we 

counted the nuclei instead of cells. This was 

performed according to a previously described 

procedure with minor modification (16), because 

hepatocytes were firmly attached to the 

collagen-coated plates and were not quantitively 

dispersed by EDTA-trypsin treatment. Protein 

levels were measured with a modified Lowry 

protein assay with bovine serum albumin (BSA) as 

the standard (19). 

 

Determination of Phosphorylation Activity of 

JAK2 (p125 kDa), p95-kDa RTK, and ERK1/2. 

The anti-phospho-JAK antibody identified a 

p125-kDa protein as JAK2. To identify JAK2, a 

cell lysate was prepared. The modified Lowry assay 

with BSA as the standard was used to assess the 

protein concentration in the supernatant and 

cytosolic fraction (19,28,29). Proteins in the 

supernatant (30 µg/lane) were separated with 

SDS-PAGE on a 7.5% polyacrylamide gel in 

reducing conditions. Separated proteins were 

transferred to polyvinylidene difluoride membranes. 

Membranes were blocked for 1 h at room 

temperature in TBS (pH 7.4) containing 0.1% (v/v) 

Tween-20 (TBST) in 0.5% BSA (w/v). The 

membranes were then incubated overnight at 4°C 

with anti-JAK2 (1:1000) or phospho-JAK2 

Tyr1007/1008 (1:1000). Membranes were washed in 

TBST and incubated for 1 h at room temperature in 

horseradish peroxidase-conjugated secondary 

antibody (1:3000 for anti-rabbit IgG or anti-mouse 

IgG; Rockland, Gilbertsville, PA, USA). Blots were 

developed using enhanced chemiluminescence 

substrate (Perkin Elmer, Inc., Hopkinton, MA, 

USA). Levels of proteins were quantified using 

densitometry with the Labo-1D image program 

(Kurabo, Osaka, Japan). The phosphorylated level 

of the 125-kDa protein was normalized to the total 

125-kDa protein level. For 95-kDa RTK, cells were 

lysed, and proteins in the supernatant (30 µg/lane) 

were separated with SDS-PAGE on a 10% 

polyacrylamide gel. Immunoblotting was performed 

as described above using anti-phospho-RTK 

antibody to recognize the 95-kDa IGF-I receptor. 

Blots were developed and quantified as described 

above (28). Anti-phospho-95-kDa protein Tyr1316 

monoclonal antibody was used as the primary 

antibody to identify phosphorylated 95-kDa protein, 

and then the phosphorylated activity of the 95-kDa 

protein was normalized to the total 95-kDa protein 

activity. Western blotting, quantification, and 

normalization of phosphor-ERK1/2 were performed 

as described above (29). A monoclonal antibody 

against anti-phospho-ERK1/2 was used to identify 

phosphorylated ERK isoforms (pERK1; P-p44 

MAPK and pERK2; P-p42 MAPK). Data are 

shown in arbitrary units as means ± standard error 

of the mean (SEM). The autoradiograms shown 

represent 3-4 individual experiments using different 

preparations of cells. 

 

Data Analysis and Statistics. Data are shown as 

the means ± SEM. For group comparisons of 

unpaired data, analysis of variance followed by the 

post hoc Dunnett’s multiple comparison test were 

used. Values of P < 0.05 were considered 

statistically significant. 

 

RESULTS 

 

Time-dependent GH Effects on Hepatocyte DNA 

Synthesis and Proliferation. We investigated the 

signal transduction pathway for GH-induced 

hepatocyte DNA synthesis and proliferation in 

detail. Three hours after plating, serum-free 

medium and 100 ng/ml GH were added (Fig. 1A 

and 1B, arrows). A significant increase in DNA 

synthesis was first observed about 3.0 h after the 

addition of GH, which peaked at about 5.0 h (Fig. 

1A). Significant cell proliferation was seen at 3.5 h, 

with a peak at about 5 h (Fig. 1B) compared to 

corresponding controls. The maximum effects of 

DNA synthesis and proliferation stimulated by 100 

ng/ml GH were about 7.0- and 1.2-fold above 

baseline, respectively, in this culture period. 

 

Dose-dependent Effects of GH on DNA 

Synthesis and Proliferation in Hepatocytes.  

Dose-dependent effects of 10-1000 ng/ml GH on 

hepatocyte cell proliferation were investigated (Fig. 

1C). GH-induced DNA synthesis dose-dependently 

increased and plateaued at 100 ng/ml. The 

half-maximal effective concentration (EC50) was 

42.16 ± 0.23 ng/ml for GH. The effects of GH on 

the proliferation of hepatocytes (EC50 44.31 ± 0.14 

ng/ml) were similar to those on DNA synthesis 

(Fig.1C).  

 

Dose-dependent Effects of Anti-GH, Anti-IGF-I 

and Anti-EGF Receptors Monoclonal Antibodies 

on GH-Induced Hepatocyte DNA Synthesis and 

Proliferation. To confirm that the GH receptor 
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mediates hepatocyte mitogenesis, we investigated 

the effects of a monoclonal antibody against the 

GH receptor on hepatocyte DNA synthesis and 

proliferation induced by GH. All measurements 

were made 5 h after 100 ng/ml GH addition. The 

addition of a monoclonal antibody against the GH 

receptor (12.5-80 ng/ml) or IGF-I receptor (12.5-80 

ng/ml) dose-dependently inhibited both DNA 

synthesis and the proliferation of hepatocytes 

induced by 100 ng/ml GH with IC50 values of 50.18 

± 0.03 ng/ml and 50.32 ± 0.14 ng/ml, respectively 

(Fig. 1D). As a control, the addition of a 

monoclonal antibody against EGF receptor 

(12.5-80 ng/ml) did not affect either DNA synthesis 

or the proliferation of hepatocytes induced by 100 

ng/ml GH (Fig. 1D). Phase-contrast micrographs of 

primary cultured hepatocytes showed that 

hepatocytes proliferated by the addition of 100 

ng/ml growth hormone (GH) (Fig. 2C) and were 

inhibited by a monoclonal antibody (mAb) to GH 

receptor (Fig. 2D) when compared with 

corresponding controls (Fig. 2A and 2B). 

 

Effects of Specific Inhibitors of Cell Growth 

Signal-transducers on GH-induced DNA 

Synthesis and the Proliferation of Hepatocytes. 

We then assessed the mitogenic responses of 

hepatocytes to 100 ng/ml GH in combination  with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Growth hormone (GH)-induced DNA synthesis and proliferation of primary cultured hepatocytes. 

Hepatocytes were cultured as described in the Methods. After medium change (time 0), hepatocytes were cultured with 

100 ng/ml GH with or without anti-GH receptor monoclonal antibody (60 ng/ml) for 0-21 h. DNA synthesis and 

proliferation of hepatocytes were determined as explained in the Materials and Methods. Time-course of hepatocyte 

DNA synthesis (A), proliferation (B), dose-dependence study of GH (C), and dose-dependence studies of anti-GH 

receptor monoclonal antibody (mAb) or ant-IGF-I receptor mAb (D). Arrows point to the time of 100 ng/ml GH 

addition (A, B). Dose-response effects of GH (0-1000 ng/ml) (C), an anti-GH receptor mAb, anti-IGF-I receptor mAb, 

and anti-EGF receptor mAb (12.5–80 ng/ml) on 100 ng/ml GH-induced hepatocyte DNA synthesis (solid lines) and 

proliferation (dotted lines) (D) cultured for 5 h. DNA synthesis (solid lines) and proliferation (dotted lines) of 

hepatocytes were then determined (C, D). Data are expressed as the means ± SEM of three separate experiments. *P < 

0.05, *P < 0.01 compared with the respective control. 

 

inhibitors of growth-related signal-transducing 

molecules such as JAK2, STAT1/3, PLC, IGF-I 

RTK, PI3K, ERK1/2, and/or mTOR. In the absence 

of GH, 10−6 M TG101209 (a specific inhibitor of 

JAK2), 10−6 M SH-4-54 (a specific inhibitor of 

STAT1/3), 10−6 M AG538 (a specific inhibitor of 

IGF-I RTK), 10−6 M U-73122 (a specific inhibitor 

of PLC), 10−6 M LY294002 (a specific inhibitor of 

PI3K), 10−6 M PD98059 (a specific inhibitor of 

MEK), and 10 ng/ml rapamycin (a specific 

inhibitor of mTOR) had little effect on hepatocyte 

DNA synthesis and proliferation (Fig. 3A and 3B). 

In the presence of 100 ng/ml GH, TG101209 

completely blocked GH-stimulated DNA synthesis 
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and proliferation of hepatocytes for 5 h after 

addition of the reagents, suggesting the 

involvement of JAK2. In contrast, SH-4-54 did not 

affect hepatocyte DNA synthesis or proliferation 

mediated by GH. PLC is involved in GH signaling 

(30). Thus, the PLC inhibitor U-73122 was tested. 

U-73122 (10−6 M) completely inhibited 

GH-stimulated DNA synthesis and proliferation of 

hepatocytes (Fig. 3A and 3B). We also tested 10−6 

M AG538 (24), 10−6 M LY294002 (25), 10−6 M 

PD98059 (26), and 10 ng/ml rapamycin (27) to 

investigate the involvement of IGF-I RTK, PI3K, 

ERK, and mTOR, respectively, on the mitogenic 

activities of hepatocytes treated with 100 ng/ml GH. 

In the absence of GH, these inhibitors did not affect 

DNA synthesis or cell proliferation of hepatocytes 

during the first 5 h in vitro (Fig. 3A and 3B). 

However, in the presence of 100 ng/ml GH, AG538, 

LY294002,  PD98059, or rapamycin  completely 

blocked the GH-mediated induction of hepatocyte 

mitogenesis, suggesting roles for IGF-I RTK, PI3K, 

ERK, and mTOR in these events. As a control, IgG 

protein (100 ng/ml) did not affect the GH-induced 

hepatocyte DNA synthesis and proliferation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Continues … 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 2. Phase-contrast micrographs of primary 

cultured hepatocytes stimulated by growth hormone (GH) 

showing hepatocyte proliferation and its inhibition by a 

monoclonal antibody (mAb) against GH receptor. 

Hepatocytes in Williams’ medium E containing 5% 

newborn calf serum were plated at a cell density of 5.0 × 

104 cells/cm2 and cultured for 3 h. After an adhesion 

period of 3 h (time 0), the medium was rapidly replaced 

with serum-free Williams’ medium E, and the 

hepatocytes were cultured with 100 ng/ml GH in the 

absence or presence of test substances for an additional 

stimulus period. A, control at time 0; B, control at 5 h; C, 

100 ng/ml GH at 5 h; D, GH + anti-GH receptor mAb at 

5 h. Scale bar: 200 μm. 

 

Time-dependent Effects of GH on JAK2 (p-125 

kDa) Phosphorylation, and the Effects of 

Specific Inhibitors of Cell Growth 

Signal-transducers on GH-mediated JAK2 

Phosphorylation. Next, we performed western 

blotting to examine the time-dependent changes in 

JAK2 phosphorylation in hepatocytes following 

GH addition (Fig. 4A). Tyrosine phosphorylation of 

JAK2 was seen 3-5 min after treatment with 100 

ng/ml GH, with a peak at 3 min and a return to the 

baseline level 60 min after GH treatment (Fig. 4A). 

 

B 

C 
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Figure 3. Effects of specific inhibitors of growth-related signal transduction molecules on GH-induced stimulation of 

hepatocyte DNA synthesis (A) and proliferation (B). After medium change (time 0),Hepatocytes were cultured with or 

without 100 ng/ml GH in the absence or presence of specific inhibitors of cell growth signal-transducers of for an 

additional 5 h (see legend to Fig. 1). The concentrations of inhibitors used were as follows: TG101209 (10−6 M), 

SH-4-54 (10−6 M), U-73122 (10−6 M), AG538 (10−6 M), LY294002 (10−6 M), PD98059 (10−6 M), rapamycin (10 ng/ml), 

anti-GHR mAb (80 ng/ml), and IgG (100 ng/ml). Data are expressed as the means ± SEM of three separate experiments. 

*P < 0.05, *P < 0.01 compared with the respective control.  

 

 

Figure 4 Continues … 
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Figure 4. Time-dependent effects of GH on JAK2 (p125 kDa) phosphorylation and the effects of specific inhibitors of 

cell growth signal-transducers on the phosphorylation of JAK2 induced by GH. Hepatocytes were cultured as described 

in the legend to Fig. 1. After medium change (time 0), hepatocytes were cultured with or without 100 ng/ml GH for 0-60 

min. Cell extracts from cultured hepatocytes treated with saline or GH were prepared as described in the Materials and 

Methods. Western blot image (A, upper panel) and time-course of p125-kDa JAK2 phosphorylation (A, lower panel). 

Data are shown as a percentage of the individual medium alone as a control (means ± SEM of three independent 

experiments). *P < 0.05, **P < 0.01 compared with the control at each time. Arrow: time of GH addition. For inhibitor 

experiments, hepatocytes were cultured as described in the legend to Fig. 1. After medium change (time 0), hepatocytes 

were cultured with 100 ng/ml GH in the presence or absence of specific inhibitors of cell growth signal-transducers for 

an additional 3 min. Cell extracts were immunoprecipitated with a JAK2 antibody. Western blot image (B, upper panel) 

and effects of specific inhibitors on the phosphorylation of p125-kDa JAK2 (ratios of P-p125 kDa/p125 kDa) (B, lower 

panel). The concentrations of specific inhibitors used were as follows: AG538 (10−6 M), LY294002 (10−6 M), PD98059 

(10−6 M), rapamycin (10 ng/ml), TG101209 (10−6 M), SH-4-54 (10−6 M), U-73122 (10−6 M), GF109203X (10−6 M), 

anti-GHR mAb (80 ng/ml), and anti-IGF-IR mAb (80 ng/ml). Data are reported as the means ± SEM of three 

independent experiments. *P < 0.05, **P < 0.01 compared with medium alone as the control. 

 

 

Next, we tested the effects of specific inhibitors of 

cell growth signal-transducers on GH-mediated 

JAK2 phosphorylation in hepatocytes. When 

combined, a monoclonal antibody against GH 

receptor completely blocked the GH-induced JAK2 

phosphorylation, but a monoclonal antibody against 

IGF-I receptor (80 ng/ml) did not (Fig. 4B). In 

addition, 10−6 M TG101209 completely blocked 

JAK2 phosphorylation, but the other signaling 

inhibitors (10−6 M SH-4-54, 10−6 M AG538, 10−6 M 

LY294002, 10−6 M PD98059, and 10 ng/ml 

rapamycin) or anti-IGF-I receptor monoclonal 

antibody (80 ng/ml) did not (Fig. 4B). Thus, 

following GH treatment, JAK1/2 activation was 

upstream of IGF-I RTK, PI3K, ERK, and mTOR, 

but not STAT3/5. The effects of specific inhibitors 

of the PLC/Ca2+ signaling pathway on JAK2 

phosphorylation were also examined. Neither 10−6 

M U-73122 nor 10−6 M GF109203X, a specific 

inhibitor of protein kinase C (PKC), affected 

GH-stimulated JAK2 phosphorylation, suggesting 

that JAK2 activation occurred upstream of PLC and 

PKC. 

 

Time-dependent Effects of GH on IGF-I RTK 

(p95 kDa) Phosphorylation, and the Effects of 

Specific Inhibitors of Cell Growth 

Signal-transducers on GH-mediated IGF-I RTK 

Phosphorylation. We examined whether 

GH-stimulated hepatocyte DNA synthesis and 

proliferation are mediated through the IGF-I 

p95-kDa RTK/ERK1/2 signaling pathway. We 

tested whether GH induced IGF-I RTK 

phosphorylation. GH caused an increase in IGF-I 

RTK phosphorylation, which peaked at a level 

about 2.4-fold higher than the control (without GH) 

after 30 min (Fig. 5A). When combined, both a 

monoclonal antibody against GH receptor and a 

monoclonal antibody against IGF-I receptor 

completely blocked the GH-induced IGF-I RTK 
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phosphorylation (Fig. 5B). In addition, the 

GH-induced increase in IGF-I RTK 

phosphorylation was completely terminated by 10−6 

M AG538, a specific IGF-I RTK inhibitor. 

Moreover, the GH-stimulated increase in IGF-I 

RTK phosphorylation was almost completely 

obstructed by 10−6 M U-73122, suggesting that 

PLC is upstream of IGF-I RTK (Fig. 5B). 

 

Time-dependent Effects of GH on ERK1/2 

Phosphorylation, and the Effects of Specific 

Inhibitors of Cell Growth Signal-transducers on 

GH-mediated ERK2 Phosphorylation. We used 

western blotting to assess the time-dependent 

effects of GH induction of ERK1/2 phosphorylation 

in hepatocytes. A band of phosphorylated ERK2 

(pERK2) was significantly induced 45 min after the 

addition of 100 ng/ml GH, peaked (about a 2.0-fold 

increase compared with the basal control) at 45 min 

after GH treatment, and then gradually decreased to 

baseline levels over 60 min (Fig. 6A). In contrast, 

ERK1 phosphorylation was not significantly 

changed in the presence of medium alone as a 

control or 100 ng/ml GH (Fig. 6A). When 

combined, both a monoclonal antibody against GH 

receptor and a monoclonal antibody against IGF-I 

receptor completely blocked the GH-induced ERK2 

phosphorylation (Fig. 5B). In addition, 10−6 M 

TG101209, 10−6 M AG538, 10−6 M LY294002, 10−6 

M PD98059, or 10 ng/ml rapamycin alone did not 

affect ERK2 phosphorylation (Fig. 6B). TG101209 

or PD98059 completely inhibited the GH-induced 

phosphorylation of ERK2. As expected, SH-4-54 

(10−6 M) did not affect GH-stimulated ERK2 

phosphorylation. Moreover, AG538 and LY294002 

abolished ERK2 phosphorylation stimulated by 

GH, suggesting that IGF-I RTK, PI3K, and ERK 

are downstream of JAK2 signaling. Rapamycin had 

no effect on ERK2 phosphorylation, indicating that 

mTOR was downstream of ERK2. 

 

DISCUSSION 

 

We showed that GH induces DNA synthesis and 

proliferation during primary cultures of adult rat 

hepatocytes (Figs. 1A-1C, and 2A-2C). There is a 

large discrepancy between high rates of DNA 

synthesis and the moderate increase in number of 

nuclei. This finding had suggested that other factors 

or cell conditions are necessary for the cell to 

achieve adequate proliferation (e.g., Ca2+ 

concentration in culture medium, cell density, and 

polyploid) (31). However, the precise reason is not 

clear at the present time. As shown in Fig. 1D, the 

addition of a monoclonal anti-GH receptor antibody 

or anti-IGF-I receptor antibody to the culture 

dose-dependently blocked the growth-promoting 

effect of GH on hepatocyte DNA synthesis and 

proliferation, suggesting that hepatocyte 

mitogenesis induced by GH is mediated by its own 

GH receptor and IGF-I receptor (Fig. 1D). It has 

been reported that activation of the GH receptor by 

GH induces three main pathways involved in cell 

proliferation in the liver in vivo: PI3K/Akt, ERK1/2, 

and STAT3 (2,3,14). Depending on the cell type, 

treatment time, and concentration of GH, different 

intracellular signaling pathways may be activated, 

thus inducing different short- and long-term effects 

(30, 32,33). However, little is known about the GH 

signaling pathways in hepatocyte mitogenesis in 

primary cultures. Therefore, the relative 

contributions of these signaling pathways on 

hepatocyte DNA synthesis and proliferation remain 

to be elucidated. 

 To further assess the mechanisms of 

molecular and signal transducing pathways induced 

by GH, we tested specific inhibitors of signal 

transducing molecules on GH-mediated hepatocyte 

DNA replication and cell division. The inhibitor 

study showed that GH-induced hepatocyte DNA 

replication and cell division were inhibited by the 

specific JAK2 inhibitor, TG101209, suggesting that 

JAK is actually required for GH-stimulated 

induction of hepatocyte mitogenesis (Fig. 3A and 

3B). Several non-RTKs are involved in PLC- 

activation. The PLC family is composed of 

enzymes with various structures and tissue 

distributions. The subtype of PLC that associates 

with JAK2 may be PLC-(6,34). However, the 

issue of whether PLC is actually involved in the 

GH-induced JAK pathway during hepatocyte 

mitogenesis remains unsolved. As shown in Fig. 3A 

and 3B, U-73122, a specific PLC inhibitor, was 

found to inhibit GH-induced hepatocyte 

mitogenesis, suggesting that PLC is involved in 

GH-induced hepatocyte mitogenesis. 

 In contrast, STATs can be activated upon 

binding of ligands to RTKs, G-protein-coupled 

receptors, and cytokine receptors (3,4,10,35). 

However, because hepatocyte DNA replication and 

cell division stimulated by GH were not affected by 

the specific STAT1/3 inhibitor SH-4-54, activation 

of STAT1/3 is not likely to be involved in 

hepatocyte DNA synthesis and cell proliferation 

during primary culture (Fig. 3). Hepatocyte DNA  
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Figure 5. Time-dependent effects of GH on IGF-I (p95-kDa) RTK phosphorylation (A) and the effects of specific 

inhibitors of cell growth signal-transducers on the phosphorylation of IGF-I p95-kDa RTK (B) induced by GH. 

Hepatocytes were cultured as explained in the legend to Fig. 1. After 3 h of adhesion (time 0), the medium was rapidly 

replaced as explained in the legend to Fig. 1. Then, hepatocytes were cultured with or without 100 ng/ml GH for 0-60 

min. Liver extracts from cultured hepatocytes treated with saline or GH were prepared as explained in the Materials and 

Methods. Tissue extracts were immunoprecipitated with a p95 IGF-I RTK antibody. Western blot image (A, upper 

panel) and time-course of p95-kDa IGF-I RTK phosphorylation (A, lower panel). For inhibitor experiments, hepatocytes 

were cultured as explained in the legend to Fig. 1. After medium change (time 0), hepatocytes were cultured with or 

without 100 ng/ml GH in the presence or absence of specific inhibitors of cell growth signal-transducers for an 

additional 30 min. Cell extracts were immunoprecipitated with a p95-kDa IGF-I RTK antibody. The concentrations of 

specific inhibitors used are described in the legend to Figure 4. Data are reported as the means ± SEM of three 

independent experiments. *P < 0.05, **P < 0.01 compared with medium alone as the control. 
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Figure 6. Time-dependent effects of GH on ERK1/2 phosphorylation and the effects of specific inhibitors of cell growth 

signal-transducers on ERK1/2 phosphorylation induced by GH. Hepatocytes were cultured as explained in the legend to 

Fig. 1. After medium change (time 0), hepatocytes were cultured with or without 100 ng/ml GH for an additional 0-60 

min. Phosphorylation of ERK1/2 by GH is described in the Materials and Methods. Tissue extracts were 

immunoprecipitated 

Legend to Figure 6 continues… 
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with the ERK1/2 antibody. Time-course of ERK1/2 phosphorylation, western blot image (A, upper panel), time-course 

of ERK2 phosphorylation (A, middle panel), and time-course of ERK1 phosphorylation (A, lower panel). Data are 

reported as the means ± SEM of three independent experiments. *P < 0.05, **P < 0.01 compared with the control at the 

respective time. Arrow: time of GH addition. For inhibitor experiments, hepatocytes were cultured as explained in the 

legend to Fig. 1. After medium change (time 0), hepatocytes were cultured with or without 100 ng/ml GH in the 

presence or absence of specific inhibitors of cell growth signal-transducers for an additional 45 min. Typical western 

blot image (P-ERK1/2 and ERK1/2) (B, upper and middle panel) and effects of specific inhibitors on the GH-induced 

phosphorylation of ERK2 (ratios of P-ERK2/ERK2) (B, lower panel). The concentrations of specific inhibitors used are 

described in the legend to Figure 4. Data are reported as the means ± SEM of three independent experiments. *P < 0.05, 

**P < 0.01 compared with the medium alone as the control. 

 

 

 

synthesis and proliferation stimulated by GH were 

also completely inhibited by AG538, an IGF-I RTK 

inhibitor; LY294002, a PI3K inhibitor; PD98059, 

an ERK inhibitor; and rapamycin, an mTOR 

inhibitor (Fig. 3A and 3B), suggesting the 

involvement of IGF-I RTK, PI3K, ERK, and mTOR 

in GH-induced hepatocyte mitogenesis. 

 To obtain further evidence for GH signaling 

pathway involvement, the time-courses of 

phosphorylation of JAK2, p95-kDa RTK (IGF-I 

receptor), and ERK induced by GH were examined 

to confirm the order of activation of these signal 

transduction molecules (Figs. 4A, 5A, and 6A). 

Although GH was continually present, activation of 

these molecules was rapid and transient, and JAK2, 

p95-kDa IGF-I-RTK, and ERK reached a peak at 3, 

30, and 45 min, respectively, after the addition of 

GH, and returned to baseline activity by 10, 45 

(data not shown), and 60 min, respectively (Figs. 

4A, 5A, and 6A). The time-dependent effects of 

JAK2, IGF-I RTK, and ERK phosphorylation 

induced by GH occurred in this order. Early and 

late time points account for different kinetics of 

JAK2/PLC and p95-kDa IGF-I-RTK/ERK pathway 

induction (8). 

 To further assess the mechanisms of 

molecular and signal transducing pathways induced 

by GH, we tested specific inhibitors of signal 

transducing molecules on GH-mediated 

phosphorylation of JAK2, p95-kDa RTK (IGF-I 

receptor), and ERK (Figs. 4B, 5B, and 6B). The 

inhibitor study showed that GH-induced 

phosphorylation of JAK2 was inhibited by the 

specific JAK2 inhibitor, TG101209, suggesting that 

JAK is actually required for GH-stimulated 

induction of hepatocyte mitogenesis (Fig. 3A and 

3B). To further examine whether the upstream JAK 

is involved in GH-induced PLC stimulation, the 

effects of U-73122, a specific PLC inhibitor, on 

JAK2 phosphorylation were investigated. The 

result was that U-73122 inhibited the GH-induced 

hepatocyte mitogenesis (Fig. 3A and 3B) but did 

not affect JAK2 phosphorylation induced by GH 

(Fig. 4B), suggesting that GH activated 

downstream PLC via JAK1/2 phosphorylation. 

 We thus propose a model of GH signaling in 

which GH binds to the GH receptor, mediates the 

interaction of JAK2 with the GH receptor, and 

induces tyrosine phosphorylation of the GH 

receptor and JAK2. Phosphorylation of the tyrosine 

residue in the receptor’s cytoplasmic domain may 

produce a binding site for PLC, activation of 

downstream pathways via increased 

phosphatidylinositol turnover, and finally, 

induction of hepatocyte DNA synthesis and 

proliferation (Fig. 1A and 1B). This reaction may 

be mediated by a PLC isozyme (possibly PLC-) 

and produces two intracellular second messengers, 

diacylglycerol and phosphatidylinositol (1,4,5) 

trisphosphate, which lead to activation of PKC and 

the release of Ca2+ from intracellular stores, 

respectively (36). In addition, GH-stimulated JAK 

phosphorylation was not inhibited by AG538, 

LY294002, PD98059, or rapamycin (Fig. 4A and 

4B), suggesting that PI3K, ERK, and mTOR are 

downstream elements of p95-kDa IGF-I receptor 

signaling (Fig. 5B). 

 Next, we tested specific inhibitors of signal 

transducing molecules on GH-mediated 

phosphorylation of p95-kDa IGF-I RTK. When 

combined, both a monoclonal antibody against GH 

receptor and a monoclonal antibody against IGF-I 

receptor completely blocked the GH-induced IGF-I 

RTK phosphorylation (Fig. 5B). In addition, the 

GH-induced increase in IGF-I RTK 

phosphorylation was completely terminated by 

AG538, a specific RTK inhibitor. Moreover, the 

GH-stimulated increase in IGF-I RTK 

phosphorylation was almost completely obstructed 

by TG101209 and U-73122, suggesting that JAK 

2/PLC is upstream of IGF-I RTK (Fig. 5B). In 

contrast, LY294002, PD98059, and rapamycin did 
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not influence the GH-induced IGF-I RTK 

phosphorylation, suggesting that PI3K, ERK, and 

mTOR are downstream elements of IGF-I receptor. 

 Finally, we tested specific inhibitors of signal 

transducing molecules on GH-mediated 

phosphorylation of ERK. When combined, both a 

monoclonal antibody against GH receptor and a 

monoclonal antibody against IGF-I receptor 

completely blocked the GH-induced ERK2 

phosphorylation (Fig. 6B). In addition, AG538, 

LY294002, and PD98059 completely inhibited the 

GH-induced phosphorylation of ERK2 (Fig. 6B), 

suggesting that IGF-I RTK, PI3K, and ERK are 

downstream of GHR/JAK2/PLC signaling. As 

expected, SH-4-54 did not affect GH-stimulated 

ERK2 phosphorylation. Rapamycin had no effect 

on ERK2 phosphorylation, suggesting that mTOR 

was downstream of ERK2. Taken together, these 

inhibitor studies show that hepatocyte DNA 

synthesis and proliferation induced by GH were 

also mediated by a signal transduction cascade that 

is associated with p95-kDa IGF-I RTK, PI3K, ERK, 

and mTOR (37). In agreement with our results, 

Kilgour et al. showed a requirement for PI3K in 

GH signaling through ERK and p70 S6K (32). 

 

CONCLUSION 

 

Our observations showed that GH-induced 

hepatocyte DNA synthesis and proliferation involve 

two main signaling pathways in primary cultured 

hepatocytes. One includes activation of the GH 

receptor/JAK2/PLC/Ca2+ pathway, and the other 

involves activation of the p95-kDa 

IGF-I-RTK/PI3K/ERK2/mTOR pathway (Fig. 7). In 

the preceding article, we showed that GH 

stimulation induces GH receptor/JAK2/PLC 

activation, which increases membrane 

phosphatidylinositol turnover and intracellular Ca2+ 

levels, resulting in autocrine IGF-I secretion. IGF-I 

then directly stimulates DNA synthesis and cell 

proliferation via p95 kDa IGF-I 

RTK/PI3K/ERK2/mTOR signaling in primary 

cultured hepatocytes (38).  

 

 
 

 
Figure 7. Involvement of the GH receptor/JAK2/PLC pathway and IGF-I-RTK/PI3K/ERK2/mTOR pathway in 

GH-stimulated hepatocyte DNA synthesis and proliferation. Abbreviations; GH: growth hormone; GHR: growth 

hormone receptor; JAK2: Janus kinase 2; PLC-: phospholipase C-; IP3: inositol (1,4,5) trisphosphate; DG: 

diacylglycerol; IGF-I: insulin-like growth factor-I; RTK: receptor tyrosine kinase; PI3K: phosphoinositide 3-kinase; 

ERK2: extracellular signal-regulated kinase 2; mTOR: mammalian target of rapamycin; and p70 S6K: ribosomal p70 S6 

kinase. 
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