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Abstract

The role of PI4K and PI3K-AKT in ERK1/2 activation by GnRH was examined. A relatively long 

preincubation (60 min) with wortmannin (10nM and 10μM), and LY294002 (10μM and 100μM) 

(doses known to inhibit PI3K and PI4K, respectively), were required to inhibit GnRH-and PMA-

stimulated ERK1/2 activity in αT3-1 and LβT2 gonadotrope cells. A similar preincubation 

protocol was required to demonstrate inhibition of IGF-1-stimulated AKT activation lending 

support for the need of prolonged incubation (60 min) with wortmannin in contrast to other 

cellular systems. To rule out that the inhibitors acted upon PI(4,5)P2 levels, we followed the 

[Ca2+]i response to GnRH and found that wortmannin has no significant effect on GnRH-induced 

[Ca2+]i responses. Surprisingly, GnRH and PMA reduced, while IGF-1 increased AKT 

phosphorylation. We suggest that PI3K inhibits GnRH-stimulated αGSU activity, has no effect 

upon GnRH-stimulated LHβ activity and enhanced the GnRH-stimulated FSHβ transcription. 

Hence, PI4K and PI3K-AKT play a role in GnRH to ERK1/2 signaling, while PI3K may regulate 

also GnRH-induced gonadotropin gene expression.
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1 Introduction

The mechanism of action of Gonadotropin releasing hormone (GnRH) in pituitary 

gonadotropes is complex and includes activation of Gαq, phospholipase Cβ (PLCβ), 

phosphoinositide (PI) turnover, calcium ions (Ca2+) mobilization and influx, activation of 

protein kinase C isoforms (PKCs) and mitogen-activated protein kinases (MAPKs) 

(ERK1/2, JNK1/2 and p38MAPK) culminating in synthesis and secretion of luteinizing 

hormone (LH) and follicle stimulating hormone (FSH) (Caunt, Finch, Sedgley et al., 2006, 

Naor, 2009, Naor and Huhtaniemi, 2013). Common to the pituitary heterodimeric 

glycoprotein hormones LH and FSH is the α-subunit (α-GSU), which binds noncovalently 

to a specific β-subunit, LHβ and FSHβ (Pierce and Parsons, 1981).

Phosphoinositides (PIs) are derivatives of phosphatidylinositol (PI) in which one or more of 

the hydroxyl groups at the 3-, 4- and 5- position of the inositol ring are esterified with a 

phosphate group in all possible combinations (Balla, 2006, Balla, 2013, Balla and Balla, 

2006). Several inositol lipids kinases and phosphatases which interconvert PIs have been 

identified including phosphatidylinositol 3-kinases (PI3Ks) and phosphatidylinositol 4-

kinases (PI4Ks). PI3K isoforms include three classes based on structural features and lipid 

substrate preferences (Vanhaesebroeck, Guillermet-Guibert, Graupera et al., 2010). Class I 

PI3Ks are subdivided to class IA including catalytic subunits p110α, β, δ, which bind the 

p85 regulatory subunit, and class IB including p110γ, which binds one of two related 

regulatory subunits, p101 and p87 (ibid). Four distinct PI4Ks have been identified in 

mammalian cells: PI4KIIα and β (54 and 55 kDa), which are insensitive to wortmannin and 

LY294002, and PI4KIIIα and β (230 and 92 kDa), which have a high degree of conservation 

between their catalytic domain and PI3K, explaining their sensitivity to wortmannin (Balla 

and Balla, 2006).

Although PIs are a tiny fraction of cellular phospholipids they control almost all aspects of a 

cell’s life and death, PIs are involved in vesicular trafficking, lipid distribution and 

metabolism, ion channels, pumps, endocytic and exocytic processes (Balla, 2013). PIs 

recruit regulatory proteins to signaling complexes organized in cellular membranes (Balla, 

2013, Balla and Balla, 2006). PI4K, the first committed step in inositol lipid synthesis 

provides PtdIns(4)P for PIPKs (PI to PIP). PIP is then converted to PIP2 by PI4P5K (ibid). 

Class I PI3K phosphorylates the D3 position of phosphatidylinositol-4,5- bisphoaphate 

(PI(4,5)P2) (PIP2) to generate the biologically active phosphatidylinositol-3,4,5-

trisphoaphate (PI(3,4,5)P3) (PIP3) (Balla, 2013, Balla and Balla, 2006, LoPiccolo, 

Blumenthal, Bernstein et al., 2008), a process which is reversed by protein phosphatase and 

tension homologue (PTEN) (Howes, Chiang, Lang et al., 2007, Ihle and Powis, 2009) and 

SH2-domain-containing inositol polyphosphate 5-phosphatase (SHIP) (New, Wu, Kwok et 

al., 2007). Upon generation in the cell membrane, PI(3,4,5)P3 (PIP3) binds to pleckstrin 

homology (PH) domain of phosphoinositide-dependent kinase-1/2 (PDK-1/2) and the serine/

threonine kinase AKT (also named as PKB) (Ihle and Powis, 2009), resulting in 
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translocation of both proteins to the cell membrane where they are subsequently activated 

and can now initiate downstream signaling (LoPiccolo et al., 2008, Mendoza, Er and Blenis, 

2011).

MAPK cascades consist of a core of several tiers of protein kinases (MAP3K, MAP2K and 

MAPK) (Plotnikov, Zehorai, Procaccia et al., 2011). At least four distinct MAPK cascades 

are known in mammals: ERK1/2 (p42 and p44), Jun N-terminal kinase (JNK1/2/3), p38 (α, 

β, λ, δ) and ERK5 (ibid). Although MAPKs act mainly via transcription factors after 

translocation to the nucleus, MAPKs act also in the cytosol and the cell membrane, as 

evident from their diverse list of substrates such as the cytosolic p90 ribosomal S6 kinase 

(RSK) (Chuderland and Seger, 2005). GnRH activates the MAPKs (ERK1/2, JNK1/2 and 

p38α), which are thought to participate in the transcriptional control of the gonadotropin 

subunits and GnRH receptor genes by GnRH.

Whereas the available literature has increased our understanding of the biochemistry of 

phospholipids and MAPKs in general, several important questions remain unanswered, 

including the crosstalk between them during GPCRs actions. Accordingly, the purpose of 

the current study was to address these questions for the GnRHR in studies in which 

gonadotrope cell lines were used. Here we demonstrate that PI4K and PI3K-AKT play a role 

in GnRH activation of ERK1/2 in αT3-1 and LβT2 gonadotrope cells. Still, GnRH inhibits 

AKT phosphorylation in αT3-1 cells. Since gonadotropins consist of a common αGSU- and 

specific LHβ- and FSHβ-subunits we also looked for the role of PI3K in their regulation by 

GnRH. We found that wortmannin stimulates GnRH-induced αGSU activity, has no effect 

upon GnRH-induced LHβ activity and reduced the GnRH-activation of FSHβ gene 

expression.

2 Materials and Methods

2.1 Cell cultures and activation

αT3-1 and LβT2 cells, were kindly provided by Dr. P. Mellon (University of California, San 

Diego, USA), were grown in monolayer cultured in DMEM (Biological Industries, Beit-

Haemek, Israel) supplemented with 10% fetal calf serum (FCS) (Biological Industries, Beit-

Haemek, Israel) and antibiotics in humidified incubator 5% CO2 at 37°C. Serum starvation 

was with 0.1% serum DMEM in the same medium for 16 h before the experiment. At the 

next morning, cells were pretreated with or without wortmannin (Calbiochem, Merck 

Millipore, Darmstadt, Germany), two different lots of Calbiochem wortmannin were used, 

LY294002 (Calbiochem, Merck Millipore, Darmstadt, Germany), PD098059 and U0126 

(A.G. Scientific, Inc. San Diego, CA). Then cells were stimulated with or without GnRH 

(100nM), PMA (100nM), EGF (10ng/ml) (Sigma, Rehovot, Israel) and IGF-1 (20ng/ml) 

(PeproTech Asia, Rehovot, Israel) for various times.

2.2 Cell harvesting, SDS-PAGE and Western Blotting

Cells were grown in 12-wells plates, serum starved (FCS 0.1%) for 16 h and later stimulated 

as described above. After that, cells were washed twice with ice-cold PBS and incubated 

with 0.12 ml of lysis buffer (Lysis buffer contained 20mM Tris-HCl pH 7.5, 20mM NaCl, 

5mM MgCl2, 1mM Na3VO4, 0.5% Triton x-100, 50mM β-glycerophosphate, 30% glycerol, 
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1mM benzamidine, 10μg/ml aprotinin, 10μg/ml leupeptin, 1mM PMSF) for 15 min, 

harvested and centrifuged (15,000xg, 15 min, 4°C). The supernatants were collected and 

sample buffer was added (1:3) to each aliquots. Then the samples were separated on 10% 

SDS-PAGE followed by Western blotting with specifics antibodies: anti-diphosphorylated 

ERK1/2 (Mouse monoclonal, 1:10000; M9692, Sigma-Aldrich), anti-Ser(P)298-MEK1/2 

(Rabbit polyclonal, 1:1000; Abcam) and anti-Ser(P)473-AKT and anti-Thr(P)308-AKT 

(Rabbit polyclonal, 1:1000; Cell Signaling Technology). Results were normalized to the 

levels obtained with total ERK1/2 (Rabbit polyclonal, 1:40000; Sigma-Aldrich) and AKT 

(Rabbit polyclonal, 1:10000 Sigma-Aldrich), respectively, and the activation values were 

detected for each treatment vs. its control or GnRH alone. The blots were developed with 

horseradish peroxidase (HRP)-conjugated (goat anti-rabbit antibody, Jackson Immuno-

research Laboratories, West-Grove, PA, USA) followed by enhanced chemiluminescence 

(ECL). The blots were auto radiographed on Fuji Super RX films and the phosphorylation 

was quantized by densitometry by ImageQuant (Pharmacia).

2.3 Cells transfection and reporter gene assays

αT3-1 and LβT2 cells were transfected with αGSU (h-846 αLuc) or 5′-deletion mutants of 

h-846αLuc, were kindly provided by Dr. J. L. Jameson (Northwestern University Medical 

School, Chicago, IL), or with LHβ-Luc and FSHβ-Luc promoter constructs as previously 

described (Larder, Karali, Nelson et al., 2006), respectively, and Luc activity was analyzed 

(Harris, Chuderland, Bonfil et al., 2003). LβT2 cells reporter gene assays were carried out as 

previously described (Naor, Jabbour, Naidich et al., 2007).

2.4 Intracellular Ca2+ concentration ([Ca2+]i) measurement

LβT2 cells were plated on poly-L-lysine coated coverslips and bathed in Krebs-Ringer-like 

medium containing 2.5 μM Fura 2 AM (Life Technologies, Grand Island, NY) for 1 h at 

room temperature. After that, the coverslips were washed in Krebs-Ringer-like medium and 

mounted on the stage of an inverted Observer-D1 microscope (Carl Zeiss, Oberkochen, 

Germany) with an attached ORCA-ER camera (Hamamatsu Photonics, Hamamatsu City, 

Japan) and a Lambda DG-4 wavelength switcher (Sutter, Novato, CA). Hardware control 

and image analysis was performed using Metafluor software (Molecular Devices, 

Downingtown, PA). Experiments were performed under a 40X oil-immersion objective 

during exposure to alternating 340 and 380 nm excitation beams, and the intensity of light 

emission at 520 nm was followed simultaneously in approximately 20 single cells. Changes 

in [Ca2+]i are presented by the ratio of fluorescence intensities F340/F380.

2.5 Statistical analysis

Results from two or more experiments were expressed as mean± SEM. Where appropriate, 

data were subjected to statistical analysis by Student’s t test. Values of P<0.05 were 

considered statistically significant.
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3 Results

3.1 GnRH and PMA-induced ERK1/2 activation in αT3-1 and LβT2 cells

The activation of ERK1/2 by GnRH is shown in Fig. 1. GnRH treatment resulted in a rapid 

and robust activation of ERK1/2 with a peak 5 min after stimulation and decline after 180 

min in both αT3-1 (Fig. 1A) and LβT2 cells (Fig. 1C). Moreover, treatment with PMA, 

which mimics the effects of binding of DAG, the natural activator of PKC also, activated 

ERK1/2 in a robust pattern in both cell lines (Fig. 1B and D). However, unlike GnRH, the 

duration of PMA-induced ERK1/2 activation in LβT2 cells was prolonged (Fig. 1D) in 

comparison to GnRH (Fig. 1C). Since the phosphorylation did not decline to the basal level 

after 180 min, but still remained relatively high, we suggest that while ERK1/2 activation is 

mediated through PKC in both αT3-1 and LβT2 cells as shown before (Naor, Benard and 

Seger, 2000), the ERK1/2 termination mechanism is apparently partially PKC-independent 

and another mechanism may be involved in ERK1/2 signal termination in particular in the 

more mature gonadotrope derived LβT2 cells.

3.2 Lack of inhibition by wortmannin (10nM; 30 min) of GnRH-, EGF- and PMA- induced 
ERK1/2 activation

In order to elucidate the role of PI3K in GnRH-induced ERK1/2 activation we have used 

PI3K inhibitors: wortmannin, which is a fungal metabolite that was first isolated from 

penicillium wortmanni, and LY294002 (LY) that is known as the first synthetic inhibitor of 

PI3K. LY294002 inhibits the p85α regulatory subunit of PI3K activity and also targets the 

ATP binding site of the p110 catalytic subunit of PI3K. Wortmannin targets the p110 

catalytic subunit of PI3K through an irreversible covalent interaction. We incubated αT3-1 

and LβT2 cells for 30 min with wortmannin (10nM and 10μM), or LY294002 (10μM and 

100μM), doses and time which are known to inhibit PI3K and PI4K, respectively (Balla and 

Balla, 2006, Nakanishi, Catt and Balla, 1995, Rao, Paik, Zheng et al., 1997), followed by 

stimulation with GnRH, PMA (both at 100nM) or EGF (10ng/ml) for 5 min to detect 

ERK1/2 activation. GnRH-, PMA- and EGF-induced a robust ERK1/2 activation within 5 

min of stimulation in both αT3-1 (Fig. 2A and B) and LβT2 cells (Fig. 2D and E). 

Preincubation with wortmannin for 30 min inhibited ERK1/2 activation by GnRH in both 

cell lines only at the high dose (10μM), while no inhibition was observed at 10nM (Fig. 2A, 

B, D and E). The same high dose, 10μM, inhibited ERK1/2 activation by EGF in αT3-1 

cells (Fig. 2A), but not in LβT2 cells (Fig. 2D). PMA-induced ERK1/2 activation was not 

inhibited by wortmannin at the two doses examined in both cell lines (Fig. 2B and E). Thus, 

the role of PI4K in GnRH-activation of ERK1/2 is more easily detected and is cell specific.

3.3 Effect of LY294002 (30 min preincubation) on GnRH- and PMA-induced ERK1/2 
activation in αT3-1 and LβT2 cells

We next examined the effect of LY294002 (30 min preincubation) on GnRH- and PMA-

induced ERK1/2 activation in αT3-1 and LβT2 cells (Fig. 2C and F, respectively). 

LY294002 inhibited GnRH-induced ERK1/2 activation in αT3-1 cells in both 

concentrations (10μM and 100μM) (Fig. 2C), while inhibition occurred only at 100μM in 

LβT2 cells (Fig. 2F). Moreover, only the high dose (100μM) also inhibited PMA-induced 

ERK1/2 activation in both cell lines (Fig. 2C and F). Again, as above, the role of PI4K in 
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GnRH to ERK1/2 signaling is already detected after 30 min of incubation. According to the 

data so far, preincubation for 30 min with wortmannin at 10nM did not inhibit GnRH-, EGF- 

and PMA-induced ERK1/2 activation in both αT3-1 and LβT2 cells, whereas wortmannin at 

10μM inhibited GnRH-, EGF- but not PMA-induced ERK1/2 activation in αT3-1 cells and 

GnRH- but not EGF- and PMA-induced ERK1/2 activation in LβT2 cells. Preincubation for 

30 min with LY294002 at 10μM inhibited only GnRH-induced ERK1/2 activation in αT3-1 

cells, whereas the high dose, 100μM, inhibited both GnRH- and PMA-induced ERK1/2 

activation in both cell lines. Therefore, although LY294002 provided more information as to 

the role of PI3K in GnRH to ERK1/2 signaling, we further examined the responses of the 

cells to wortmannin.

3.4 Incubation with wortmannin or LY294002 for 1 h inhibits GnRH- and PMA-induced 
ERK1/2 activation in αT3-1 and LβT2 cells

Since we observed that preincubation for 30 min with wortmannin 10nM did not inhibit 

GnRH-, EGF- and PMA-induced ERK1/2 activation in both αT3-1 and LβT2 cells (Fig. 2), 

we decided to check whether prolonged preincubation will induce inhibition. Hence, we 

checked the effect of wortmannin and LY294002 after preincubation of 1 h at the two doses 

examined above and followed the inhibition upon GnRH or PMA on ERK1/2 activity (Figs. 

3 and 4). Wortmannin (10nM and 10μM) reduced GnRH-induced ERK1/2 activation by 

25% in αT3-1 cells and by 50% in LβT2 cells (Fig. 3A and Fig. 4A). Also, wortmannin 

(10nM and 10μM) reduced PMA-induced ERK1/2 activation by 40% in αT3-1 cells and by 

35% in LβT2 cells (Fig. 3C and Fig. 4C, respectively). Similar results were obtained with 

two different lots of Calbiochem wortmannin. LY294002 at 10μM gave 35% inhibition on 

GnRH-induced ERK1/2 activation in αT3-1 and LβT2 cells, while the higher dose, 100μM, 

gave 85% inhibition in αT3-1 and 35% in LβT2 cells (Fig. 3B and Fig. 4B, respectively). 

Inhibition by LY294002 was observed also in PMA-induced ERK1/2 activation by 25% and 

70% for 10μM and 100μM, respectively, in αT3-1 cells and by 35% and 55% in LβT2 cells 

(Fig. 3D and Fig. 4D, respectively). Preincubation for 1 h with wortmannin (10nM and 

10μM), inhibited GnRH-induced MEK1/2 (an upstream effector of ERK1/2) 

phosphorylation at Ser298, by 30% in LβT2 cells (Fig. 4E). Thus, PI3K acts upstream to 

MEK1/2 during ERK1/2 activation by GnRH.

3.5 Lack of inhibition by wortmannin (10nM) on IGF-1-induced AKT activation after 30 min

The observation that the inhibitory effect by wortmannin on GnRH- and PMA-induced 

ERK1/2 activation in both αT3-1 and LβT2 cells was dependent on a long preincubation (1 

h) raised the possibility that the effect of wortmannin was exerted via inhibition of another 

signaling pathway and not via inhibition of PI3K cascades. Therefore, we examined the 

effect of wortmannin (10nM and 10μM) and LY294002 (10μM and 100μM) on a known 

activator of PI3K, namely Insulin-like growth factor-1 (IGF-1) (Rose, Froment, Perrot et al., 

2004, Mutiara, Kanasaki, Harada et al., 2008), and examined AKT phosphorylation as a 

measure for PI3K activation. αT3-1 and LβT2 cells were incubated for 30 min with 

wortmannin or LY294002 at the two doses examined previously followed by stimulation 

with IGF-1 (20ng/ml for 30 min) to detect AKT phosphorylation on Ser473. As shown in 

Figure 5, wortmannin at both concentrations has no effect on the basal AKT activation. 

Wortmannin at 10nM had no effect on IGF-1-induced AKT activation, whereas a strong 
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inhibition was observed only at the high dose (10μM) in both cell types (Fig. 5A, D). Unlike 

wortmannin, LY294002 alone inhibited the basal high AKT phosphorylation and also 

inhibited IGF-1-induced AKT activation at both concentrations and in both cell types (Fig. 

5B, E). The data supports the notion that short preincubation (30 min) with wortmannin 

(10nM) is not sufficient in our cell models to exert inhibition of PI3K. Prolonged incubation 

with wortmannin, 10nM and 10μM, for 1 h inhibited IGF-1-induced AKT Ser473 

phosphorylation at both concentrations in αT3-1 and LβT2 cells (Fig. 5C and F, 

respectively). Therefore, this data suggests that prolong incubation with wortmannin is 

required to demonstrate the inhibitory effect on GnRH-induced ERK1/2 activation via PI3K.

3.6 Wortmannin and LY294002 do not alter [Ca2+]i elevation by GnRH in LβT2 cells

It could be argued that the prolonged incubation with wortmannin affected another signaling 

cascade, which in his turn affected ERK1/2 activation. A case in point is the possibility that 

the inhibition of wortmannin and LY294002 was exerted at the level of PI(4,5)P2. In this 

case reduction in PI(4,5)P2 will lead to reduction in Ins(1,4,5)P3 and diacylglycerol (DAG) 

which can lead to reduction of [Ca2+] release and PKC activation, both known to participate 

in ERK1/2 activation in general (Naor et al., 2000) and in the GnRH response in particular 

(Bonfil, Chuderland, Kraus et al., 2004, Mulvaney, Zhang, Fewtrell et al., 1999, Mulvaney 

and Roberson, 2000). Thus, we next examined the effect of wortmannin and LY294002 on 

GnRH-induced Ca2+ signaling. Figure 6 illustrates typical patterns of GnRH-induced Ca2+ 

signaling in LβT2 cells bathed in Ca2+-deficient medium (Fig. 6A) and in 2mM Ca2+-

containing medium (Fig. 6B). As shown in both experimental conditions, GnRH-induced a 

dose-dependent rapid spike response. In Ca2+-deficient medium, the spike rise in [Ca2+]i 

was followed by a decrease to basal level within 2–3 min whereas in Ca2+-containing 

medium the spike response was followed by fluctuations in [Ca2+]i (Fig. 6A and B, 

respectively). Treatment with LY294002 (10μM) alone increased [Ca2+]i (Fig. 6C), but it 

kept the spike response and the fluctuations in [Ca2+]i that are observed with GnRH 100nM 

treatment. Pre- treatment with wortmannin, 10nM and 10μM, for 10 or 30 min, had no 

obvious effect on GnRH (100nM)-induced response (Fig. 6D). Furthermore, the same 

observation occurred with pre-treatment for 15, 30 and 60 min before the GnRH (10nM)-

induced response (Fig. 6E). These data indicate that wortmannin (10nM and 10μM) has no 

significant effect on GnRH-induced [Ca2+]i response in either short or prolonged 

preincubation in LβT2 cells.

3.7 GnRH- and PMA-induced AKT dephosphorylation

Based on our previous study in αT3-1 cells (Ben-Ami, Yao, Naor et al., 2011), we evaluated 

the effect of GnRH and PMA upon AKT phosphorylation (Fig. 7). We treated the cells with 

GnRH (100nM) for up to 240 min, and followed AKT phosphorylation at both Thr308 and 

Ser473, which are crucial for AKT activity. Our results show that the basal phosphorylation 

of AKT in both sites was markedly high and reduced rapidly within 5 min of stimulation by 

GnRH, while the lowest phosphorylation was observed around 60 min in αT3-1 cells (Fig. 

7A and B). There is a complex cross-talk between the Ras-ERK1/2 and PI3K-mTOR 

pathways (Mendoza et al., 2011). We therefore pretreated the αT3-1 cells with two selective 

MEK1/2 inhibitors: U0126 and PD98059, 30 min prior to GnRH addition for 5, 30 and 60 

min. Both PD98059 and U0126 did not affect basal and GnRH-induced AKT 
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dephosphorylation (data not shown). Therefore, GnRH-induced AKT dephosphorylation is 

independent of ERK1/2 activation. Similar treatment with PMA (100nM) for 90 min 

resulted in inhibition of pSer473-AKT in αT3-1 cells (Fig. 7C). An initial rise (5 min) was 

followed by prolonged inhibition at least for 90 min. Since PI3K is intimately involved in 

IGF-1 signaling (Rose et al., 2004), we studied its effect upon AKT. Treatments with IGF-1 

(20ng/ml) induced a rapid and sustained pSer473-AKT phosphorylation in αT3-1 cells (Fig. 

7D). Thus, IGF-1 to AKT signaling serves here as a positive control for GnRH and PMA.

3.8 Effect of wortmannin on basal and GnRH-stimulated αGSU, LHβ and FSHβ 
transcription

As a key regulator of reproduction, GnRH stimulates gonadotropin (LH and FSH) synthesis 

and release. Gonadotropins share a common αGSU subunit and selective β subunits (LHβ 

and FSHβ). We therefore examined the role of PI3K in basal and GnRH-stimulated αGSU, 

LHβ and FSHβ transcription. The promoter’s transfected cells were pretreated for 1 h with 

wortmannin, followed by incubation with or without GnRH and promoter activity was 

determined (Fig. 8A–C). GnRH increased αGSU-, LHβ- and FSHβ-Luc activity by 2-, 4- 

and 4-fold, respectively. Wortmannin alone had no significant effect on promoter’s activity. 

However, wortmannin affected the GnRH response. Wortmannin enhanced the αGSU 

response to 6-fold, had no effect on the LHβ response (4-fold) and reduced the FSHβ 

response to 3-fold. As wortmannin is the inhibitor of PI3K, we suggest that PI3K inhibits 

GnRH-stimulated αGSU-, has no effect upon GnRH-stimulated LHβ- and enhanced the 

GnRH-stimulated FSHβ-gene expression.

We then used 5′-deletion analysis to map the GnRH-responsive regions of αGSU promoter 

which are sensitive to PI3K inhibition (Fig. 8D). αT3-1 cells were transfected with the 

various αGSU-promoter deletion mutants linked to Luc and later preincubated with 

wortmannin (10nM) followed by GnRH-A (100nM). We have previously shown that basal 

h-846αGSU-Luc was increased by 3-fold by GnRH-A (Harris et al., 2003). When the GnRH 

response is taken as 100%, the presence of wortmannin increased it to 280% (Fig. 8D). The 

same response was still observed with the first deletion −846/ −420. However, the next 

deletion to −420/−346 had no effect on the GnRH response, but eliminated the stimulatory 

effect of wortmannin completely. Hence the inhibitory effect of PI3K upon GnRH-

stimulated αGSU activity seems to be mediated by the −420/−346 region. Further deletion 

to −346-/280 reduced the GnRH-A response without effect on wortmannin in relation to 

GnRH. Interestingly, we have previously shown that ERK1/2 involvement in GnRH-

stimulated αGSU activity is also mediated by the −346/−280 region (ibid). The data suggest 

that a region involved in GnRH-ERK1/2 stimulation of αGSU activity acts in a PI3K-

independent manner. Indeed, this region includes the pituitary glycoprotein hormone basal 

element (PGBE) and αGSU basal element (αBE1/2) (Kay and Jameson, 1992, Heckert, 

Schultz and Nilson, 1995, Schoderbek, Roberson and Maurer, 1993).

4 Discussion

Here we investigate the role of PI4K and PI3K-AKT in GnRH to ERK1/2 signaling in the 

immortalized αT3-1 and LβT2 gonadotrope cells. The study is a continuation of our efforts 

to characterize the role of PKC isoforms in MAPK activation (Naor et al., 2000, Dobkin-
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Bekman, Rahamin-Ben Navi, Shterntal et al., 2010, Reiss, Llevi, Shacham et al., 1997, 

Benard, Naor and Seger, 2001). Combining the two efforts we also aimed to identify the site 

of PKC vs. PI3K during ERK1/2 activation by GnRH. ERK1/2 activation by GnRH is 

robust, rapid and protracted in both αT3-1 and LβT2 cells and is regarded as one of the 

strongest responses among GPCRs, implicating a major role for ERK1/2 in GnRH actions 

(Naor et al., 2000).

To investigate the role of PI4K and PI3K-AKT in GnRH-stimulated ERK1/2 activation, we 

incubated the αT3-1 and LβT2 cells with wortmannin (10nM and 10μM), or LY294002 

(10μM and 100μM) for 30 min, followed by GnRH, PMA or EGF and measured ERK1/2 

activation. The idea was that under these conditions (30 min preincubation), PI3K and PI4K 

will be inhibited by the low and high doses of both inhibitors, respectively (Balla, 2006, 

Nakanishi et al., 1995, Rao et al., 1997). Only the high dose of wortmannin (10μM) and 

LY294002 (100μM) gave consistent inhibition of ERK1/2 activation by GnRH at the 30 min 

preincubation time suggesting a potential role for PI4K in GnRH-stimulated ERK1/2 

activation. The calcium-sensing receptor stimulates PI4K by Rho-dependent and Gαq-and 

Gαi-independent pathways (Huang, Handlogten and Miller, 2002). Indeed, Rho is involved 

in GnRHR signaling. Also, PI4K is the first step in inositol lipid biosynthesis converting PI 

to PI4-P (Balla, 2006). Since GnRH signaling is tightly coupled to phosphoinositides 

metabolism (Naor and Huhtaniemi, 2013) (e.g. IP3-Ca2+ and DAG-PKC), the requirement 

for a role for PI4K seems important due to the central role of PKC in ERK1/2 activation 

(ibid) (Fig. 9).

The observation that wortmannin (10nM for 30 min) did not inhibit GnRH- and PMA-

induced ERK1/2 activation in both αT3-1 and LβT2 cells, raised the possibility that a longer 

preincubation with wortmannin is required to exert inhibition on PI3K. This idea 

contradicted other reports that the inhibitory effect of wortmannin can be observed already 

within 10–20 min in rat adipocytes (Okada, Kawano, Sakakibara et al., 1994), cultured 

adrenal glomerulosa cells (Nakanishi et al., 1995) and RBL-2H3 cells (Yano, Nakanishi, 

Kimura et al., 1993). Still we decided to examine the effect of the two drugs after 1 h of 

preincubation. Indeed, preincubation with wortmannin (10nM and 10μM), or LY294002 

(10μM and 100μM) for 1 h inhibits GnRH- and PMA-induced ERK1/2 activation in both 

αT3-1 and LβT2 cells, even at the low doses. Furthermore, wortmannin (10nM and 10μM), 

inhibited also phosphorylation of MEK1/2 (pSer298MEK) by GnRH in LβT2 cells. Thus, 

PI4K and PI3K-AKT act upstream to MEK1/2 during ERK1/2 activation by GnRH. 

Furthermore, the observation that wortmannin inhibited PMA-induced ERK1/2 activation 

reveals that PI3K is acting downstream of PKC. Still, we can estimate that the contribution 

of PI4K and PI3K-AKT to GnRH-evoked ERK1/2 activation is at the range of 40–60% in 

both cells and other players are acting also.

Our results suggest that 1 h preincubation is required for wortmannin to be effective in the 

two cell models used here. Once the concentration is reached wortmannin and LY294002 

will participate in the inhibitory effect on GnRH- and PMA-induced ERK1/2 activation in 

both αT3-1 and LβT2 cells. This will explain why we missed the inhibitory effect of 

wortmannin on GnRH to ERK1/2 in a previous study, in which we used a short incubation 

only (Benard et al., 2001).
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Previous findings revealed that wortmannin attenuated GnRH (100nM)-induced LH release 

in cultured rat pituitary cells in a concentration-dependent manner, with IC50 of 2μM (Rao et 

al., 1997). Indeed, in pituitary gonadotropes higher concentrations of wortmannin were 

found to inhibit secretion as compared to other cells (Balla, 2006, Rao et al., 1997). The 

authors concluded that the inhibition exerted by wortmannin was not mediated by PI3K, 

since nM of wortmannin is sufficient for PI3K inhibition (Rao et al., 1997).

To better demonstrate the critical role of the long preincubation with wortmannin we needed 

a positive control and decided to use IGF-1 a known activator of PI3K/AKT (Rose et al., 

2004, Mutiara et al., 2008). IGF-1 activation of AKT phosphorylation was a good measure 

for PI3K activation. As with GnRH, a relatively long preincubation (60 but not 30 min) with 

wortmannin was required to observe inhibition of IGF-1-induced AKT activation. Thus, the 

IGF-1 data further supported a role for PI3K in ERK1/2 activation by GnRH. Nevertheless, 

the actual measurements of PI3K activity during GnRH action will be described elsewhere 

(Nadel et al., in preparation).

The possibility that the inhibitory effect of wortmannin during the prolonged preincubation 

was exerted via reduction in PI(4,5)P2 and therefore in Ins(1,4,5)P3 and DAG, which can 

lead to reduction of [Ca2+]i and PKC was investigated. We found no inhibition of [Ca2+]i 

responses to GnRH by wortmannin at both 30 and 60 min of preincubation and at the two 

doses examined above (10nM and 10μM).

PI3K are classically activated via growth factor receptors (RTKs) (Otsu, Hiles, Gout et al., 

1991). Active RTKs elicit authophosphorylation of the receptor and binding of SH2 domain 

expressing proteins to the phosphorylated tyrosine residues in the receptor. Among them is 

the p85 regulatory subunit of PI3K, which binds to the RTKs, is phosphorylated on tyrosine 

residues, activated and can now recruit the catalytic subunits of PI3Ks to the membrane. 

Since GnRH does not transactivate the EGFR pathway in pituitary gonadotropes (Kraus, 

Benard, Naor et al., 2003), this pathway is not relevant in our case. GPCRs can also activate 

the PI3K pathway via Gβγ or directly through Ras-GTP (Vanhaesebroeck et al., 2010, New 

et al., 2007, Mendoza et al., 2011). It was previously reported that the muscarinic (m2) 

receptor activates MAPK via Gβγ-dependent activation of class IB PI3K (p110γ) (Lopez-

Ilasaca, Crespo, Pellici et al., 1997). Also, PI3Kγ is thought to be activated by the βγ 

subunits of Gi/Go directly or via association with p101 or p84 regulatory subunits in 

hematopoietic cells (Stephens, Smrcka, Cooke et al., 1994). In another study it was shown 

that PI3K activity is required in the Gβγ-dependent activation of MAPK at a point upstream 

to Sos and Ras activation (Hawes, Luttrell, van Biesen et al., 1996). Much less is known 

about the activation of the other isoforms of class I PI3K (α,β,δ), the factors involved in 

their activation, the p85/p55 splice form associated with them and how they integrate with 

GPCR signaling (Balla, 2006, Balla, 2013). Class IA PI3K (p110α, β and δ) can be activated 

by GPCRs via Gβγ for p110β, or through RTKs transactivation for p110α and p110δ 

(Vanhaesebroeck et al., 2010, New et al., 2007). Indeed, the dominant negative mutant of 

p110β, but not p110γ, inhibits MAPK stimulation in response to lysophosphatidic acid 

(LPA) (Yart, Roche, Wetzker et al., 2002). P110β acts upstream of Ras via its lipid kinase 

activity and overexpression of the lipid phosphatases PTEN inhibited Ras stimulation by 
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LPA, therefore p110β is the target of Gβγ and provides a novel link between βγ and Ras 

during LPA signaling (ibid).

Exploring the signaling interaction between GnRH receptor (GnRHR) and IGF-1R in αT3-1 

cells Rose et al. 2004 observed that GnRH stimulates MAPK and PI3K activity but does not 

affect AKT phosphorylation (Rose et al., 2004). Co-treatment with both GnRH and IGF-1 

reveals that GnRH inhibits IGF-1-indcuced AKT activation via PI3K-independent pathway 

but rather in a PKCα-dependent mechanism, and therefore inhibits the anti-apoptotic 

activity of IGF-1 in αT3-1 cells (ibid). Indeed, we have demonstrated that a GnRH agonist 

induced apoptotic effect in αT3-1 cells through Gαq-PKC-c-Src-JNK leading to apoptosis, 

while PKC inhibits AKT, alleviating its inhibitory effect on MLK3 and adding a support to 

the c-Src-JNK cascade (Ben-Ami et al., 2011). It was therefore of some surprise when we 

found that GnRH actually inhibited AKT activity via PKC (ibid). In the present results we 

confirmed the inhibitory effect of GnRH at both pThr308AKT and pSer473AKT in αT3-1 

cells. Similar treatment with PMA resulted in inhibition of pSer473-AKT in αT3-1 cells. 

AKT negatively regulates ERK1/2 activation by phosphorylating inhibitory sites in Raf N-

termimnus (Mendoza et al., 2011). Therefore the decrease of AKT observed here may 

alleviate its inhibition of Raf, enhancing ERK1/2 activity and implicating PI3K-AKT in the 

GnRH to ERK1/2 signaling (Fig. 9). Unlike the GnRH-PKC inhibition of AKT, IGF-1 

stimulates Ser473-AKT phosphorylation in αT3-1 cells.

In our study PI4K most likely provides PtdIns 4,5-P2 (PIP2), which is the substrate for PI3K. 

The activated PI3K generates phosphatidylinositol 3,4,5-triphosphate (PIP3) in the 

membrane, inducing the recruitment of PH domain-containing proteins such as AKT, and 

PDK1 to the membrane. AKT is phosphorylated on Thr308 in the activation loop by PDK1 

and on Ser473 in the hydrophobic motif by mTORC2, an activation process similar to PKC 

priming (Mendoza et al., 2011, Newton, 2003). PKC activation will follow the priming once 

PIP2 will be cleaved by PLCβ to generate the IP3-Ca2+ and DAG needed for relocation of 

PKC to the membrane, where it is activated. PKC can then participate in ERK1/2 activation 

at the Raf level. Still, wortmannin inhibited also GnRH-induced MEK1/2 phosphorylation 

suggesting that PI3K is acting above MEK1/2 in the GnRH signaling to ERK1/2. The 

findings here that PMA activation of ERK1/2 is sensitive to wortmannin and the activation 

of PKC by Ca2+ and DAG implicates PKC involvement upstream and downstream to PI3K 

(Fig. 9).

The relevance of the biochemical studies to the physiology of GnRH action was investigated 

by exploring the role of PI3K in GnRH-stimulated gonadotropin subunit gene expression. 

To that end the effect of wortmannin upon GnRH-stimulated αGSU-, LHβ- and FSHβ-Luc 

was examined. The data revealed that PI3K inhibits GnRH-stimulated αGSU activity, has 

no effect upon GnRH-stimulated LHβ activity and enhanced the GnRH-stimulated FSHβ 

gene expression. Our results are in partial agreement with Mutiara et al., 2008 who found 

that PI3K enhanced GnRH-stimulated αGSU activity has no effect upon GnRH-stimulated 

LHβ activity and enhanced the GnRH-stimulated FSHβ transcription (Mutiara et al., 2008). 

The only difference is in regard to αGSU and may arise from the fact that we have used 

αT3-1 cells while they used LβT2 cells. We have previously reported the involvement of 

ERK1/2 in GnRH-stimulated αGSU-, LHβ- and FSHβ gene expression (Harris et al., 2003, 
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Bonfil et al., 2004, Harris, Bonfil, Chuderland et al., 2002). Hence the involvement of PI3K 

in GnRH action differs from that of ERK1/2. Thus, PI3K-ERK1/2 may participate in the 

activation of the FSHβ gene, while the involvement of ERK1/2 in the activation of the 

αGSU- and LHβ-gene is independent of PI3K. The most likely explanation is that PI3K and 

ERK1/2 may each affect different regions on the gonadotropin subunits promoters. To 

demonstrate this point we have used 5′-deletion analysis aimed to map the GnRH-responsive 

regions of αGSU promoter which are sensitive to PI3K inhibition. The data revealed the 

−420/−346 region, as the site of PI3K inhibition, while GnRH/ ERK1/2 activates the αGSU 

promoter via the −346/−280 region. Interestingly, all the seven known response elements in 

the full promoter −846 αGSU were still present at the −420/−346 region, suggesting that 

PI3K exerts its inhibition at a novel site. Thus, PI4K and PI3K-AKT are involved in ERK1/2 

activation by GnRH but the PI3K and ERK1/2 signaling pathways can also operate 

separately during GnRH activation of the gonadotropin genes (Fig. 9).
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Highlights

• Wortmannin and LY294002 reduced GnRH to ERK1/2 signaling at doses 

known to inhibit PI3K and PI4K.

• PI4K and PI3K-AKT play a role in GnRH to ERK1/2 signaling, while PI3K 

regulates also GnRH-induced gonadotropins gene expression.

• Understanding GnRH action will affect reproduction and cancer.
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Figure 1. 
Time course of ERK1/2 phosphorylation by GnRH and PMA in αT3-1 and LβT2 cells. 

αT3-1 (panels A and B) and LβT2 (panels C and D) cells were serum-starved for 16 h before 

treatment with GnRH or PMA (100nM each) for up to 180 min. After treatment cell lysates 

were analyzed for ERK1/2 activity by Western blotting using an antibody for phospho-

ERK1/2 (pERK1/2). Total ERK1/2 (gERK1/2) was detected with polyclonal antibody as a 

control for sample loading. A representative blot is shown and similar results were observed 

in three other experiments. In this figure results from four experiments are shown as mean

±S.E.M of maximal phosphorylation. **p-val≤0.01; *p-val≤0.05 vs. control. In this and 

other figures the statistical test was conducted for the combined values of ERK1 and ERK2.
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Figure 2. 
Effect of wortmannin and LY294002 (30 min) on ERK1/2 activation by GnRH, PMA and 

EGF in αT3-1 and LβT2 cells. αT3-1 (panels A–C) and LβT2 (panels D–F) cells were 

serum-starved for 16 h before treatment with wortmannin (wort), 10nM or 10μM, or 

LY294002 (LY), 10μM or 100μM, for 30 min before stimulation with GnRH or PMA 

(100nM each) or EGF (10ng/ml) for 5 min. After treatment cell lysates were analyzed for 

ERK1/2 activity as in Fig. 1. A representative blot is shown and similar results were 

observed in three other experiments. The results are shown as mean±S.E.M of maximal 

phosphorylation. **p-val≤0.01; *p-val≤0.05 vs. GnRH, PMA or EGF alone.
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Figure 3. 
Effect of wortmannin and LY294002 (1 h) on ERK1/2 activation by GnRH and PMA in 

αT3-1 cells. αT3-1 cells were serum-starved for 16 h before treatment with wortmannin 

(wort), 10nM or 10μM, or LY294002 (LY), 10μM or 100μM, for 1 h before stimulation with 

GnRH or PMA (100nM each) for 5 min. After treatment cell lysates were analyzed for 

ERK1/2 activity by Western blotting using an antibody for phospho-ERK1/2 (pERK1/2). 

Total ERK1/2 (gERK1/2) was detected with polyclonal antibody as a control for sample 

loading. A representative blot is shown and similar results were observed in five other 

experiments. The results are shown as mean±S.E.M of maximal phosphorylation. **p-

val≤0.01; *p-val≤0.05 vs. GnRH or PMA alone.
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Figure 4. 
Effect of wortmannin and LY294002 (1 h) on ERK1/2, or MEK activation by GnRH and 

PMA in LβT2 cells. LβT2 cells were serum-starved for 16 h before treatment with 

wortmannin (wort), 10nM or 10μM, or LY294002 (LY), 10μM or 100μM, for 1 h before 

stimulation with GnRH or PMA (100nM each) for 5 min. After treatment cell lysates were 

analyzed for ERK1/2 or MEK1/2 activity by Western blotting using an antibody for 

phospho-ERK1/2 (pERK1/2) or phospho-MEKser298 (pMEK298). Total ERK1/2 

(gERK1/2) was detected with polyclonal antibody as a control for sample loading. A 

representative blot is shown and similar results were observed in five other experiments. The 

results are shown as mean±S.E.M of maximal phosphorylation. **p-val≤0.01; *p-val≤0.05 

vs. GnRH or PMA alone.
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Figure 5. 
Effect of wortmannin and LY294002 (30–60 min) on AKT activation by IGF-1 in αT3-1 

and LβT2 cells. αT3-1 (panels A–C) and LβT2 (panels D–F) cells were serum-starved for 16 

h before treatment with wortmannin (wort) 10nM or 10μM, 30 min (A,D) or 1 h (C, F), or 

LY294002 (LY), 10μM or 100μM, 30 min (B, E) before stimulation with IGF-1 (20ng/ml) 

for 30 min. After treatment cell lysates were analyzed for AKT activity by Western blotting 

using an antibody for phospho-AKT Ser473 (pAKTser473). Total AKT was detected with 

polyclonal antibody as a control for sample loading. A representative blot is shown and 

similar results were observed in three other experiments. The results are shown as mean

±S.E.M of maximal phosphorylation. **p-val≤0.01; *p-val≤0.05 vs. IGF-1 alone.
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Figure 6. 
Effect of wortmannin and LY294002 on GnRH-induced calcium signaling in LβT2 cells. 

LβT2 cells bathed in Ca2+-deficient medium were treated with 1, 10 or 100nM GnRH to 

measure [Ca2+]i level (A). Typical fluctuations in [Ca2+]i levels in LβT2 cells bathed in 

2mM Ca2+-containing medium in response to 100 or 10nM GnRH treatment (B). Examples 

of LY294002-induced [Ca2+]i increase and consequent response to 100 nM GnRH. (C). 

Average traces of 100nM GnRH-induced [Ca2+]i responses in Ca2+-containing controls and 

cells treated by 10nM or 10μM Wortmannin 10 or 30 min each before treatment with GnRH 

(D). Average traces of 10nM GnRH-induced [Ca2+]i responses in Ca2+-containing controls 

and cells treated by 10nM or 10μM Wortmannin 15, 30 or 60 min each before treatment 

with GnRH (E).
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Figure 7. 
Time course of AKT activity by GnRH, PMA and IGF-1 in αT3-1 cells. αT3-1 cells were 

serum-starved for 16 h, followed by stimulation with GnRH, PMA (100nM each) or IGF-1 

(20ng/ml) for up to 240 min. After treatment cell lysates were analyzed for AKT activity by 

Western blotting using an antibody for phospho-AKT- Ser473 (pAKTser473) or phospho-

AKT-Thr308 (pAKTthr308). Total AKT was detected with polyclonal antibody as a control 

for sample loading. A representative blot is shown and similar results were observed in three 

other experiments. The results from three experiments are shown as mean±S.E.M of control 

phosphorylation.**p-val≤0.01; *p-val≤0.05 vs. control.
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Figure 8. 
Effect of wortmannin on GnRH-iduced gonadotropin subunit promoter activities and PI3K-

responsive regions in αGSU-promoter. αT3-1 cells were transiently transfected with αGSU-

Luc (A) and LβT2 cells were transiently transfected with LHβ-Luc (B) and FSHβ-Luc (C) 

promoter constructs before being pretreated for 1 h with wortmannin (10nM) followed by 

addition of GnRH (100nM) for 6 h. Cells were harvested and assayed for an increase in 

reporter gene expression expressed as relative light units (RLU), after normalization of 

transfection efficiency with an internal control. One-way ANOVA determined that ***p-

val<0.001; **p-val<0.01 and *p-val<0.05 were significantly different between treatment 

groups. D. Subconfluent αT3-1 cells were transfected with 5′-deletion mutants of 

h-846αGSU-Luc for 8 h. Cells were washed several times and incubated for 36 h. Cells 

were preincubated with or without wortmannin (10nM) followed by GnRH treatment 

(100nM) for 6 h. αGSU-Luc activity was determined as described in Materials and 

Methods. PGBE, pituitary glycoprotein basal element; αBE, α basal elements; GSE, 

glycoprotein specific element; URE, upstream response element; CRE, cAMP response 

element; JRE, junctional response element; TSS, transcription start site.
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Figure 9. 
A proposed model for PI4K and PI3K-AKT involvement in GnRH to ERK1/2 signaling and 

gonadotropins gene expression in αT3-1 and LβT2 gonadotrope cells. Binding of GnRH to 

its receptor exert activation of Gαq-PLCβ-PKC to mediate ERK1/2 activation, which results 

in its translocation to the nucleus to phosphorylate transcription factors involved in 

gonadotropin subunits gene expression. PI4K, known to be activated by Rho and Pyk2 

converts PI to PIP. PI3K, known to be activated by Gβγ converts PIP2 to PIP3. PIP3 

translocates PDK1 and mTORC2 to the membrane. PLCβ, known to be activated by Gαq 

converts PIP2 to IP3 and DAG, which are involved in Ca2+ mobilization and PKC 

activation, respectively. PDK1 and mTORC2 phosphorylate PKC and AKT during their 

activation. Still PKC inhibits AKT activation. Reduction in AKT during GnRHR activation 

alleviates Raf inhibition by AKT, thus supporting ERK activation. PKC acts upstream and 

downstream to PI3K, while some PKC isoforms are activated by PIP3. PI3K inhibits GnRH-

stimulated αGSU transcription, has no effect on LHβ and stimulates GnRH-activation of 

FSHβ transcription.
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