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Abstract

OBJECTIVE: Phosphatidylinositol-3 kinase (PI3-kinase) has been known to play
an important role in cell survival and proliferation by activation of its downstream
target, Akt/protein kinase B (PKB). In this present study, we investigated the effects
of PI3-kinase inhibitors on gonadotropin a-subunit gene expression in pituitary
gonadotrophs.

METHODS: Alpha T3-1 cells, a pituitary gonadotroph cell line, were used in this
study. aT3-1 cells were transfected with a-subunit promoter region-linked luci-
ferase vector, and stimulated with GnRH in the presence or abscense of two dif-
ferent PI3-kinase inhibitors, LY 294002 and wortmannin. Dose response effects of
these inhibitors were also examined. Extracellular signal-regulated kinase (ERK)
phosphorylation were determined by western blotting analysis.

RESULTS: Treatment of aT3-1 cells with PI3-kinase inhibitor, LY 294002, signifi-
cantly increased a-subunit gene expression up to 6.89 + 0.26-fold, and showed ad-
ditive effect with gonadotropin-releasing hormone (GnRH). The increasing effect
of LY 294002 on a-subunit gene expression was observed at the concentration
more than 1 uM. The experiment using another PI3-kinase inhibitor, wortman-
nin, showed similar effects, where wortmannin alone increased a-subunit gene
expression by dose dependent manner and showed additive effect with GnRH.
The inhibitor of PKB failed to modulate basal activity of a-subunit promoter as
well as GnRH-induced promoter activities. Western blotting analysis using phos-
phorylated form specific antibody for ERK demonstrated that both LY 294002
and wortmannin increased ERK phosphorylation.

CONCLUSUON: These results suggested that PI3-kinase inhibitor, LY 294002 and
wortmannin increased gonadotropin a-subunit gene expression related with ERK
activation.
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INTRODUCTION

Gonadotropin LH and FSH are produced in pituitary
gonadotrophs and these hormones composed of two
noncovalently linked subunits, a and . The a-sub-
unit, called glycoprotein hormone a-subunit (a-GSU)
is common to LH and FSH, and the -subunit is specif-
ic to each hormone [1]. LH and FSH are mainly under
the control of hypothalamic gonadotropin-releasing
hormone (GnRH), and binding of GnRH to its seven-
transmembrane G-protein coupled receptor stimulates
an increase in inositol phosphate turnover and diacylg-
lycerol levels, both of which ultimately lead to increase
intracellular Ca2* concentrations and activation of pro-
tein kinase C (PKC) [2-4]. As a result, GnRH activates
members of mitogen-activated protein kinase (MAPK)
families, including Extracellular signal-regulated kinase
(ERK) [5, 6], c-Jun N-terminal kinase (JNK) [7] and P38
MAPK [8]. Cyclic AMP/ protein kinase A [9] and cal-
cium/calmodulin-dependent protein kinase pathways
[10] are also involved in GnRH signaling pathways.

Many studies have been performed to evaluate how
three gonadotropin subunits, a-, LHB- and FSHf- are
regulated by downstream signaling pathways evoked by
GnRH. Previous studies have demonstrated the involve-
ment of ERK pathways in GnRH-induced a-subunit [5,
11, 12], LHP [6, 13, 14], and FSHP [15]. JNK also has
been reported to involve in LHP 7, 13] and FSHf} gene
expression [16]. In addition, P38 MAPK was reported
to regulate FSH{3 as well [16].

Phosphatidylinositol 3-kinase is an enzyme implicat-
ed in growth or cell survival by associating with receptor
and non receptor tyrosine kinases. Receptors for plate-
let-derived growth factor receptor [17], insulin [18] and
insulin-like growth factor (IGF-1) [19] are known to be
associated with PI3-kinase signaling and in addition to
that, PI3-kinase activity also has been identified to be
related with G-protein-associated receptors [20]. PI3-
kinases are family of proteins that phosphorylate phos-
phoinositides [21]. The resulting lipid products (phos-
phoinositide 3-phosphate) acts as second messengers
and mediate the cellular functions of PI3-kinase. These
lipids regulate the location or the activity of target pro-
teins downstream of PI3-kinases. Serine/threonine ki-
nase Akt, also named protein kinase B (PKB) is one of
the target and the downstream effector for PI3-kinase.
When PKB is completely activated, many cellular events
follow by the phosphorylation of downstream targets
which involves in apoptotic mechanisms, cell cycle pro-
gression, and the control of gene expression [22]. The
association of PI3-kinase with a number of growth fac-
tors suggests that the enzymes may involve in mitogenic
responses, however most of the function of PI3-kinase
remain unknown.

Studies on the role of PI3-kinase in association with
GnRH receptor and/or pituitary gonadotroph are very
limited. Kraus S et al. reported that GnRH-induced
apoptosis of prostate cancer cells was enhanced by the

inhibition of PI3-kinase [23]. In another work, they ex-
amined the signaling cascade showing that the PI3-ki-
nase were activated by c-Src through GnRH-induced
transactivation of epidermal growth factor receptor and
sequentially involved in JNK activation [24]. Similarly,
Rose A et al. demonstrated that anti-apoptotic activity
of IGF-1 was PI3-kinase/PKB dependent in pituitary
aT3 cells [25].

Effective inhibitors of PI3-kinase may help to de-
fine the role of PI3-kinase and its products. Both 2-
(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one;
LY 294002, and the wortmannin, a microbial second-
ary metabolite found in a variety of fungal species, are
known as specific inhibitors for PI3-kinase and used
widely to evaluate the role of PI3-kinase signalings [26,
27]. In the present study using single gonadotroph cell
model, aT3-1 cells, we have found that both LY 294002
and wortmannin increased a-subunit of gonadotropins.
Furthermore, we observed that both LY 2904002 and
wortmannin increased ERK phosphorylation in aT3-1
cells.

MATERIALS AND METHODS

Materials

The following chemicals and reagents were obtained
from the indicated sources: fetal bovine serum (Mor-
agate Biotech, Australia & New Zealand); des-Gly?,
[D-Ala®]-LH-RH Ethylamide (GnRH), Dulbecco’s
modified Eagle medium (DMEM) and Penicillin/Strep-
tomycin (Sigma Chemical Co, St. Louis MO); Trypsin
(GIBCO, Invitrogen, USA); PI3-kinase inhibitor, LY
294002, wortmannin and Akt/PKB inhibitor V (Triciri-
bine) (Calbiochem, La Jolla, CA); Phospho-ERK1/2
(phospho-Thr-202/phosphor-Tyr-204) mouse mono-
clonal IgG,, and ERK1/2 rabbit polyclonal antibodies
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA).

Reporter Genes and Expression Vectors

The reporter constructs used in these experiments were
generated by fusing —846/0 of the human a-GSU (alpha
glycoprotein subunit) gene (a-Luc) to the firefly lu-
ciferase (Luc) cDNA in pXP2 as previously described
[28]. Wells contained 2 pg/well of reporter constructs
and 0.1 pg/well of the PRL-TK expression vector which
contained the Renilla luciferase under the herpes sim-
plex virus thymidine kinase promoter as an internal
standard/control.

aT3-1 Cell Culture and Transfection

aT3-1 cells (kindly provided by Dr. P.L. Mellon of the
University of California, San Diego, CA) were main-
tained in monolayer culture in high-glucose DMEM
supplemented with 10% heat inactivated fetal bovine
serum and 1% penicillin-streptomycin at 37°C in a hu-
midified atmosphere of 5% CO; in 95% air. Cells were
transiently transfected by electroporation. In each ex-

Copyright © 2008 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu



periment, aT3-1 cells were suspended in phosphate
buffered saline (PBS) plus 5 mM glucose, containing
the DNA to be transfected. The cells received a sin-
gle electrical pulse of 240 V from a total capacitance
of 1000 pF, using a Biorad, Gene PulserXCell appara-
tus [28]. After electroporation, cells were then seeded
into 6-well tissue culture plates, incubated for 36 h at
37°C and stimulated for 4 h with GnRH (100 nM) [29]
in DMEM without serum. When the PI3-kinase inhibi-
tor LY 294002 (1 nM - 100 uM), wortmannin (1 nM
-1 uM) and the Akt/PKB inhibitor (50 uM) were used,
these compounds were added for 60 min during the pre
incubation period and during incubation with the test
reagents.

Luciferase Assays

Cells were washed with ice-cold PBS and lysed with
PLB (Passive Lysis Buffer, Promega). Cells debris were
pelleted by centrifugation at 14,000 x g for 10 min at
4°C, and firefly luciferase and Renilla luciferase activi-
ties were measured in the supernatants with the Dual-
Luciferase Reporter Assay System (Promega) using a
luminometer (TD-20/20) (Promega) according to the
manufacturer’s protocol. Luciferase activity was nor-
malized for Renilla luciferase activity to correct for
transfection efficiency and cell number. The results
were expressed as the fold stimulation compared to the
unstimulated control groups.

Western Blotting
aT3-1 cells were rinsed with PBS, then lysed on ice with
RIPA buffer (PBS, 1% NP-40, 0.5% sodium deoxycho-
late, 0.1% SDS) containing 0.1 mg/ml phenylmethylsul-
fonyl fluoride, 30 mg/ml aprotinin, and 1 mM sodium
orthovanadate, scraped for 20 sec, and centrifuged at
14,000 x g for 10 min at 4°C. The protein concentra-
tion was measured in the cell lysates using the Brad-
ford method of protein quantitation. 50 ug denatured
protein/well was separated on a 10% SDS-PAGE gel ac-
cording to standard protocols. Protein was transferred
onto polyvinylidene difluorides membranes (Hybond-
P PVDE Amersham Biosciences, Little Chalfont, UK),
which were blocked for 2 h at room temperature in
Blotto (TBS with 4.5% milk). Membranes were incu-
bated with anti-phospho-ERK antibody (P-ERK) (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) (1:1000 di-
lution) in Blotto overnight at 4°C and washed 3 x 10
min with TBS/1% NP-40. A subsequent incubation
with a monoclonal horseradish peroxidase (HRP)-con-
jugated secondary antibody (Santa Cruz Biotechnology;,
Inc., Santa Cruz, CA) was carried out for 1 h at room
temperature in Blotto, and the appropriate additional
washes were performed. Following chemiluminescence
(ECL) detection (Amersham Biosciences, Little Chal-
font, UK), membranes were exposed onto X-ray film
(FujiFilm, Tokyo, Japan). After strip washing (Restore
buffer, Pierce Chemical Co.), membranes were rep-
robed with anti-ERK antibody (Santa Cruz Biotechnol-
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ogy, Inc., Santa Cruz, CA) (1:1000 dilution), overnight
at 4°C, followed by incubation with HRP-conjugated
secondary antibody and continuation of the procedure
as described above. Films were analyzed by densitom-
etry, and the intensities of P-ERK were normalized to
those of total ERK to correct for protein loading in the
case of cellular lysates. Corrected results were expressed
as the fold activation. Each experiment was repeated at
least three times.

Statistical Evaluation

All experiments were independently repeated at least
three times. Each experiment was performed with trip-
licate samples (in luciferase assays) or duplicate samples
(in western blot) in each experimental group. Values
were expressed means + SEM. Statistical analysis was
performed using the one-way ANOVA plus the Dun-
can multiple range test. p < 0.05 was considered statisti-
cally significant.

RESULTS

Effect of LY 294002 on a-subunit promoter activity

The effect of PI3-kinase inhibitor, LY 294002 on a-sub-
unit promoter activity was examined. Inclusion of aT3-
1 cells with 50 uM LY 294002 significantly increased
the a-subunit promoter luciferase activity up to 6.89 +
0.26-fold compared to that of control. Co-treatment of
the cells with GnRH and LY 294002 significantly in-
creased the a-subunit promoter activity compared
to that of GnRH alone, and showed synergistic effect
(Fig 1A). In the dose response experiments, LY 294002
showed its stimulatory effect from the concentration
of 10 nM, moreover increasing concentration of LY
294002 facilitated the increase of a-subunit promoter
activity (Fig 1B).

Effect of wortmannin on a-subunit promoter activity

To confirm the effect of PI3-kinase inhibitor on
a-subunit gene expression, another PI3-kinase inhibi-
tor, wortmannin was used. Similar to the effect of LY
294002, wortmanin alone, at concentration of 1 pM in-
creased a-subunit promoter activity up to 2.33 + 0.06-
fold in aT3-1 cells, which showed synergistic effect in
combination with GnRH treatment (Fig 2A). The in-
crease of a-subunit promoter activity was significantly
noticed at concentration higher than 10 nM (Fig 2B).

Effects of PKB inhibitor on a-subunit promoter activity

PKB has been known as a downstream effector of PI3-
kinase. To evaluate the possibility that PI3-kinase act
to regulate the a-subunit promoter through the acti-
vation of PKB, the effect of PKB inhibitor was exam-
ined. Inclusion of PKB inhibitor alone did not affect
a-subunit promoter activity as well as GnRH-induced
a-subunit promoter (Fig 3). These results suggested
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Fig. 1. Effect of PI3-kinase inhibitor, LY 294002 on a-subunit
promoter activity.

aT3-1 cells were cotransfected with 2.0 pg of a- subunit promoter
linked luciferase vector (a- Luc) and 0.1 ug of pRL-TK. Aftera 48 h
incubation, the cells were treated with GnRH (100 nM), LY 294002
(50 uM) and GnRH + LY 294002 for 4h (A). Cells were treated with
increasing concentration of LY 294002 for 4h (B). The luciferase
activities were measured and expressed as fold stimulation of
control. The data are means = SEM (three independent experiments
done with triplicate samples). *, p < 0.05 and **, p < 0.01 vs. control
luciferase activity. The difference between GnRH and GnRH + LY
294002 were statistically significant (p < 0.01).

that PKB activation did not participate in a-subunit
gene expression.

Effects of PI3-kinase inhibitors on ERK activation

Previous reports have suggested the strong involvement
of ERK pathways in gonadotropin a-subunit gene ex-
pression [5, 11, 12]. We next examined the effect of PI3-
kinase inhibitors on ERK pathways. Both LY 294002
(Fig. 4A) and wortmannin (Fig. 4B) strongly increased
the ERK phosphorylation at the concentration of 50 uM
and 10 uM, respectively.

Fig. 2. Effect of PI3-kinase inhibitor, wortmannin on a-subunit
promoter activity.

aT3-1 cells were cotransfected with 2.0 pg of a- subunit promoter
linked luciferase vector (a- Luc) and 0.1 ug of pRL-TK. After a 48 h
incubation, the cells were treated with GnRH (100 nM), wortmannin
(1 uM) and GnRH + wortmannin for 4h (A). Cells were treated with
increasing concentration of wortmannin for 4h (B). The luciferase
activities were measured and expressed as fold stimulation of
control. The data are means + SEM (three independent experiments
done with triplicate samples). **, p < 0.01 vs. control luciferase
activity. The difference between GnRH and GnRH + wortmannin
were statistically significant (p < 0.01).

DISCUSSION

Alpha T3-1 cells, which possess gonadotroph like char-
acteristics, were established by targeted oncogenesis of
mouse gonadotrophs [30]. Although aT3-1 cells do not
express LH- and FSH-specific -subunits, this cell line
has proven as a useful model for biochemical studies of
the regulation of gonadotropin a-subunit, which is reg-
ulated by hypothalamic peptides, including GnRH.

The role of PI3-kinase/PKB signaling in pituitary
gonadotroph have been studied in association with
apoptosis. Fernandez et al. clearly demonstrated the
anti-apoptotic effect of IGF-1 on serum deprivation-
induced cell death in primary rat pituitary culture, in
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Fig. 3. Effect of PKB inhibitor on a-subunit promoter activity.
aT3-1 cells were cotransfected with 2.0 ug of a- subunit promoter
linked luciferase vector (a- Luc) and 0.1 ug of pRL-TK. After a

48 h incubation, the cells were treated with GnRH (100 nM),

PKB inhibitor (50 uM) and GnRH + PKB inhibitor for 4h. The
luciferase activities were measured and the activity is expressed

as fold stimulation of control. The data are means + SEM (three
independent experiments done with triplicate samples). **, p < 0.01
vs. control luciferase activity. N.S-fold induction was not statistically
significant.

which they showed IGF-1 increased phosphorylation
of the pro-apoptotic Bad and the levels of the anti-
apoptotic protein Bcl-2 through PI3-kinase pathway
[19]. On the other hand, it has been reported that GnRH
inhibits anti-apoptotic activity of IGF-1 through inhi-
bition of PKB by PI3-kinase independent mechanism
[25]. Based on the fact that PI3-kinase/PKB pathway
are activated by tyrosine kinase receptor, such as IGF-
1 [19] and activin [31], as well as GnRH [25], which is
via G protein coupled receptor, and the fact that both
activin [31, 32] and IGF-1 [33] modulate gonadotropin
secretion and synthesis, we have speculated that PI3-ki-
nase might be involved in the regulation of gonadotro-
pin a-subunit expression in aT3-1 cells.

The results of this present study showed that phar-
macologic inhibition of PI3-kinase by LY 294002 and
wortmannin increased gonadotropin a-subunit gene
expression in aT3-1 cells. Both LY 294002 and wort-
mannin significantly increased the a-subunit promoter
activities by themselves, and increasing concentration
of these inhibitors similarly increased a-subunit gene
expressions, suggesting that these chemicals are having
the ability to increase gonadotropin a-subunit. This ef-
fect emphasized when combination of GnRH and these
reagents further induce a-subunit promoter activity
(Fig 1A and 2A). Furthermore, we also observed that
both LY 294002 and wortmannin increased ERK phos-
phorylation (Fig. 4). ERK is one of the components of
MAPK families, which consist of three major kinases,
ERK, JNK and p38MAPK. The signal transduction
pathway responsible for GnRH-induced expression of
a-subunit has been well characterized and involves Src,

Fig. 4. Effects of PI3-kinase inhibitor, LY 294002 and
wortmannin on ERK activation.

aT3-1 cells were stimulated without (control) or with 50 pM LY
294002 (A) and 1 pM wortmannin (B) for 10 min. The cell extracts
were then subjected to SDS-PAGE, and immunoblot analysis was
performed with anti-phospho ERK antibody (P-ERK). After the
antibody was stripped, immunoblot analysis with anti-ERK antibody
(T-ERK) was performed. We repeated the same experiments three
times with reproducible results, and representative results are
shown.

PKC and ERK [5, 11]. In general, ERK is activated via
cell surface receptor and transduce its signals to con-
duct appropriate gene expression. However, the mecha-
nism on how does LY 294002 and wortmannin increase
ERK is not clear. Several reports have described the ef-
fects of PI3-kinase pathway on ERK activation, which
seem to depend on the cell type and stimulus [34]. Some
studies have shown that ERK activation is PI3-kinase/
PKB dependent [35, 36], whereas the activated PI3-ki-
nase/PKB pathway also has been found to be involved
in the inhibition of ERK [37, 38]. Using somatolacto-
troph cell line, Romano D et al. have shown that both
PI3-kinase and PKB inhibitors enhanced ERK phos-
phorylation, where they observed that activities of Raf-
1 kinase and Rap-1, both of which were components
of upstream ERK signaling pathways, were increased.
Prolactin release were also increased by the addition of
both of these inhibitors [39].

The importance of ERK activation in GnRH-in-
duced a-subunit gene expression has been shown in
previous reports [5, 11, 12]. From our results, we could
speculated that inhibition of intrinsic PI3-kinase activ-
ity by LY 294002 or wortmannin increased ERK pho-
phorylation, and subsequently this activated ERK acts
to induce a-subunit gene expression in these cells. Fur-
ther, our results showed that PKB inhibitor failed to
modulate a-subunit gene expression (Fig. 3), which
suggested that PI3-kinase, but not PKB had the ability
to modulate gonadotropin a-subunit gene expression.
The divergent signaling pathways upstream of Akt/PKB
might be exist, where PI3-kinase activates and works in
association with ERK signaling.
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In summary, we have demonstrated that PI3-ki-
nase inhibitors, LY 294002 and wortmannin, increased
a-subunit gene expression. PKB inhibitor did not have
any effect on a-subunit gene. These inhibitors also in-
creased the activation of ERK, suggest that inhibition of
PI3-kinase may involve in a-subunit gene expression in
association with ERK activation.

REFERENCE

1 Pierce JG, Faith MR, Giudice LC, Reeve JR (1976). Structure and
structure-function relationships in glycoprotein hormones. Ciba
Found Symp. 41: 225-250.

2 Conn PM, Huckle WR, Andrews WV, McArdle CA (1987). The
molecular mechanism of action of gonadotropin releasing hor-
mone (GnRH) in the pituitary. Recent Prog Horm Res. 43: 29-68.

3 Stojilkovic SS, Reinhart J, Catt KJ (1994). Gonadotropin-releasing
hormone receptors: structure and signal transduction pathways.
Endocr Rev. 15: 462-499.

4 Sundaresan S, Colin IM, Pestell RG, Jameson JL (1996). Stimu-
lation of mitogen-activated protein kinase by gonadotropin-
releasing hormone: evidence for the involvement of protein
kinase C. Endocrinology. 137: 304-311.

5 Roberson MS, Misra-Press A, Laurance ME, Stork PJ, Maurer RA
(1995). A role for mitogen-activated protein kinase in mediating
activation of the glycoprotein hormone alpha-subunit promot-
er by gonadotropin-releasing hormone. Mol Cell Biol. 15: 3531~
3539.

6 LiuF, Austin DA, Mellon PL, Olefsky JM, Webster NJ (2002). GnRH
activates ERK1/2 leading to the induction of c-fos and LHbeta
protein expression in LbetaT2 cells. Mol Endocrinol. 16: 419-434,

7 Yokoi T, Ohmichi M, Tasaka K, Kimura A, Kanda Y, Hayakawa J,
Tahara M, Hisamoto K, Kurachi H, Murata Y (2000). Activation of
the luteinizing hormone beta promoter by gonadotropin-releas-
ing hormone requires c-Jun NH2-terminal protein kinase. J Biol
Chem. 275:21639-21647.

8 Roberson MS, Zhang T, Li HL, Mulvaney JM (1999). Activation of
the p38 mitogen-activated protein kinase pathway by gonado-
tropin-releasing hormone. Endocrinology. 140: 1310-1318.

9 Liu F, Usui |, Evans LG, Austin DA, Mellon PL, Olefsky JM, Web-
ster NJ (2002). Involvement of both G(qg/11) and G(s) proteins in
gonadotropin-releasing hormone receptor-mediated signaling
in L beta T2 cells. J Biol Chem. 277: 32099-32108.

10 Haisenleder DJ, Burger LL, Aylor KW, Dalkin AC, Marshall JC

(2003). Gonadotropin-releasing hormone stimulation of gonad-

otropin subunit transcription: evidence for the involvement of

calcium/calmodulin-dependent kinase Il (Ca/CAMK Il) activation

in rat pituitaries. Endocrinology. 144: 2768-2774.

Harris D, Chuderland D, Bonfil D, Kraus S, Seger R, Naor Z (2003).

Extracellular signal-regulated kinase and c-Src, but not Jun N-

terminal kinase, are involved in basal and gonadotropin-releas-

ing hormone-stimulated activity of the glycoprotein hormone

alpha-subunit promoter. Endocrinology. 144: 612-622.

12 Weck J, Fallest PC, Pitt LK, Shupnik MA (1998). Differential
gonadotropin-releasing hormone stimulation of rat luteinizing
hormone subunit gene transcription by calcium influx and mito-
gen-activated protein kinase-signaling pathways. Mol Endocri-
nol. 12: 451-457.

13 Harris D, Bonfil D, Chuderland D, Kraus S, Seger R, Naor Z (2002).
Activation of MAPK cascades by GnRH: ERK and Jun N-terminal
kinase are involved in basal and GnRH-stimulated activity of the
glycoprotein hormone LHbeta-subunit promoter. Endocrinology.
143:1018-1025.

14 Call GB, Wolfe MW (1999). Gonadotropin-releasing hormone acti-
vates the equine luteinizing hormone beta promoter through a
protein kinase C/mitogen-activated protein kinase pathway. Biol
Reprod. 61: 715-723.

1

—_

15 Vasilyev VV, Pernasetti F, Rosenberg SB, Barsoum MJ, Austin DA,
Webster NJ, Mellon PL (2002). Transcriptional activation of the
ovine follicle-stimulating hormone-beta gene by gonadotropin-
releasing hormone involves multiple signal transduction path-
ways. Endocrinology. 143: 1651-1659.

16 Bonfil D, Chuderland D, Kraus S, Shahbazian D, Friedberg I,
Seger R, Naor Z (2004). Extracellular signal-regulated kinase,
Jun N-terminal kinase, p38, and c-Src are involved in gonadotro-
pin-releasing hormone-stimulated activity of the glycoprotein
hormone follicle-stimulating hormone beta-subunit promoter.
Endocrinology. 145: 2228-2244.

17 Escobedo JA, Kaplan DR, Kavanaugh WM, Turck CW, Williams LT
(1991). A phosphatidylinositol-3 kinase binds to platelet-derived
growth factor receptors through a specific receptor sequence
containing phosphotyrosine. Mol Cell Biol. 11: 1125-1132.

18 Endemann G, Yonezawa K, Roth RA (1990). Phosphatidylinosi-
tol kinase or an associated protein is a substrate for the insulin
receptor tyrosine kinase. J Biol Chem. 265: 396-400.

19 Fernandez M, Sanchez-Franco F, Palacios N, Sanchez |, Fernandez
C, Cacicedo L (2004). IGF-I inhibits apoptosis through the acti-
vation of the phosphatidylinositol 3-kinase/Akt pathway in pitu-
itary cells. J Mol Endocrinol. 33: 155-163.

20 Li LX, MacDonald PE, Ahn DS, Oudit GY, Backx PH, Brubaker PL
(2006). Role of phosphatidylinositol 3-kinasegamma in the beta-
cell: interactions with glucagon-like peptide-1. Endocrinology.
147:3318-3325.

21 Vanhaesebroeck B, Ali K, Bilancio A, Geering B, Foukas LC (2005).
Signalling by PI3K isoforms: insights from gene-targeted mice.
Trends Biochem Sci. 30: 194-204.

22 Yang ZZ, Tschopp O, Baudry A, Dummler B, Hynx D, Hemmings
BA (2004). Physiological functions of protein kinase B/Akt. Bio-
chem Soc Trans. 32: 350-354.

23 Kraus S, Levy G, Hanoch T, Naor Z, Seger R (2004). Gonadotropin-
releasing hormone induces apoptosis of prostate cancer cells:
role of c-Jun NH2-terminal kinase, protein kinase B, and extra-
cellular signal-regulated kinase pathways. Cancer Res. 64: 5736-
5744.

24 Kraus S, Benard O, Naor Z, Seger R (2003). c-Src is activated by
the epidermal growth factor receptor in a pathway that medi-
ates JNK and ERK activation by gonadotropin-releasing hormone
in COS7 cells. J Biol Chem. 278: 32618-32630.

25 Rose A, Froment P, Perrot V, Quon MJ, LeRoith D, Dupont J (2004).
The luteinizing hormone-releasing hormone inhibits the anti-
apoptotic activity of insulin-like growth factor-1 in pituitary
alphaT3 cells by protein kinase Calpha-mediated negative regu-
lation of Akt. J Biol Chem. 279: 52500-52516.

26 Vlahos CJ, Matter WF, Hui KY, Brown RF (1994). A specific inhibitor
of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-
1-benzopyran-4-one (LY294002). J Biol Chem. 269: 5241-5248.

27 Powis G, Bonjouklian R, Berggren MM, Gallegos A, Abraham
R, Ashendel C, Zalkow L, Matter WF, Dodge J, Grindey G, et al.
(1994). Wortmannin, a potent and selective inhibitor of phos-
phatidylinositol-3-kinase. Cancer Res. 54: 2419-2423.

28 Kaiser UB, Sabbagh E, Katzenellenbogen RA, Conn PM, Chin WW
(1995). A mechanism for the differential regulation of gonado-
tropin subunit gene expression by gonadotropin-releasing hor-
mone. Proc Natl Acad Sci U S A. 92: 12280-12284.

29 Bedecarrats GY, Kaiser UB (2003). Differential regulation of
gonadotropin subunit gene promoter activity by pulsatile
gonadotropin-releasing hormone (GnRH) in perifused L beta T2
cells: role of GnRH receptor concentration. Endocrinology. 144:
1802-1811.

30 Windle JJ, Weiner RI, Mellon PL (1990). Cell lines of the pituitary
gonadotrope lineage derived by targeted oncogenesis in trans-
genic mice. Mol Endocrinol. 4: 597-603.

31 Dupont J, McNeilly J, Vaiman A, Canepa S, Combarnous Y, Tarag-
nat C (2003). Activin signaling pathways in ovine pituitary and
LbetaT2 gonadotrope cells. Biol Reprod. 68: 1877-1887.

32 Yamada Y, Yamamoto H, Yonehara T, Kanasaki H, Nakanishi H,
Miyamoto E, Miyazaki K (2004). Differential activation of the
luteinizing hormone beta-subunit promoter by activin and
gonadotropin-releasing hormone: a role for the mitogen-activat-
ed protein kinase signaling pathway in LbetaT2 gonadotrophs.
Biol Reprod. 70: 236-243.

Copyright © 2008 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu



33 Baker DM, Davies B, Dickhoff WW, Swanson P (2000). Insulin-
like growth factor | increases follicle-stimulating hormone (FSH)
content and gonadotropin-releasing hormone-stimulated FSH
release from coho salmon pituitary cells in vitro. Biol Reprod. 63:
865-871.

34 Duckworth BC, Cantley LC (1997). Conditional inhibition of the
mitogen-activated protein kinase cascade by wortmannin.
Dependence on signal strength. J Biol Chem. 272: 27665-27670.

35 Versteeg HH, Evertzen MW, van Deventer SJ, Peppelenbosch MP
(2000). The role of phosphatidylinositide-3-kinase in basal mito-
gen-activated protein kinase activity and cell survival. FEBS Lett.
465: 69-73.

36 Wennstrom S, Downward J (1999). Role of phosphoinositide 3-
kinase in activation of ras and mitogen-activated protein kinase
by epidermal growth factor. Mol Cell Biol. 19: 4279-4288.

a-subunit regulation by PI3-kinase inhibitors

37 Choi WS, Sung CK (2004). Inhibition of phosphatidylinositol-3-
kinase enhances insulin stimulation of insulin receptor substrate
1 tyrosine phosphorylation and extracellular signal-regulated
kinases in mouse R-fibroblasts. J Recept Signal Transduct Res.
24:67-83.

38 Laprise P, Langlois MJ, Boucher MJ, Jobin C, Rivard N (2004).
Down-regulation of MEK/ERK signaling by E-cadherin-depen-
dent PI3K/Akt pathway in differentiating intestinal epithelial
cells. J Cell Physiol. 199: 32-39.

39 Romano D, Pertuit M, Rasolonjanahary R, Barnier JV, Magalon
K, Enjalbert A, Gerard C (2006). Regulation of the RAP1/RAF-
1/extracellularly regulated kinase-1/2 cascade and prolactin
release by the phosphoinositide 3-kinase/AKT pathway in pitu-
itary cells. Endocrinology. 147: 6036-6045.

Neuroendocrinology Letters Vol.29 No.4 2008 - Article available online: http://node.nel.edu

535



