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Pituitary gonadotropins are critical regulators of gonadal development and function. Expression and secre-
tion of the mature hormones are regulated by gonadotropin-releasing hormone (GnRH), which is itself
secreted from the hypothalamus. GnRH stimulation of gonadotropin expression and secretion occurs through
the G-protein-linked phospholipase C/inositol triphosphate intracellular signaling pathway, which ultimately
leads to protein kinase C (PKC) activation and increased intracellular calcium levels. Transcription factors
mediating the effects of GnRH-induced signals on transcription of gonadotropin genes have not yet been
identified. Recent studies have identified key factors involved in luteinizing hormone b (LHb) gonadotropin
gene transcription: the nuclear receptor SF-1, the bicoid-related homeoprotein Ptx1 (Pitx1), and the immedi-
ate-early Egr-1 gene. We now show that GnRH is a potent stimulator of Egr-1, but not Ptx1 or SF-1, expression.
Further, Egr-1 activation of the LHb promoter is specifically enhanced by PKC, in agreement with a role for
Egr-1 in mediating a GnRH effect on transcription. Egr-1 interacts directly with Ptx1 and with SF-1, leading
to an enhancement of Ptx1- and SF-1-induced LHb transcription. Thus, Egr-1 is a likely transcriptional
mediator of GnRH-induced signals for activation of the LHb gene.

The gene for Egr-1 (also designated as NGFI-A, Krox-24,
and Zif268) belongs to a group of transcriptional regulators
that behave as immediate-early response genes. These genes
are transiently activated at the cellular level by a variety of
external stimuli, such as serum or growth factors, and they are
thought to be important regulators of cellular proliferation and
differentiation. The Egr-1 gene was first identified about 10
years ago as a gene rapidly induced during nerve growth factor-
induced differentiation (9, 37). Egr-1 has since been cloned by
several groups and shown to be rapidly and transiently in-
duced, both at the transcriptional and protein levels, by a
variety of mitogens, developmental or differentiation cues, tis-
sue damage, and signals that induce neuronal excitation or
apoptosis in numerous cell types (7, 31, 50; for a review, see
reference 9). The Egr-1 protein is a zinc-finger-containing
transcription factor of the C2H2 class that specifically binds the
DNA sequence GCG(G/T)GGGCG to activate transcription
of target genes (5, 7, 32, 37, 40, 52). The DNA-binding activity
of Egr-1 is apparently controlled by the phosphorylation state
of the protein. Indeed, Huang et al. have shown that phosphor-
ylated Egr-1 binds DNA more efficiently than the nonphos-
phorylated form (16). Moreover, Egr-1 DNA binding is signif-
icantly increased by inhibitors of protein serine/threonine
phosphatase 1 and 2A, suggesting that its DNA-binding activ-
ity is under the control of protein kinase(s) and/or phospha-
tase(s) (4). Taken together, these data suggest that Egr-1
serves as an intermediary regulatory factor in many cellular
response pathways.

Egr-1 is broadly expressed in tissues throughout develop-
ment and in the adult of many species. It can be found in the
endothelial system, thymus, muscle, cartilage, bone, and parts

of the central and peripheral nervous systems (36, 61). At a
functional level, several in vitro studies initially characterized
Egr-1 as having a role in the control of macrophage differen-
tiation and T-lymphocyte proliferation (38, 41), as well as in
platelet-derived growth factor-B gene expression in endothe-
lial cells (23). However, in two independent Egr-1 targeted
gene deletion experiments, these observations were not cor-
roborated (30, 55). Rather, Egr-12/2 mice of both sexes have
reduced body sizes and fertility problems due to a pituitary
defect in the male and sterility due to combined pituitary and
ovarian dysfunction in the female (29, 55). In the pituitary of
knockout mice, the absence of Egr-1 results in a lack of the
gonadotropin luteinizing hormone b (LHb) gene expression in
gonadotrope cells despite the presence of other gonadotrope
markers (29, 55). These observations have suggested that Egr-1
is not involved in the differentiation of gonadotrope cells but
rather in the expression of the gonadotrope-specific LHb gene.
Indeed, Lee et al. have shown that Egr-1 can bind to a con-
served consensus GC-rich motif and directly activate LHb
transcription (29). Moreover, Egr-1 can act in synergy with the
orphan nuclear receptor SF-1 to further enhance LHb tran-
scription (28, 29).

Pituitary gonadotropes synthesize and secrete two gonado-
tropin hormones: LH and follicle-stimulating hormone (FSH).
Both hormones are heterodimeric glycoproteins composed of a
common peptide, the glycoprotein hormone subunit a (aGSU),
and either a specific FSHb or LHb polypeptide (43). Expres-
sion of the genes encoding the a and b subunits, as well as
secretion of the mature hormones, is regulated by gonado-
tropin-releasing hormone (GnRH), which is itself secreted
from the hypothalamus (10). Naturally occurring mutations in
the GnRH (hpg mice) or GnRH receptor (GnRH-R) genes
both lead to hypogonadism due to a lack of gonadotropin
production (27, 35). GnRH binds the GnRH-R, a seven-trans-
membrane G-protein-coupled receptor, present at the mem-
brane of pituitary gonadotropes: this triggers the activation of
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phospholipase C (PLC), which cleaves phosphatidylinositol-
4,5-biphosphate (PIP2) to generate triphosphate inositol (IP3)
and diacylglycerol (DAG). IP3 increases intracellular calcium
levels, whereas DAG activates protein kinase C (PKC) (1, 2,
20). Activation of PKC leads to increased mitogen-activated
protein kinase kinase (MAPKK or MEK) and mitogen-acti-
vated protein kinase (MAPK or ERK) activity and to increased
gonadotropin mRNA levels (15, 20, 51). Direct activation of
PKC by phorbol 12-myristate 13-acetate (PMA), as well as
calcium mobilization by ionomycin, reproduce the profile of
GnRH-induced LHb mRNA (1, 2). Conversely, depletion of
PKC activity significantly reduces the ability of GnRH to stim-
ulate LHb mRNA (1). Thus, GnRH-dependent activation of
the PKC pathway appears to be a major step for stimulation
of LHb mRNA. However, the transcriptional mediator(s) of
PKC action on the LHb promoter is presently unknown.

Recent studies have identified three factors involved in LHb
gene transcription: the nuclear receptor SF-1, the bicoid-re-
lated homeoprotein Ptx1 (Pitx1), and Egr-1 (14, 22, 29, 56, 57).
Numerous studies have demonstrated the importance of SF-1
at multiple levels of the reproductive axis, including gonado-
trope function in the pituitary (39). Ptx1 is a homeobox tran-
scription factor first isolated as a regulator of pro-opiomela-
nocortin (POMC) gene expression in pituitary corticotrope
cells (25). Ptx1 was later shown to be present in all pituitary
cells and to activate most pituitary-hormone-coding gene pro-
moters, including LHb (26, 57). In addition, Ptx1 contributes
to lineage-restricted gene expression by synergism with cell-
restricted transcription factors such as SF-1, Pit1, and Neu-
roD1/Pan1 (44, 53, 56, 57).

In the present study, we report the identification of Egr-1 as
a downstream effector of the GnRH-induced PKC signal trans-
duction pathway in pituitary gonadotropes. Indeed, GnRH
markedly induces Egr-1 gene expression in model gonadotrope
cells, aT3-1 and LbT2, and the Egr-1-dependent activation of
the LHb promoter is specifically enhanced by PKC. Also, we
show that Egr-1 exerts its transcriptional effects on the LHb
promoter by physical interactions with Ptx1 and SF-1.

MATERIALS AND METHODS

Cell culture and transfection assays. Murine aT3-1, LbT2, and African green
monkey kidney fibroblast-like CV-1 cells were grown in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum (FCS). CV-1 cells
were transfected by the calcium phosphate method as previously described (56).
LbT2 cells were plated at a density of 750,000 cells per well in a 12-well plate the
evening prior to transfection and then transfected the next day by the calcium
phosphate method. The following day, cells were rinsed and DMEM-FCS con-
taining either the vehicle phosphate-buffered saline (PBS) or 100 nM GnRH was
added for 15 min, followed by a 75-min incubation in regular DMEM-FCS. This
pulsatile treatment (58) was repeated three more times and another four times
the next day before the cells were harvested. Data are presented as the means of
3 to 10 experiments, each performed in duplicate, 6 the standard error of the
mean (SEM). The weak (about twofold) background activation observed with
Ptx1 (and with combination of factors containing Ptx1) of mutant promoters (see,
for example, Fig. 6F and G) has been observed with many negative control
promoters, such as herpes simplex virus thymidine kinase promoter, minimal
pituitary promoters, and Mullerian inhibiting substance promoter, that do not
contain Ptx1 binding sites (56, 57); hence, we consider this to be a general
nonspecific effect on reporter activity.

Hormone treatment, RNA extraction, and analysis. GnRH, forskolin, PMA,
and cyclic ADP-ribose were obtained from Sigma. aT3-1 or LbT2 cells were
treated with 1025 M forskolin, 1027 M GnRH, 5 3 1027 M PMA, and 5 mM
cyclic ADP-ribose for the times indicated. Total cellular RNA was extracted by
the guanidium thiocyanate-phenol-chloroform method (6) and analyzed by
Northern blot analysis as described previously (57). DNA probes used for hy-
bridization were cDNA fragments specific for Ptx1 (25), SF-1 (34), GnRH-R
(45), aGSU (11), and Egr-1 (50). As a loading control, the blots were stripped
and rehybridized with a 32P-labeled oligonucleotide specific for 18S ribosomal
RNA as described earlier (57).

Plasmids and oligonucleotides. The bp 2142 LHb promoter reporter, the
mutations of the SF-1 and/or Ptx1 binding sites, and the generation of Ptx1
mutants were as described elsewhere (56). The Ptx1 fragments used in the Gal4
DNA-binding domain (Gal4DBD)–Ptx1 fusions were generated by PCR with
primers containing restriction sites and were subsequently subcloned in frame in
the corresponding sites of a Gal4DBD vector. Mutations of the Egr-1 site and the
double or triple mutants were obtained by PCR with the bp 2142 bovine LHb
promoter as a template. A common reverse primer that incorporates the Egr-1
site mutation (shown in boldface) and a natural PstI site 59-231ACCTGCAGG
CTCTAAGAACAGCAAGGCCGGGGGTGGCAGC270-39 was used with vari-
ous forward primers that were described previously (56) to generate the mutants.
The amplified fragments were subcloned back into the bp 2142 LHb reporter.
All mutations and deletions were confirmed by DNA sequencing.

Recombinant protein production and pull-down assays. Maltose-binding pro-
tein (MBP) fusion proteins (MBP–SF-1, MBP–Egr-1, MBP-Ptx1, and MBP-
LacZa) were produced as described earlier (56). 35S-labeled in vitro-translated
Ptx1 (wild type and mutants), SF-1, and luciferase were obtained by using the

FIG. 1. Egr-1, Ptx1, and SF-1 binding sites are conserved across species in the LHb promoter. Alignment of the mouse (24), rat (19), bovine (60), sheep (3), pig
(8), horse (48), and human (54) LHb promoter sequences reveals consensus SF-1, Ptx1, and Egr-1 elements (boxed) that are conserved across species.
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TNT-coupled transcription-translation rabbit reticulocyte lysate system (Pro-
mega). Protein-protein interaction assays were performed according to the
method of Tremblay et al. (56).

RESULTS

GnRH rapidly and transiently induces Egr-1. LHb gene
expression requires the concerted action of several transcrip-

tion factors, some of which are involved in basal expression,
whereas other inducible factors are needed to elicit a rapid
response to external stimuli such as the hypothalamic hormone
GnRH. As shown in Fig. 1, alignment of the LHb promoter
from several species reveals three highly conserved regions:
one that binds the orphan nuclear receptor SF-1, a consensus
site for binding of the homeobox transcription factor Ptx1, and
a GC-rich region previously shown to bind Egr-1. All of these

FIG. 2. GnRH rapidly induces Egr-1 gene expression. (A) aT3-1 cells were treated as indicated for 60 min or 8 h, and total RNA was isolated for use in Northern
blot analysis of Egr-1, GnRH-R, and Ptx1 mRNA. The blot was subsequently probed with an 18S rRNA probe to ensure integrity and loading of the RNA. (B) Time
course analysis of GnRH effect on aT3-1 cells. Total RNA was isolated at the indicated time after GnRH treatment (1027 M) and analyzed by Northern blot as in panel
A. (C) The Egr-1 mRNA levels from B were quantified by densitometry. (D) Time course analysis of GnRH effect on Egr-1 mRNA levels in LbT2 cells.

FIG. 3. Involvement of PKC pathway in Egr-1-dependent activation of LHb promoter. (A) The effect of Egr-1 or the related factor WT-1 and of the products of
other immediate-early genes (Nurr1, Nur77, and NOR-1) was assessed on the bp 2776 bovine LHb promoter. The LHb-luciferase reporter was cotransfected in CV-1
cells together with a control plasmid (empty expression vector, open bar) or with expression vectors for Egr-1, WT-1, Nurr1, Nur77, or NOR-1 as indicated (solid bars).
(B) Effect of PMA treatment on Egr-1 mRNA levels. aT3-1 cells were treated with 5 3 1027 M PMA for 60 min before harvest and RNA isolation. Egr-1 mRNA was
revealed by Northern blot. (C) Enhancement of Egr-1-dependent stimulation of LHb promoter activity by PKC, but not other kinases. CV-1 cells were cotransfected
with the bp 2776 LHb reporter and either a control empty expression vector (Ctl) or with expression vectors for Egr-1 with or without PKC, PKA, JNK, or CamK.
Results are shown as fold activation (6 SEM).
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factors were previously shown to activate the LHb promoter
(14, 22, 29, 57).

In order to identify the factor(s) responsible for GnRH-
dependent activation of the LHb promoter, we tested whether
GnRH and other second messenger inducers could stimulate
Ptx1, SF-1, and/or Egr-1 gene expression in the aT3-1 gona-
dotrope cell line. As shown in Fig. 2A, treatment of aT3-1 cells
with forskolin (an inducer of protein kinase A [PKA]) or cyclic
ADP-ribose (a calcium ionophore) had no significant effect on
Ptx1 and Egr-1 mRNA levels. Interestingly, 1 h after treatment
with 1027 M GnRH, Egr-1, but not Ptx1, mRNA levels were
dramatically increased. Egr-1 mRNA returned to normal levels
by 8 h after initiation of GnRH treatment. Egr-1 induction was
transient, since mRNA levels were back to basal levels by 2 h
of GnRH treatment (Fig. 2B). Densitometric analysis revealed
that Egr-1 mRNA levels were 50 times higher in GnRH-
treated cells compared to vehicle-treated cells after only 30
min (Fig. 2B and C). Consistent with a previous report by
Windle et al. (62), aGSU mRNA levels were slightly increased
after 8 h of GnRH treatment (Fig. 2B). GnRH treatment did
not significantly affect GnRH-R mRNA levels nor those of the
two other transcription factors known to be involved in LHb
gene expression, Ptx1 and SF-1 (Fig. 2B). The effect of GnRH
on Egr-1 mRNA levels was also ascertained in another model
gonadotrope cell line, the LbT2 cells, and a similar transient
increase was observed on Egr-1 mRNA (Fig. 2D), but not on
aGSU, Ptx1, SF-1, or GnRH-R mRNAs (data not shown).
Taken together, these results suggest that Egr-1 may be a
downstream mediator of the GnRH-induced signal transduc-
tion pathway in pituitary gonadotropes.

PKC enhances Egr-1-dependent LHb promoter activation.
Egr-1 has been shown recently to be involved in LHb gene
expression (28, 29, 55). As shown in Fig. 3A, LHb promoter
activation by Egr-1 (NGFI-A) was specific, since the closely
related factor WT-1 or the products of three other immediate-
early genes, Nur77 (NGFI-B), Nurr1, and NOR-1, failed to
activate the LHb promoter. GnRH stimulation of gonadotro-
pin expression and secretion occurs through activation of PKC
and increased intracellular calcium levels (1, 2, 20); in turn,
PKC is thought to activate a downstream transcription fac-
tor(s) that controls LHb gene expression. Consistent with this
model, we showed that the PKC activator PMA is as efficient

as GnRH in inducing Egr-1 mRNA levels in aT3-1 cells (Fig.
3B). The activity of Egr-1 may also be enhanced by phosphor-
ylation (4, 16) and, consequently, we tested various protein
kinase catalytic subunits for the enhancement of Egr-1-depen-
dent LHb promoter activation. As shown in Fig. 3C, PKC
potentiated the ability of Egr-1 to activate the LHb promoter.
This potentiation was specific for PKC since none of the other
kinases tested, including PKA, Jun kinase (JNK), and calmod-
ulin kinase (CamK) markedly enhanced basal (not shown) or
Egr-1-induced LHb promoter activation (Fig. 3C). These re-
sults suggest that induction of Egr-1 gene expression and phos-
phorylation of Egr-1, both events specifically mediated through
the PKC pathway, constitute part of the intracellular signaling
cascade induced by GnRH in gonadotropes.

Mutagenesis of Egr-1 site affects GnRH activation of LHb
promoter. The Egr-1 and SF-1 sites of the LHb promoter were
mutated separately in order to test their involvement in re-
sponsiveness to GnRH. Pulsatile treatment of LbT2 cells with
GnRH was previously shown to increase LHb mRNA (58),
and a similar approach was used to test for GnRH responsive-

FIG. 4. GnRH stimulation of LHb promoter activity is reduced by mutation
of Egr-1, but not SF-1, binding site. LbT2 cells were transfected with three
different bp 2142 LHb reporters (wild type, mutated Egr-1 binding site, and
mutated SF-1 binding site). Cells were subjected to four daily pulses of either
vehicle (open bars) or 100 nM GnRH (solid bars) over a 2-day period as
described in Materials and Methods. Results are shown as fold activation (6
SEM).

FIG. 5. Egr-1, Ptx1, and SF-1 synergize for activation of the LHb promoter.
(A) Transcriptional cooperation between Egr-1 and Ptx1. Ptx1 was tested for
synergism on the bp 2776 LHb reporter with either Egr-1, WT-1, Nurr1, Nur77,
or NOR-1. (B) Egr-1 has a cumulative effect on Ptx1–SF-1 synergism. CV-1 cells
were cotransfected with the bp 2776 LHb reporter and the indicated expression
plasmids. The SF-1DLBD mutant is deleted of its LBD, and it was previously
shown to have constitutive transcriptional activity (47, 56). The results are shown
as fold activation (6 SEM).
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ness of LHb promoter constructs. This treatment increased
LHb promoter activity, and mutagenesis of the SF-1 binding
site did not affect this response (Fig. 4). However, mutagenesis
of the Egr-1 site significantly reduced GnRH responsiveness of
the LHb promoter. Thus, at least part of the GnRH-induced
signals exert their effect on LHb transcription through this
Egr-1 site.

Egr-1, Ptx1, and SF-1 cooperatively activate the LHb pro-
moter. Ptx1 and SF-1 are both present at high levels in un-
stimulated pituitary gonadotropes (26, 39, 57) and in aT3-1

cells, whereas Egr-1 is not (Fig. 2). Binding sites for these three
factors are conserved across species within the LHb promoter
(Fig. 1). It has already been shown that, individually, Ptx1 and
SF-1 activate the LHb promoter by binding to their cognate
sites (14, 22, 57), while, together, they act synergistically (56,
57). Since Egr-1 and SF-1 have also been documented to syn-
ergize with each other (28, 29), we tested whether Ptx1 could
synergistically enhance transcription with Egr-1. Both Ptx1 and
Egr-1 activated the bp 2776 LHb reporter, and they also acted
synergistically to enhance promoter activity (Fig. 5A). The
product of another Egr-1-related gene, WT-1, or other imme-
diate-early genes, such as Nurr1, Nur77, and NOR-1, did not
synergize with Ptx1 (Fig. 5A).

We have recently demonstrated that Ptx1 can modulate the
activity of SF-1 by bypassing the requirement for its ligand
(56). Indeed, as shown in Fig. 5B, a constitutively active SF-1
mutant devoid of its ligand binding domain (DLBD) was as
active as the synergistic activity of Ptx1–SF-1 (compare lanes 5

FIG. 6. Site requirements for Egr-1–Ptx1–SF-1 cooperation. Transactivation by Egr-1, Ptx1, and SF-1 alone or in combination was tested on bp 2142 bovine LHb
reporters as follows: wild-type promoter with intact binding sites for Egr-1, SF-1, and Ptx1 (A); mutated Ptx1 site (25); mutated SF-1 site (14, 22) (C); mutated Egr-1
site (29) (D); double mutation of the SF-1 and Egr-1 sites (E); double mutation of the Ptx1 and Egr-1 sites (F); and mutation of all three sites (G). Promoter constructs
were cotransfected in CV-1 cells with the indicated expression plasmids. The results are shown as fold activation (6 SEM).

TABLE 1. Site requirements for synergy on the LHb promoter

Synergy Site requirement(s) Reference(s)

Egr-1–Ptx1 Egr-1 or Ptx1 This study
SF-1–Egr-1 SF-1 and Egr-1 This study
SF-1–Ptx1 SF-1 only This study and reference 56
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and 7), suggesting that Ptx1 serves to unmask SF-1 activity
(56). Since Egr-1 also synergizes with SF-1 (references 28 and
33 and Fig. 5B, column 9), we tested whether Egr-1 has a
similar unmasking effect on SF-1 as does Ptx1. Although Egr-1
and Ptx1 each markedly enhanced the activity of wild-type
SF-1 (columns 9 and 7, respectively), only Egr-1 synergized
with SF-1DLBD (compare lanes 10 and 8), suggesting that
Egr-1 and Ptx1 have different mechanisms for synergizing with
SF-1. As expected, when the three factors were combined, a
cumulative effect was observed (Fig. 5B, column 11). More-
over, the cumulative activity of the three factors (column 11)
was the same as that of Egr-1 with SF-1DLBD (column 10) or
of Ptx1, Egr-1, and SF-1DLBD (column 12), a finding consis-
tent with the putative role of Ptx1 in unmasking the activation
domain of SF-1.

Binding site requirements for Egr-1–Ptx1–SF-1 synergism.
Previous studies have revealed that a bp 2142 LHb promoter
fragment that retains the SF-1 element at bp 2120, the Ptx1
binding site at bp 295, and the Egr-1 binding motif at bp 245
is sufficient for Ptx1 and SF-1 transactivation and synergy (56).
This construct also allowed us to determine the binding sites
required for the synergistic cooperativity between SF-1, Ptx1,
and Egr-1. Like the bp 2776 LHb promoter (Fig. 5B), the
three factors exhibited cumulative effects on the shorter bp
2142 LHb promoter fragment (Fig. 6A). The requirement for
each promoter binding site was tested by creating mutations of
each site, either individually (Fig. 6B, C, and D), in two-by-two
combinations (Fig. 6E and F), or all three together (Fig. 6G).

Consistent with our previous study, mutation of the Ptx1
binding site did not affect Ptx1–SF-1 synergism (Fig. 6B and
reference 56). Similarly, this same mutation did not prevent
synergy between Ptx1 and Egr-1 (Fig. 6B). Thus, the cooper-
ativity between Ptx1, SF-1, and Egr-1 appears to be indepen-
dent of Ptx1 binding to DNA. In contrast, mutation of the SF-1
element abolished both Ptx1–SF-1 and SF-1–Egr-1 synergism
(Fig. 6C). Finally, mutation of the Egr-1 element prevented
synergy with SF-1 but did not completely abolish Egr-1 inter-
action with Ptx1 (Fig. 6D). Taken together, these results sug-
gest that Egr-1–SF-1 synergism requires the binding of both

factors to their cognate elements, since mutation of each site,
either individually (Fig. 6C and D) or in combination (Fig. 6E)
abolished synergy. Conversely, synergism between Egr-1 and
Ptx1 apparently requires only one of the two elements, since
promoters with single mutations still exhibited some synergism
(Fig. 6B and D), although the cumulative activity was not as
great in these cases as with the intact promoter (Fig. 6A). In
contrast, the double Egr-1 and Ptx1 site mutation completely
abrogated Egr-1–Ptx1 synergism (Fig. 6F). As expected, mu-
tation of all three elements, blocked LHb promoter activation
by any combination of Egr-1, Ptx1, or SF-1 (Fig. 6G). The
results of this mutagenesis analysis (summarized in Table 1)
revealed that the synergies observed between Egr-1, SF-1, and
Ptx1 on the LHb promoter have different site requirements
and, thus, are likely mediated via different molecular mecha-
nisms.

Egr-1 and Ptx1 interact physically. Cooperativity between
Ptx1, SF-1, and Egr-1 for activation of LHb promoter suggests
that the proteins may interact directly. We have, in fact, re-
cently demonstrated that Ptx1 and SF-1 interact in vitro and in
vivo (56). As shown in Fig. 7A, both SF-1 and Egr-1 immobi-
lized on beads also interacted with in vitro-synthesized Ptx1.
These interactions were specific since no binding was observed
with immobilized MBP-LacZa (Fig. 7A, lane 4) and labeled
luciferase did not bind any immobilized protein (Fig. 7C).
Similarly, both Egr-1 and Ptx1 interacted with labeled SF-1
protein (Fig. 7B). Thus, the Ptx1, SF-1, and Egr-1 cooperative
effects are likely to occur through direct protein-protein inter-
actions.

Egr-1–Ptx1 synergism maps to a C-terminal domain of Ptx1.
In order to identify the domain of Ptx1 involved in the syner-
gistic and physical interactions with Egr-1, a series of Ptx1
mutants was tested in transfection and pull-down assays. The
expression level, nuclear localization, and transcriptional prop-
erties of the Ptx1 mutant proteins have been assessed previ-
ously (56). Deletion of the N-terminal domain of Ptx1 (mu-
tants DN1 and DN2) did not affect its ability to synergize with
Egr-1 (Fig. 8A). However, deletion of a 49-amino-acid region
in the C-terminal domain of Ptx1 (amino acids 234 to 283),
which deletes an activation domain (56), led to a significant
decrease in synergy with Egr-1 (Fig. 8A, compare mutant DC2
with mutant DC1). Pull-down assays were then used to identify
the region involved in the physical interaction with Egr-1 (Fig.
8B). Consistent with the transactivation data, the N-terminal
region of Ptx1 was not required for interaction with Egr-1 (Fig.
8B, mutant DN2). The Egr-1 interacting domain mapped to a
37-amino-acid region located between residues 197 (mutant
DC3) and 234 (mutant DC2) of Ptx1. Interestingly, this same
Ptx1 region was recently shown to be the domain involved in
the physical interaction with SF-1 (Fig. 8B and reference 56).
We also used an in vivo system to ascertain the direct interac-
tion between Ptx1 and Egr-1 documented in vitro by using the
pull-down assay. For this purpose, C-terminal fragments of
Ptx1 that have little (between endpoints C4 and C2 defined in
Fig. 8A) or no (endpoints C3 to C2) transcriptional activity
were fused to the Gal4DBD. These fusion proteins did not
show marked transcriptional activity when expressed with an
upstream activating sequence (UAS)-containing reporter;
however, coexpression of Egr-1 significantly enhanced the ac-
tivity of the chimeras but not of Gal4DBD (Fig. 8C). Egr-1
alone had no effect on this reporter, and Gal4DBD fusions
containing other Ptx1 fragments were not affected by Egr-1
(data not shown). Thus, it appears that an activation domain of
Ptx1 (localized between residues 234 and 283) is required for
its transcriptional synergism with both Egr-1 and SF-1, while

FIG. 7. Egr-1 directly interacts with Ptx1 and SF-1. Pull-down assays were
performed with immobilized, bacterially produced MBP fusion proteins (MBP–
SF-1, MBP–Egr-1, MBP-Ptx1, and MBP-LacZa as a control) with 35S-labeled
Ptx1 (A), SF-1 (B), or luciferase (C). Complexes were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto polyvinyli-
dene difluoride membranes, and visualized by autoradiography. The input pro-
tein (lanes 1) corresponds to 20% of the labeled protein used in the assay.
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FIG. 8. The C-terminal domain of Ptx1 is required for physical interaction and transcriptional cooperation with Egr-1. (A) CV-1 cells were cotransfected with the
bovine bp 2142 LHb reporter, along with expression vectors for Egr-1 (open bar) or for Egr-1 together with Ptx1 mutants (solid bars). The Ptx1 mutants were as
described previously (56). (B) The indicated Ptx1 mutant proteins were labeled by in vitro translation and tested for binding to MBP–SF-1 (lanes 2), MBP–Egr-1 (lanes
3), or MBP-LacZa (lanes 4) as a control. Bound complexes were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto polyvi-
nylidene difluoride membranes, and visualized by autoradiography. The input proteins (lanes 1) correspond to 20% of the labeled protein used in the assay. (C) In vivo
hybrid assay for interaction between Egr-1 and fragments of Ptx1 fused to Gal4DBD. A UAS-containing thymidine kinase promoter-luciferase reporter plasmid was
cotransfected in CV-1 cells either alone (open bar) or with a Gal4DBD fused (or not) to Ptx1 C-terminal fragments C4-C2 (amino acids 150 to 234) or C3-C2 (amino
acids 197 to 234) in the absence (hatched bars) or the presence (solid bars) of Egr-1.
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physical interactions involve a contiguous region of Ptx1 (be-
tween residues 197 and 234).

DISCUSSION

The regulation of gonadotropin synthesis and secretion by
GnRH is well established. The lack of LHb expression in the
hpg mouse, which harbors mutations in the GnRH gene (35),
and naturally occurring mutations in the GnRH receptor in
humans (27), have corroborated the importance of this hypo-
thalamic hormone for control of gonadotropin function. Al-
though it is clear that GnRH is essential for gonadotropin gene
expression, the transcription factors that, ultimately, are tar-
gets of GnRH action remain unknown. In the present study, we
have identified the immediate-early response Egr-1 gene as a
potential effector of GnRH-elicited responses in pituitary go-
nadotropes. Moreover, we propose a model in which Egr-1
physically and functionally cooperates with two other tran-
scription factors, Ptx1 and SF-1, to elicit a rapid increase in
LHb gene expression in response to GnRH.

Regulation of Egr-1 activity. The rapid and strong induction
of Egr-1 mRNA in response to GnRH (Fig. 2) and to PMA
(Fig. 3B) suggested that this early response transcription factor
may mediate some of the effects of the hypothalamic hormone
(Fig. 9). It was previously shown that GnRH binding to its
receptor elevates intracellular Ca21 and activates the PKC
cascade (1, 2, 20). We now show that PKC activation by PMA
elevates Egr-1 mRNA levels (Fig. 3B) and that PKC enhances
Egr-1-dependent transcription (Fig. 3C). Although these data
do not exclude the putative involvement of other signaling
events, they suggest that Egr-1 may be a transcriptional effec-
tor of GnRH action. This would be achieved by two comple-
mentary mechanisms: (i) stimulation of Egr-1 expression and

(ii) direct enhancement by PKC-elicited modification (phos-
phorylation?) of Egr-1 transcriptional potency. This model
(Fig. 9) is entirely consistent with the presence of a conserved
Egr-1 target site in the LHb promoter of many species (Fig. 1)
and with its conserved position in relation to binding sites for
Ptx1 and SF-1 which synergistically (Fig. 5, 6, and 8A) and
physically (Fig. 7 and 8B and C) interact with Egr-1.

Mechanism of Egr-1, Ptx1, and SF-1 cooperation. We have
recently shown that synergistic cooperation between two tran-
scription factors, Ptx1 and SF-1, contributes to LHb gene ex-
pression. This synergism is achieved through a Ptx1–SF-1 phys-
ical interaction that mimics the activity of a constitutively
active form of SF-1 (LBD deletion) and thus appears to bypass
the need for an SF-1 ligand (56). We now show that Egr-1 also
cooperates with these two factors, Ptx1 and SF-1, to activate
LHb promoter activity. However, the molecular mechanism of
the Egr-1 synergism appears to be different (Table 1). Inter-
estingly, the cumulative effects of these factors may serve to
confer hormone responsiveness, since Egr-1 activity is greatly
stimulated by GnRH, whereas Ptx1 and SF-1 mRNA levels are
not hormone regulated. In resting cells, low-level expression of
Egr-1 may contribute only slightly to LHb expression (Fig.
9A); after GnRH stimulation, increased levels of Egr-1, as well
as enhancement of Egr-1 transcriptional potency by PKC (for
example, by phosphorylation), is likely to contribute to stimu-
lation of LHb gene transcription (Fig. 9B).

Egr-1 as a downstream effector of GnRH. None of the tran-
scription factors so far implicated in regulation of LHb gene
expression act as a downstream effector of GnRH action. The
orphan nuclear receptor SF-1 was initially thought to play such
a role since gonadectomy, which is known to increase hypo-
thalamic GnRH secretion, led to a threefold increase in SF-1
mRNA levels in the pituitary (12, 59) and because SF-1 directly

FIG. 9. Model for control of LHb gene expression by Egr-1, Ptx1, and SF-1. (A) In the absence of GnRH, Egr-1 is expressed at a low level. The LHb gene is
activated by Ptx1, SF-1, and low levels of Egr-1. (B) When GnRH is secreted from the hypothalamus, it binds to its receptor (GnRH-R), leading to activation of
G-protein-linked PLC and IP3 intracellular signaling pathways (20). PLC cleaves PIP2 to generate IP3 and DAG. IP3 increases intracellular calcium levels (by L-type
voltage-sensitive channel and release by the endoplasmic reticulum [ER]), whereas DAG activates PKC. Activation of PKC leads to increased mitogen-activated protein
kinase kinase (MAPKK) and mitogen-activated protein kinase (MAPK) activity, leading to phosphorylation of Egr-1 (4, 16). Egr-1 mRNA levels are rapidly increased
by GnRH via the PKC pathway, rather than by PKA or calcium (Ca21). Egr-1 synergizes with Ptx1 and SF-1 to rapidly increase LHb gene expression.
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regulates LHb promoter activity (14, 22, 56, 57). Moreover,
targeted ablation of the SF-1 gene resulted in a severe de-
crease in LHb mRNA levels (18, 49). However, the recovery of
normal LHb mRNA levels by GnRH injection in SF-1 knock-
out mice has unambiguously eliminated SF-1 as a mediator of
GnRH action (17). The absence of LHb mRNA in the SF-12/2

animals was later proven to be the result of a blockade of
GnRH secretion (17, 49). Our results are also consistent with
this interpretation since GnRH did not affect SF-1 mRNA
levels in aT3-1 cells (Fig. 2B).

Ptx1 is unlikely to be a mediator of GnRH action since Ptx1
gene expression was unaffected by GnRH treatment (Fig. 2).
In contrast, the dramatic upregulation of the Egr-1 mRNA by
GnRH (nearly 50-fold [Fig. 2C and D]), taken together with
the dependence on an intact Egr-1 binding site for GnRH
responsiveness of the LHb promoter (Fig. 4), strongly suggest
that Egr-1 is an effector of GnRH action in pituitary gonado-
tropes. It was recently shown (13) that the proximal LHb
promoter contains a second, weaker Egr-1 binding site (ca. bp
2105); this site may account for the weak GnRH responsive-
ness of the LHb promoter mutated at the major (bp 245)
Egr-1 site (Fig. 4). This weak GnRH responsiveness could also
be the result of a direct protein-protein interaction between
Egr-1 and DNA-bound Ptx1, since the Ptx1 binding site can be
sufficient for some Egr-1–Ptx1 synergy (Fig. 6D and E and
Table 1). Binding of GnRH to its cognate receptor activates
the G-protein-linked PLC-IP3 intracellular signaling pathway,
leading to PKC activation and increased intracellular calcium
levels (1, 2, 20). Since Egr-1 mRNA levels are similarly induced
by PMA, a PKC activator, and GnRH (Fig. 3B) but not by
cyclic ADP-ribose (Fig. 2A), a calcium ionophore, it appears
that GnRH-induced stimulation of Egr-1 gene expression is
primarily mediated by PKC. This observation is consistent with
recent work showing preferential activation of LHb, but not
aGSU, promoter activity by the PKC pathway (46). The in-
volvement of Egr-1, together with Ptx1 and SF-1, in mediating
GnRH action is also compatible with recent LHb promoter
mapping data (21). Our working model (Fig. 9) is strongly
supported by the recent characterization of Egr-1 knockout
mice that have undetectable LHb expression despite the pres-
ence of other gonadotrope markers (FSHb and aGSU) and
normal GnRH secretion; further, gonadectomy, which in-
creases GnRH secretion, induced FSHb in these mice as in
wild-type animals, but not LHb (29, 55).

The transcriptional signaling of GnRH action through acti-
vation of Egr-1 (NGFI-A) is reminiscent of our recent identi-
fication of Nur77 (NGFI-B) as a mediator of corticotropin-
releasing hormone stimulation of POMC gene transcription
(42). Thus, two different pituitary lineages utilize immediate-
early response genes as transcriptional effectors to mediate the
effects of its trophic hypothalamic hormone.
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