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Activator Protein-1 (AP-1) family members are the only transcription factors 

induced by gonadotropin-releasing hormone (GnRH) that are known to directly 

regulate follicle-stimulating hormone (FSH) β-subunit gene expression and, of these, 

c-Fos is the most highly GnRH-induced.  Thus, understanding the molecular 

mechanisms of c-Fos induction by GnRH will provide insight into GnRH regulation of 

FSH.  GnRH induction of the c-Fos promoter maps between -400 and -200 bp from 

the transcriptional start site, a region that contains Ets and Serum-Response Factor 

(SRF) binding elements.  Mutation of the SRF-binding site in the c-Fos promoter 
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eliminates GnRH induction.  However, in contrast to the induction by TPA, which 

mimics growth-factor treatment, mutation of the Ets site does not eliminate GnRH 

induction.  Furthermore, the SRF site is sufficient for induction by GnRH, while 

induction by TPA requires both Ets and SRF sites.  GnRH induces the MAPK 

pathway, which phosphorylates Elk-1, causing it to complex with SRF to allow 

binding to the SRF site.  GnRH also induces phosphorylation of SRF, which leads to 

increased DNA-binding affinity.  Phosphorylation of SRF occurs through the CamKII 

and PKA pathways, the same pathways necessary for c-Fos and FSHβ induction by 

GnRH.  A dominant-negative SRF expression vector reduces induction of c-Fos by 

GnRH, while CamKII activation is sufficient for phosphorylation of SRF and for 

induction of the c-Fos gene through the SRF site.  Thus, GnRH activates the MAPK 

pathway to phosphorylate Elk-1 and induces CaMKII to phosphorylate SRF and the 

resulting Elk-1/SRF complex binds and activates the c-Fos promoter. 
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I 

Introduction 

 

Hypothalamic-Pituitary-Gonadal Axis 

The hypothalamus, anterior pituitary, and gonads form the hypothalamic-

pituitary-gonadal (HPG) axis, which plays a critical role in mammalian development 

and regulation of the reproductive cycle.  Gonadotropin-releasing hormone (GnRH) is 

released from the hypothalamus into the capillary system of the hypothalamic-

pituitary portal circulation [1].  GnRH is a decapeptide that stimulates the synthesis 

and secretion of the gonadotropin hormones: luteinizing hormone (LH) and follicle-

stimulating hormone (FSH) in the pituitary.  Released in a pulsatile manner, GnRH 

interacts with its seven transmembrane G-protein-coupled receptor on gonadotrope 

cells of the anterior pituitary.  The gonadotrope cells produce the gonadotropin 

hormones, which are heterodimeric glycoproteins composed of a common α and 

unique β subunit, that enter the circulation and travel to the gonads, where they play 

roles in steroid hormone production and gametogenesis.  FSH is responsible for 

follicle growth and development in the ovaries and sperm production in the testes, 

while LH causes ovulation and stimulates steroidogenesis in maturing follicles in 

females, and is responsible for increasing testosterone production in Leydig cells in 

males [2].  The gonadal steroid and peptide hormones, such as estrogen and 

testosterone, and, inhibin and activin, respectively relay back to the hypothalamus 



     2 

 

and/or pituitary level to either positively or negatively alter the level of GnRH, FSH, 

and LH expression [3].   

 

Anterior Pituitary 

The adenohypophesis, otherwise known as the anterior pituitary develops from 

ectodermal cells in Rathke’s pouch [4].  Considered the master gland of the body, the 

anterior pituitary is composed of six cell types, five of which are endocrine.  

Morphologically distinct, the five endocrine cells, corticotropes, thyrotropes, 

gonadotropes, somatotropes, and lactotropes are responsible for the production of six 

hormones by way of releasing hormone signaling from the hypothalamus.  With the 

exception of the gonadotropes, which generate two gonadotropins, each of the cells is 

responsible for the production of one major hormone.  The development of the 

endocrine cells occurs sequentially, beginning with corticotropes that produce 

adenocorticotropic hormone, followed by thyrotropes making thyroid-stimulating 

hormone, gonadotropes producing LH and FSH, somatotropes making growth 

hormone, and lactotropes making prolactin.  Proper functioning of these cells is 

important for growth, development, metabolism, reproductive, and nervous system 

functions [4].   

Gonadotropes account for only ten to fifteen percent of pituitary cells [4], and 

for this reason, studying the regulation of gonadotropin synthesis in vivo is difficult.  

To overcome this obstacle, our lab has developed immortalized pituitary cell lines 

derived from transgenic mice that developed pituitary tumors.  A few cell lines exist 

representing the pituitary phenotype at different stages in development.  αT3-1 is a 
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gonadotrope-derived cell line representing immature gonadotropes, that expresses the 

GnRH receptor and alpha glycoprotein subunit (α-GSU).  The LβT2 cell line, is a 

model of the mature gonadotrope cell indicated by expression of the beta subunits of 

LH and FSH, in addition to GnRH receptor and α-GSU.  With the development of the 

LβT2 immortalized pituitary cell line studying the regulation and mechanisms of 

gonadotropin expression became possible.   

 

GnRH Receptor Signaling 

 Signaling through the GnRH receptor (GnRHR) is critical for the synthesis and 

secretion of the gonadotropins, LH and FSH, which is essential for proper function of 

the reproduction system.  Three variations of the GnRHR have been categorized and 

two of them, GnRHRI and GnRHRII, have been observed in mammals, but due to a 

frame shift the GnRHRII is not expressed as a mature and functional receptor in man 

and other species [5, 6].   GnRHRI is the receptor expressed in pituitary gonadotrope 

cells and when cotransfected with GnRHRII, corrected for the frame shift mutation, 

there appeared to be a disruption in GnRHRI signaling indicating that GnRHRII could 

play a modulatory role in GnRHRI expression [6].  Since GnRHRI is the only receptor 

known to be in the pituitary gonadotropes, it will herein be referred to simply as 

GnRHR. 

 GnRHR is a seven transmembrane peptide hormone receptor that signals 

through heterotrimeric G-proteins, βγα [7].  Thus, it is also known as a G-protein 

coupled receptor, or GPCR.  Unique from other GPCRs, the GnRHR lacks a carboxy-

terminal cytoplasmic domain [7], which has been implicated in GPCR regulation and 
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internalization by coupling to regulatory proteins [8].  Therefore, GnRH is internalized 

more slowly than other GPCRs.  There are multiple variants of Gα-proteins that 

transduce extracellular signaling according to their composition.  Grosse et al. [9], and 

others [6, 10-12], have provided evidence, that Gαq and Gα11 are the proteins that 

primarily function in the gonadotropes.  In signaling through GPCRs, GDP, which is 

bound to Gα, is exchanged for GTP upon receptor activation, which causes Gα to 

dissociate from the βγ complex and stimulate downstream effectors [6].  After 

hydrolysis of Gα-GTP to Gα-GDP via GTPase, Gα reassociates with the βγ complex 

on the GnRHR [6]. 

 Upon binding to its receptor, GnRH stimulates a range of events from 

biosynthesis to secretion of hormones.  Activation of Gq/11 leads to activation of 

phospholipases (PL) Cβ, PLD, and PLA2 [6].  GnRH activates phospholipase PLCβ in 

particular, which is responsible for generating the second messengers: inositol-1,4,5-

triphosphate (IP3) and diacylglycerol (DAG), through the hydrolysis of 

phosphatidylinositol-4-5-bisphosphate (PIP2).  IP3 is responsible for releasing calcium 

from internal stores by binding its receptors on the endoplasmic reticulum [7, 13].  

DAG on the other hand is primarily responsible for activation of PKC [14].  

Activation of PKC (or of Raf directly) leads to activation of downstream mitogen-

activated protein kinases (MAPK) cascades [6] (Figure 1-1). 

 PKC has a minimum of ten isoforms and is a lipid-activated serine/threonine 

kinase [15, 16].  Calcium and DAG are activators of PKC which bind the regulatory 

domain of PKC to cause activation of its catalytic domain [6].  The putative activation 

of different phospholipases by GnRH may play a role in activation of different PKC 
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isoforms [6], which could coordinate with various physiological tasks elicited by the 

GnRH signal, but are still not identified. 

GnRHR activation also leads to the activation of the mitogen- activated protein 

kinase members: extracellular signal-regulated kinase (ERK), jun-N-terminal Kinase 

(JNK), and p38, which mediate activity through four distinct cascades [17].  GnRHRs 

have also been localized to low-density membrane microdomains known as lipid rafts, 

containing c-Raf kinase and Calmodulin (Cam) [14].  c-Raf kinase is involved in 

activation of the ERK1/2 signaling cascade, however, the relationship and role 

between PKC, c-Raf, calcium, and Cam remains controversial [6, 20, 21]. 

The MAPK cascade consists of up to six tiers of protein kinases that activate 

their downstream substrates sequentially by phosphorylation [22].  The cascade is 

initially triggered by a member of the Ras family, small G-proteins or adaptor 

proteins, activates the cascade either directly through MAP Kinase-Kinase-Kinases 

(MAP3K) or indirectly through MAP4Ks [17].  Following MAP3Ks, MAPKKs, 

MAPKs, and MAPK-activated protein kinase (MAPKAPK) are activated to 

phosphorylate many targets in the nucleus and cytosol [17].  Creating four distinct 

cascades, members of the MAPK superfamily transduce their signal through different 

pathways.  ERK consists of Rafs (MAP3K), MEK1/2, ERK1/2 and a number of 

MAPKAPKs; JNK signaling is created through several MAP3Ks, MKK4/7 and JNKs 

1-3; p38 is signaled through MAP3Ks, MKK3/6, four distinct p38 isoforms, and 

numerous MAPKAPKs; the final MAPK cascade ERK5/ BMK is transduced through 

MEKK2/3, MEK5, and ERK5 [17] (Figure 1-1).  The feature trait of MAPKs is their 
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ability to translocate to the nucleus and activate numerous transcription factors, 

indicating roles in transcriptional regulation [22, 23].   

 Both the ERK1/2 and JNK pathways have been suggested as activators of the 

ovine FSHβ promoter through two AP-1 sites [24].  However, the Mellon lab 

discovered that GnRH regulation of FSHβ through AP-1 induction requires the 

ERK1/2 and p38 branches of the MAPK pathway.  The activation of ERK1/2 requires 

an influx of calcium from extracellular space via voltage-gated calcium channels 

(VGCCs) [6, 25-29].  Inhibition of intracellular calcium mobilization is not sufficient 

to block GnRH induction of ERK [14] indicating the necessity of VGCCs.  This 

biphasic increase in intracellular calcium by GnRH may have implications in 

activating calcium-regulated kinases, such as calmodulin (Cam) which could play a 

role in transcriptional activation [30]. 

Over all, the heptahelical GnRHR regulates the gonadotropin subunit genes 

through activation of different signaling cascades and the modification of transcription 

factors [30].  By mediating MAPKs, PKC and mobilization of discrete pools of 

calcium [17], it is possible for GnRH to differentially activate production of FSHβ.  

To further diversify its ability to elicit diverse responses, the GnRHR can interact with 

different G-proteins, which can further add to its complexity in activating different 

signaling mechanisms [17].  The mechanism by which GnRH regulates expression of 

the gonadotropins, particularly FSHβ, in the gonadotropes is ever growing in 

complexity as new technology allows for more advanced experiments giving us 

greater insight into the mechanism behind GnRH differential regulation of the 

gonadotropins.
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Figure 1- 1: GnRH activated signaling pathways. 
GnRH binding to its receptor on pituitary gonadotrope cells elicits a number of 
responses that leads to the phosphorylation of transcription factors (TF) turning on 
different genes.  Above is a schematic representing the pathways activated by GnRH 
including the formation of the second messengers IP3 and DAG, which cause an 
increase in intracellular calcium and activation of PCK, respectively, and activation of 
the mitogen-activated protein kinase (MAPK) cascades.  The solid line arrows are 
pathways that have been confirmed in research while the dotted arrows represent 
pathways that are still controversial.
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Regulation of FSH 
 

FSH is one of the two gonadotropins synthesized and secreted from the 

anterior pituitary and its primary role is to induce gametogenesis.  Hormonal input 

from the hypothalamus, via GnRH neurons originating in the hypothalamic arcuate 

nucleus and projecting to the mediobasal hypothalamus [1, 3], directly regulates the 

expression of FSH.  In addition to external input, the GnRH neuronal network has its 

own internal pulse generator of which slower frequency pulses correlate with peak 

FSH production [1, 31].  FSH is composed of two subunits, the α-GSU which is 

common to LH, TSH, and chorionic gonadotropin, and the FSHβ subunit which is 

specific to the gonadotropes.  Since FSHβ is specific, it confers FSH biological 

specificity [31] and is the rate-limiting factor in FSH synthesis [32].   

Upon synthesis and secretion from the anterior pituitary, FSH travels via the 

blood stream to the gonads.  In males, FSH binds to its receptors on Sertoli cells and 

regulates sperm production in the testes; in females, FSH binds granulosa cells to 

cause follicle growth in the ovaries [1, 33].  FSH is required for puberty and the 

maintenance of reproductive functions.  When it binds to its receptor in the gonads 

FSH causes the release of inhibin which specifically suppresses FSH synthesis and 

secretion [34].  Female animals and humans lacking FSH are infertile, underscoring 

how important it is to understand the full mechanism behind FSH regulation. 

Factors other than GnRH, such as activin and follistatin, also contribute to the 

regulation of FSH and are present in the pituitary [3], as well as being secreted from 

the ovary.  Activin is an inhibin-related peptide made of two activin/inhibin β subunits 

and follistatin is a single chain glycoprotein [3].  While both activin and follistatin act 
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in an autocrine and/or paracrine manner, activin increases FSHβ gene expression and 

regulates FSH secretion, while follistatin binds activin and neutralizes its bioactivity 

[3], attenuating the FSH response at the level of the gonadotrope through regulation of 

activin [3].  In addition, inhibin is a potent antagonist of activin and may regulate FSH 

synthesis by decreasing both the half life of FSHβ mRNA [35] and transcription of the 

FSHβ gene [36].  Furthermore, it has been shown that androgens, particularly 

testosterone, act on the pituitary to increase FSHβ mRNA [37]. 

 Until the development of LβT2 cells, not much was known regarding the 

regulation of FSHβ gene transcription.  Early studies by the Miller lab using 

heterologous mammalian cells identified four putative activating protein 1 (AP-1) like 

elements in the ovine FSHβ (oFSHβ) promoter.  They showed two of these elements, 

located at -120 and -83, are capable of binding AP-1 proteins and transfection of c-Fos 

and c-Jun proteins is sufficient to enhance activation of the oFSHβ gene [38].  GnRH-

mediated induction of mouse FSHβ has been mapped to the 398 bp proximal region of 

the mouse FSHβ promoter [39].  The murine promoter was used in these experiments, 

since the LβT2 cell line is derived from a mouse pituitary tumor and there is 

significant homology between human and mouse FSHβ [33].  GnRH regulation 

occurs, in part, through binding of AP-1 at -76/-69 in the FSHβ promoter.  This site is 

composed of an AP-1 half-site juxtaposed to a CCAAT box that binds the 

transcription factor nuclear factor Y (NF-Y), which is responsible for the basal levels 

of FSHβ.  Furthermore, AP-1 and NF-Y binding of the FSHβ promoter has been 

confirmed in vivo by chromatin immunoprecipitation (ChIP) assay. 
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GnRH mediates the activation of FSHβ via the AP-1 site by inducing the 

synthesis of immediate early response genes, c-fos and c-jun.  The mutation of the AP-

1 site in the -398 region of the proximal promoter eliminated the induction of FSHβ 

through overexpression of c-Fos and c-Jun, indicating that it is the only active AP-1 

site within the proximal 400 bp from the transcriptional start site.  Additionally, the 

mutation caused a decrease in induction of FSHβ by GnRH. 

The FSHβ promoter sequence also contains sites for Smad-binding proteins, 

which are activated through activin induced TGFβ receptors.  Upon co-treatment of 

gonadotropes with GnRH and activin synergistic induction of FSHβ is observed.  Both 

GnRH and activin induce FSHβ on their own but recent research in our lab has found 

that together, they synergistically activate FSHβ, and the point of interaction of these 

two signals causing synergistic interaction occurs at the level of p38 MAPK.  In 

addition, this study demonstrates that the integration of GnRH and activin on the 

FSHβ promoter happens through increases in c-Fos and Smad induction. 

 

Activating Protein 1 (AP-1) 

 AP-1 is a dimer of Fos and Jun family proteins.  The Fos isoforms include c-

Fos, FosB, Fra-1, and Fra-2, and the Jun subfamily consists of c-Jun, JunB, and JunD 

[40].  Heterodimers of Fos and Jun proteins bind the AP-1 sequence, or tetradecanoyl-

phorbol acetate (TPA) response element (TRE) [41].  TRE is composed of two 

symmetrical half sites, inverted repeats TGAC/GTCA, which allows for two possible 

orientations of binding by the Fos/Jun dimer.  Jun proteins can form homodimers or 

heterodimers with Fos proteins to create AP-1 transcription factors, however, Fos 
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proteins only form heterodimers with Jun proteins; they are unable to homodimerize.  

These two proteins are members of the bZIP family that contain a highly conserved 

basic region involved in DNA binding and a heptad repeat of leucine residues, which 

constitutes the leucine zipper required for dimerization.  Since Fos and Jun proteins 

contact DNA on only two residues each, there is no strict conservation in their binding 

site and there are many variants of AP-1 sites in the genome.  Moreover, different 

bZIP proteins, all of which form a dimeric complex, exhibit distinct DNA-binding 

specificities and dimerization of other bZIP proteins with Fos-Jun family proteins 

expands the repertoire of binding sites to include different half sites [40].   

 

c-Fos Regulation 

 Fos is a protooncogene and member of the immediate-early gene family whose 

products are transcriptional regulators [42].  c-Fos is the prototypical member of the 

Fos family and has been extensively studied in various cell types.  In vivo studies have 

demonstrated that the addition of GnRH to gonadotrope cells in lambs that are GnRH 

deficient, ovariectomized, and nutritionally hypogonadotropic causes an increase in c-

Fos and c-Jun mRNA [42].  αT3-1 cells showed similar results in vitro and in the 

context of the GnRH receptor Padmanabhan et al., demonstrated that c-Fos and c-Jun 

can be regulated independently, which may account for some of the AP-1 gene 

selectivity. 

 Growth factors and hormones induce expression of c-Fos in many tissues.  The 

c-Fos promoter is activated by MAPK signaling pathways, ERK1/2, p38, and JNK.  

ERK1/2 pathways are generally activated in response to growth hormones, whereas 
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p38 and JNK pathways are resultant of exposure to stress.  The ability of c-Fos to 

respond to different stimuli is a result of the presence of several distinct cis-acting 

response elements regulated by different signal transduction pathways [43].  The first 

elements discovered in the c-Fos promoter, which contain constitutively bound 

proteins are cyclic AMP (cAMP)-response element (CRE), which binds the CRE 

binding protein (CREB) or related proteins CREM and ATF1, and serum-response 

element (SRE), which binds serum-response factor (SRF).  The SRE is next to an Ets 

site that binds a subfamily of Ets proteins, Elk-1, SAP, and NET, known as ternary 

complex factors (TCF) because they can interact with SRF [43, 44].  While SIS-

inducible enhancer (SIE) is a response element that binds the STAT family of 

transcription factors in response to cytokine stimulation [43].  

 Growth hormones rapidly stimulate c-Fos promoter activity through MAPK 

phosphorylation of TCF, which induces its interaction with SRF and mediates 

transcriptional activation [45].  Therefore, binding of TCF protein members of the Ets 

family, Elk-1, SAP, and NET to the Ets site and association with SRF is required for 

c-Fos transcriptional activation [46].  The SRE in the c-Fos promoter or CArG box, 

CC(A/T)TATA(A/T)GG is adjacent to Ets binding site [44, 47-49].  The Ets family has 

a highly conserved DNA binding domain that binds the core consensus sequence 

GGAA/T [50].  Elk-1 is the most studied TCF containing multiple phosphorylation 

sites on its C-Terminal domain, which increases its ability to form a complex with 

SRF upon phosphorylation [43, 46].  The predominant pathway by which Elk-1 is 

phosphorylated is through the ERK1/2 cascade pathway which is mediated by the Ras 

and Mek1/2 upstream pathways [44].  Other TCF members, SAP and NET, can bind 
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an Ets site adjacent to SRF; however, interaction with SRF through the Ets protein B-

box may result in reorientation of the TCF which allows Elk-1 to bind the SRE with 

higher affinity as a complex rather than alone.  Additionally, the same reorientation in 

the interaction of SAP with SRF may result in a less stable complex with SRF and 

SAP for SAP and Elk-1 contain slight differences in binding properties.  Overall, 

differences in Ets members accounts for the divergent DNA binding properties in of 

the Ets proteins [50]. 

In the regulation of immediate early genes, like c-Fos, SRF associates with Ets 

factors, however, in regulation of differentiated genes in skeletal, smooth, and cardiac 

muscle, SRF binds to the CArG box, which is the SRE without an adjacent Ets site.  

SRF binds via its MADS Box, a 90 amino acid-conserved DNA-binding domain [51].  

SRF is involved in a variety of gene expression programs, which it is able to regulate 

through combinatorial interactions with other transcription factors and cofactors 

making it a master regulatory platform [51].  In differentiated cells, SRF is activated 

by phosphorylation on several serine residues through calcium-calmodulin kinase 

signaling pathways, independent of the Ras kinase cascade [52]. 

 

Summary 

The hypothalamic-pituitary axis plays a critical role in the regulation and 

maintenance of the reproductive system.  In this system, GnRH is released from 

hypothalamic neurons into the hypopheseal-portal where it interacts with its receptors 

on gonadotrope cells.  The GnRHR is a heptahelical seven-transmembrane spanning 

receptor that activates signaling cascades leading to the differential regulation of the 
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gonadotropin genes through Gαq/11.  LH and FSH are gonadotropins that are composed 

of a common α and unique β subunit.  Since α-GSU is common to LH, FSH, TSH, and 

chorionic gonadotropin, the β subunit confers the hormones biospecificity and is the 

limiting factor for production.  The FSHβ subunit is of particular interest since female 

mice lacking this protein are infertile.   

Through studies on FSHβ, it has been established that a half AP-1 site is 

critical for maximal induction of FSHβ by GnRH [39].  The AP-1 transcription factor 

is composed of a c-Fos and c-Jun heterodimer, c-Fos being the more highly regulated 

factor.  c-Fos is a protooncogene and has been extensively studied in other cell types.  

It is activated though MAPK signaling and activation of the Ets factor, Elk-1, which 

forms a ternary complex with SRF on the c-Fos promoter. 

In this study, we aim to reveal the mechanism by which GnRH regulates 

activation of c-Fos in gonadotropes by using the immortalized pituitary cell line, 

LβT2.  Truncations of the c-Fos promoter linked to a luciferase reporter gene were 

created and analyzed in transient transfections to map the region of the promoter 

important for induction of c-Fos by GnRH.  Following truncation analysis, sequences 

in the promoter bound by proteins were analyzed in gel shifts and signaling pathways 

were analyzed through western blot analysis and use of inhibitors in whole cell 

extracts.  The course of these experiments deduced that the mechanism of activation of 

c-Fos is through Elk-1 in a ternary complex with SRF via the MAPK pathway and 

introduced a new pathway in which c-Fos is activated by GnRH through the 

phosphorylation of SRF by CamKII.
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II 

Methods and Materials 

 

Plasmid Constructs 

The 1 kb murine c-Fos promoter linked to luciferase-reporter in pGL3 plasmid 

was generously provided by Dr. Djurdjica Coss.  Expression vectors of Mek1 and 

Mek2 (in pCHA), and mutations of these that make them constitutively active were 

kindly provided by Dr. Michael Weber.  A dominant-negative expression vector for 

calcium/calmodulin II kinase (CaMKII N) and constitutively active mutant CaMKII 

H282R, with vector control, were kindly provided by Dr. Tom Soderling.  

Constitutively active calcium/calmodulin II kinase, CaMKII 1-290, was generously 

provided by Dr. Cathy Kane.  The SRF expression vector was purchased by Addgene, 

which was originally cloned by Dr. Ron Prywes, who sent us SRF mutants. 

 

Hormones, Peptides, and Inhibitors 

Gonadotropin-releasing hormone (GnRH), also known as luteinizing hormone-

releasing hormone, was purchased from Sigma-Aldrich (St. Louis, MO).  Ionomycin 

(Ca++ ionophore), forskolin (PKA activator), phorbol-12-myristate-13-acetate (TPA) 

(PKC activator), and inhibitors H-89 (PKA), KN-93 (CaMKII), UO126 (ERK1/2), SP 

600125 (JNK), SB 202190 (p38 MAPK), bisindolylmaleimide I hydrochloride (BIM) 

(PKC), and STO-609 (Cam-KK) were all obtained from Calbiochem (La Jolla, CA).   
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Cell Culture 

 LβT2 and Cos-1 cells lines were maintained in 10cm plates in DMEM 

(Dulbecco’s Modification of Eagles Medium from Mediatech Inc., Herndon, VA) with 

10% FBS (Fetal Bovine Serum from Gemini Bio-Products, West Sacramento, CA) 

and penicillin/streptomycin antibiotics (Gibco/Invitrogen, Grand Island, N.Y.) at 37˚C 

and 5% CO2.  Cells were passed using 1X Trypsin- EDTA (Sigma-Aldrich, St. Louis, 

MO). 

 

Plasmid Subcloning 

 5’ truncations of the c-Fos 1 kb promoter were made by subcloning from the 1 

kb murine luciferase c-Fos reporter plasmid.  Primers used in the subcloning are listed 

in Table 1.  The 100 µl PCR reaction contained 100 ng of 1 kb c-Fos plasmid 

template, 1X HiFi Taq buffer, 0.2 mM each dNTP, 0.2 µM of forward and reverse 

primers, 2 mM MgSO4, and 1 unit Platinum Taq HiFi (Invitrogen, Carlsbad, CA).  

Conditions for PCR were 95˚C for a 5 min. hot start followed by 40 cycles of 95˚C for 

1 min., 54˚C for 1 min. and 68˚C for 2 min., with an extension step at 68˚C for 10 

min.  PCR product was run on a 1% gel and products of the right length were 

phenol/chloroform extracted and ethanol precipitated.  Purified samples and the pGL3 

vector were double digested with KpnI and HindIII for 2 hours at 37˚C.  The digested 

PCR products were gel purified using QIAquick Gel Extraction Kit (Qiagen, 

Maryland) and ligated overnight with Amersham’s Ready-To-Go T4 DNA Ligase 

(Piscataway, NJ).  Ligations were transformed into DH5α Supercompetent cells 
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(Invitrogen, Carlsbad, CA) and DNA was analyzed for the insert by digestion, prior to 

sequencing through the UCSD Cancer Center. 

 

Topo Cloning 

 To create expression vectors of Elk-1, SAP, and NET, Topo TA Cloning Kit 

(Invitrogen, Carlsbad, CA) was used according to the manufacturer’s protocol.  High 

Fidelity Taq Polymerase was used in the 20 µl PCR reaction with Reverse Transcribed 

RNA from LβT2s as the template.  PCR conditions were as follows: 95˚C for 4 min., 

95˚C for 1 min., 54˚C for 2 min., 68˚C for 2 min., and 68˚C for 10 min. steps 2-4 were 

repeated for 40 cycles. Primers used for cloning Elk, SAP, and NET are listed in Table 

2.  The samples were inserted into TOPO intermediate vectors and transformed into 

TOP10 competent cells.  DNA from the TOPO intermediate vector was isolated and 

analyzed with restriction digest.  Elk-1 and SAP were double digested with KpnI and 

XhoI while NET was digested with HindIII and NotI.  Vector backbone pcDNA 3.1 + 

and - were also double digested with the enzymes that were used for the insert.  The 

orientation of the insert in the TOPO vector determined whether it was to be ligated 

into pcDNA 3.1+ or pcDNA 3.1- so the insert was in the correct orientation for coding 

protein.  The cut vector was treated with calf intestinal phosphatase and vectors and 

digested samples were run on 1% agarose gel from which they were gel purified and 

ligated.  As descried above, DNA was digested for the insert and samples positive for 

the insert were sent for sequencing and analyzed using the DS Gene alignment 

program. 
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Mutagenesis 

Mutagenesis of the c-Fos promoter luciferase was performed using the 

QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) following the 

manufacturer’s instructions.  The oligonucleotides used for mutagenesis of the wild-

type promoter are described in Table 3.  PCR conditions for mutagenesis were as 

follows: 95˚C for 30 sec., 95˚C for 30 sec., 55˚C for 1 min., 68˚C for 14 min., then 

repeat steps 2-4 for 18 cycles followed by 37˚C for 1 hour of Dpn treatment.  

Mutations were confirmed by dideoxyribonucleotide sequencing performed by the 

DNA Sequencing Shared Resources, UCSD Cancer Center. 

 

Transient Transfections 

LβT2s were plated in 12-well plates one day prior to transfection in DMEM 

10% FBS.  FuGENE 6 transfection reagent (Roche Molecular Biochemicals, 

Indianapolis, IN) was used for transfecting cells following the manufacturer’s 

instructions.  Each well was transfected with 0.5 µg of a luciferase-reporter plasmid 

and 0.1 µg of TK β-galactosidase, a reporter plasmid driven by a Herpes virus 

thymidine kinase (TK) promoter as a control for transfection efficiency.  In addition, 

some experiments required the transfection expression vectors in which case 200 ng of 

the expression vector was used, unless otherwise noted.  One day after transfection, 

the cells were starved in serum-free DMEM with 0.1% BSA overnight.  43 hours after 

transfection, cells were treated with one of the following 10 nM or 100 nM GnRH as 

indicated in the figure legends, 100 nM TPA, 1 µM Forskolin, 5 µM Ionomycin, or 
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0.1% ethanol as vehicle control, for 5 hours.  In selected experiments, wells were also 

treated with inhibitors for 10 minutes before GnRH or TPA treatment.   

 

Luciferase and β-galactosidase Assay 

Forty-eight hours after transfection, cells were rinsed with 1 X PBS and lysed 

with 100 nM KPO4 buffer containing 0.2% Triton X-100.  20 µl of each of the cell 

lysates was plated into 96-well Nunc plates and luciferase activity was measured on a 

luminometer (Veritas Microplate luminometer from Turner Biosystems) by injecting 

100 µl of buffer containing 25 mM Tris pH 7.8, 15 mM MgSO4, 10mM ATP, and 65 

µM luciferin into each well.  Using the Tropix Galacto-light β-galactosidase assay 

(Applied Biosystems, Foster City, CA) and following the manufacturer’s instructions, 

β-galactosidase activity was measured on the luminometer.  Transfections were 

performed in triplicate and repeated a minimum of three times.   

 

Multimers 

Oligonucleotides (Table 4) were synthesized by Integrated DNA Technologies.  

Top and bottom oligos were diluted to a concentration of 100 µM and 10 µl of each 

was annealed in 10% NaCl by bringing the mix to a boil for three minutes and allowed 

to cool to room temperature producing 10 µM annealed oligo.  Annealed multimers 

were phosphorylated with T4 kinase and ligated into pGL3 vector, treated with calf 

intestinal phosphatase, in which the luciferase was driven by the thymidine kinase 

promoter.   Ligated samples were transformed into DH5α supercompetent bacterium 

and plated on agar plates with ampicillin.  DNA was extracted from the colonies using 
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the Qiagen Miniprep Kit and analyzed for an insert by PCR.  Products were run on a 

2% gel to determine which clone contained an insert; sequence was confirmed by 

sequencing through the UCSD Cancer Center.  Sequencing was analyzed using DS 

Gene alignment program. 

 

Whole Cell Extract 

 After overnight starvation in serum-free DMEM supplemented with 0.1% BSA 

LβT2 cells were treated with 10 nM or 100 nM GnRH, or 100 nM TPA, 5µM 

Ionomycin, or 1 µM Forskolin.  Treatment was for 30 minutes or 3 hours.  In indicated 

experiments, cells were transfected with 5 µg expression vectors 48 hours prior to 

harvesting.  Additionally, some plates were treated with 10 µM H-89, 10 µM KN-93, 

1 µM BIM, 5 µM UO 126, 20 µM SB 202190, or 10 µM SP 600125 for 10 minutes 

prior to hormone treatment.  The cells were rinsed with 1X PBS and lysed with lysis 

buffer: 20 mM Tris pH 7.4, 140 mM NaCl, protease inhibitors from Sigma, 1 mM 

PMSF, 10 mM NaF, 1% NP-40, 0.5 mM EDTA, and 1 mM EGTA.  Protein 

concentration was determined using Bradford reagent (Bio-Rad, Hercules, CA) in 

which protein concentrations were calculated using a standard curve. 

 

Immunoprecipitation 

 1 mg of whole cell extracts, unless otherwise noted, was precipitated with anti-

rabbit antibody to Elk-1 (Abcam).  Protein extract was thawed on ice and 1 mg was 

transferred to a tube with 5 µl of rabbit antibody to Elk-1, 5 µl of protease inhibitors, 

and 10 mM of NaF.  After incubation in the cold room for 1 hour, 20 µl of Protein A 
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Magnetic Beads (New England Biolabs) was added and allowed to incubate in the 

cold room for another hour.  The immunoprecipitate was cleared using a magnetic 

rack, washed 3 times in the lysis buffer and the protein/ bead mixture was resuspended 

in 25 µl of 2X sample buffer (125 mM Tris pH 6.8, 20% glycerol, 4% SDS (10% 

stock), 10 mM β-mercaptoethanol, and 0.02% bromophenol blue). 

 

Western Blot 

Equal amounts of protein per sample were loaded with 2 X or 4 X sample 

buffer into an SDS-PAGE gel with 4% stacking gel and 10% or 12.5% separating gel.  

After the proteins were resolved in the gel, they were transferred to a polyvinylidene 

fluoride (PVDF) membrane.  The membrane was blocked with 10% milk in wash 

buffer (20 mM Tris pH 7.4, 0.1% tween, 150 mM NaCl, and 0.5% BSA) then probed 

with antibodies to: phospho-Elk-1 (Abcam), phospho-SRF (Cell Signaling), Elk-1 

(Abcam), or SRF (Santa Cruz).  Bands were detected using goat anti-rabbit IgG linked 

to Horseradish peroxidase (HRP) (Santa Cruz) secondary antibody and bands were 

detected on film after treatment with Enhanced Chemiluminescence (ECL) Western 

Blotting Detection Reagent (GE Healthcare).  The GeneGnome Bio Imaging 

Chemiluminescence (Syngene, Frederick, MD) reader was used to quantify the bands.  

To measure total protein, membranes were stripped by rotating the membrane at 60˚C 

for 1 hour with strip buffer (50 mM Tris pH 6.8, 5% SDS, and 100 mM β-

mercaptoethanol).  After stripping, the membrane was re-exposed to ECL and 

autoradiography to ensure complete removal of the antibody and then blocked again 

with milk and reprobed for the total protein. 
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Nuclear Extract 

 Nuclear Extracts were obtained from LβT2 or Cos-1 cells.  The same 

conditions used for the whole cell extracts applied to nuclear extracts.  To obtain 

nuclear extracts, the cells were allowed to swell with hypotonic buffer (20 mM Tris 

pH 7.4, 10 mM NaCl, 1 mM MgCl2, 1 mM PMSF, protease inhibitor cocktail from 

Sigma (Sigma-Aldrich), 10 mM NaF, 0.5 mM EDTA, 0.1 mM EGTA) and then 

passed 3 times though a 255/8 G needle.  After spinning down the nuclear material, the 

pellet was resuspended in hypertonic buffer (20 mM Hepes pH 7.8, 20% glycerol, 420 

mM KCl, 1.5 mM MgCl2, 1 mM PMSF, protease inhibitor cocktail (Sigma-Aldrich), 

10 mM NaF, 0.5 mM EDTA, 0.1 mM EGTA).  After incubating for 20 minutes, the 

samples were centrifuged and supernatant aliquoted and frozen until use.  Protein 

determination was performed using the Bradford reagent, same as in the whole cell 

extracts. 

 

EMSA 

Oligonucleotides for probes were obtained from Integrated DNA Technologies 

and annealed, then labeled with γ32P ATP using T4 Polynucleotide Kinase (New 

England Biolabs, Inc., Beverly, MA) and column purified using Micro Bio-Spin 

Chromatography Columns (Bio-Rad Laboratories, Inc., Hercules, CA); both reagents 

were used according to manufacturers protocol.  Binding reactions were 20 µl and 

contained 2 µg of nuclear extract, 10 mM Hepes pH 7.8, 50 mM KCl, 0.5 mM MgCl2, 

10% glycerol, 0.1% NP-40, 0.25 µg didC, 5 mM DTT, and 5 fmol of probe.  In 

competition or antibody shift assays (competitor oligonucleotide sequences in table 5), 
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1 nM of unlabeled oligonucleotide or 1 µg antibody was added to the binding reaction.  

Electrophoresis was carried out on a 5% nondenaturing polyacrylamide gel.  Gels 

were run at 250V/cm2, dried and autoradiography was performed to identify 

complexes. 

 

Statistical Analysis 

 All experiments were performed a minimum of three times with transfections 

run in triplicate.  Transfection efficiency was controlled by dividing the luciferase 

values by β–galactosidase reading and individual experiments were normalized by 

dividing the luciferase/ β–galactosidase ratio by control vector pGL3-luciferase/ β–

galactosidase ratios.  All normalized luciferase over β–galactosidase values were 

averaged from three of the experiments and ANOVA statistical analysis was 

performed using the JMP7 program with significance set at p<0.05.  Values from 

western blot quantifications were also normalized and three experiments averaged and 

presented as fold induction from control-treated cells and (*) represents values that are 

statistically significant as analyzed by one-way ANOVA. 
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Table 2- 1:  Truncation primers for c-Fos used in subcloning. 

 
Primer Sequence 
-600 5’-CGG GGTACC TAG GAA CAG AGG CTT-3’ 
-400 5’-CGG GGTACC GGC CCC GGT TCC CCC-3’ 
-200 5’-CGG GGTACC ATC CCA AAT GTG AAC-3’ 

 
 
Table 2- 2:  Primers for cloning expression vectors, TOPO Cloning. 
 
Primer Sequence 
Elk-1 forward 5’-ACTCGCAGGTACTCCTGGAA-3’ 
Elk-1 reverse 5’-AGATGGCTAACTGGAGAGTTC-3’ 
SAP-1 forward 5’-GTCTTTGAGGTCCGAGTGTGA-3’ 
SAP-1 reverse 5’-GTCTCTCAGTCCACAACTGCAC-3’ 
NET-1 forward 5’-GAAATCTCCCCAAGAAGACTCC-3’ 
NET-1 reverse 5’-TACGAAAAGTGCAAACCAAATG-3’ 

 
 
Table 2- 3:  Mutated c-Fos promoter sequence. 
Only forward primers are shown, all changed bases are underlined in bold font. 
 
Primer Sequence 
WT 335-TCCCTCCCTCCTTTACACAGGATGTCCATATTAGGACATCTGCGTCAGCAG-285 
Ets1 335-TCCCTCCCTCCTTTACAAAAAATGTCCATATTAGGACATCTGCGTCAGCAG-285 
Ets2 335-TCCCTCCCTCCTTTACACAGGAAATCCATATTAGGACATCTGCGTCAGCAG-285 
SRF 335-TCCCTCCCTCCTTTACACAGGATGTAAATATTAAAACATCTGCGTCAGCAG-285 
SRF2 335-TCCCTCCCTCCTTTACACAGGATGTCCATATTAGGATTTCTGCGTCAGCAG-285 
EtsSRF 335-TCCCTCCCTCCTTTACAAAAAATGTAAATATTAAAACATCTGCGTCAGCAG-285 
WT 313-TGTCCATATTAGGACATCTGCGTCAGCAGGTTTCCACGGCCGGT-270 
AP-1 313-TGTCCATATTAGGACATCTGAAAAAGCAGGTTTCCACGGCCGGT-270 
AP-1/Stat 313-TGTAAATATTAAAACATCTGAAAAAGCAGGTTTCCACGGCCGGT-270 
WT 362-CTGCAGCCGGCGAGCTGTTCCCGTCAATCCCTCCCTCCTTTACA-319 
Stat 362-CTGCAGCCGGCGAGCTGTAAACGAAAATCCCTCCCTCCTTTACA-319 
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Table 2- 4: Multimer Sequences. 
Bold and underlined section represents the sequence that is repeated. 
 
Multimer Sequence 
Ets 5’-CACAGGATGTCCACAGGATGTCCACAGGATGTCCACAGGATGTC-3’ 
SRF 5’-TCCATATTAGGATTCCATATTAGGATTCCATATTAGGATTCCATATTAGGA-3’ 
Ets+SRF 5’-CACAGGATGTCCATATTAGGACCACAGGATGTCCATATTAGGACCACAGGATG 

TCCATATTAGGACCACAGGATGTCCATATTAGGAC-3’ 
 
 
Table 2- 5: Probe and Competitor Sequence. 
Mutated nucleotides in the competitors are shown in bold underline. 
 
Probe Sequence 
WT Fos 5’-CTTTACACAGGATGTCCATATTAGGACATC-3’ 

A 5’-CTGGGCACAGGATGTCCATATTAGGACATC-3’ 
B 5’-CTTTAAAAAGGATGTCCATATTAGGACATC-3’ 
C 5’-CTTTACACAAAATGTCCATATTAGGACATC-3’ 
D 5’-CTTTACACAGGACCTCCATATTAGGACATC-3’ 
E 5’-CTTTACACAGGATGAAAATATTAGGACATC-3’ 
F 5’-CTTTACACAGGATGTCCGGGTTAGGACATC-3’ 
G 5’-CTTTACACAGGATGTCCATAGGGGGACATC-3’ 
H 5’-CTTTACACAGGATGTCCATATTAAAACATC-3’ 
I 5’-CTTTACACAGGATGTCCATATTAGGGGGTC-3’ 
J 5’-CTTTACACAGGATGTCCATATTAGGACAGG-3’ 
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III 

Results 

 
 
 

GnRH Response Maps to the -400 to -200 Region of the c-Fos Promoter 

 The immediate early gene, c-Fos, is induced by GnRH treatment in pituitary 

gonadotrope cells.  Studies in primary gonadotropes have shown that mRNA levels of 

c-Fos are increased by GnRH activation [42] and c-Fos mRNA and protein levels are 

induced by GnRH treatment in LβT2 cells [53].  Therefore, we analyzed the molecular 

mechanism of GnRH induction of the c-Fos gene using LβT2 cells as a model for the 

gonadotrope.  The murine c-Fos expression vector contains 1000 base pairs (bp) from 

the transcriptional start site of the c-Fos promoter linked to a luciferase reporter.  It is 

induced 8.4 fold with 5 hours of GnRH treatment in LβT2 cells.  To identify regions 

of the c-Fos promoter critical for the induction by GnRH, truncations consisting of 

different promoter lengths were created and analyzed in transient transfection assay.  

For these experiments, 0.5 µg of -1000, -600, -400, or -200 bp c-Fos promoter 

luciferase-reporter plasmid along with 0.1 µg of thymidine kinase-β-galactosidase (β-

gal) control plasmid were transfected into LβT2 cells.  Cells were treated with vehicle 

control or 10 nM GnRH for five hours prior to harvest.  Luciferase and β-gal 

expression were measured and level of GnRH induction was analyzed as described in 

the Methods and Materials section.  For each truncation, GnRH treatment was 

normalized to the vehicle control and results are presented as fold induction.  
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Induction of the c-Fos promoter by GnRH decreased with promoter length and a 

significant drop in induction occurred when the promoter was truncated from 400 to 

200 bp promoter lengths (Figure 1).  The -400 bp promoter resulted in 4.8 fold 

induction by GnRH where the -200 bp promoter had 2.2 fold induction by GnRH 

indicating a reduction of 54.2%.  Thus, GnRH activity on the c-Fos promoter maps 

primarily to the region between -400 and -200 bp from the transcription start site.   

 Four putative binding elements for STAT, Ets, SRF, and AP-1 or CREB 

transcription factors were identified in this region (Figure 2).  Site-directed 

mutagenesis in the -1000 bp c-Fos reporter plasmid was performed with 

oligonucleotides that specifically mutate the STAT, Ets, SRF, and AP-1/CREB sites 

(listed in Table 3).  The plasmids with point mutations in the sites indicated by the 

bolded text were evaluated in transient transfections (Figure 3).  Mutations in the 

STAT and AP-1/CREB sites of the c-Fos promoter had no significant affect on 

induction by GnRH and mutation in the Ets site had no negative effect on GnRH 

induction.  However, mutation in the SRF site resulted in a 67.2% decrease in 

induction by GnRH.  Likewise, a double mutation containing the SRF and Ets 

sequence mutations caused a similar decrease in induction by GnRH.  Since STAT 

and AP-1/CREB site mutations had little affect on GnRH induction and 

phosphorylation of CREB was not detected in western blots (data not shown), the role 

of these transcription factors in activation of the c-Fos promoter was not further 

investigated. 

 Early studies from Stewart Leung and Neil G. Miyamoto [54] suggested that 

the inverted repeats consisting of 7 bp palindromic sequences that flank the core SRF 
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site, CC(A/T)6GG, play a role in SRF binding efficiency.  Thus, another mutation was 

created in the inverted repeat flanking the 3’ side of the core SRF sequence and named 

SRF2 mutation.  Transient transfections performed with the mutated promoters 

revealed that mutations in the inverted repeats had no significant affect on induction of 

c-Fos by GnRH (Figure 4) elucidating that the core 10 bp SRF site is critical for the 

GnRH response.  In the c-Fos promoter, the SRE site is located juxtaposed to the Ets 

binding site, and both SRF and Ets sites play roles in growth factor induction of c-Fos 

in a plethora tissues [55, 56].  Due to the surprising result obtained with the Ets 

mutation not affecting GnRH induction, we created a second mutation in the Ets site.  

However, that mutation also did not have any effect on the fold induction by GnRH.  

This illustrates GnRH induction of c-Fos requires the SRF site.   

 Numerous studies have shown that growth factors activate c-Fos through 

MAPK phosphorylation of TCF members in various cell types.  To mimic growth 

factor activation, LβT2 cells were treated with TPA or MEK1, which activate the PCK 

and ERK1/2 pathways, respectively.  Transient transfections were performed and cells 

were transfected with a constitutively active MEK1 expression vector or treated with 

10 nM GnRH or 100 nM TPA for 5 hours.  Figure 5 shows the fold induction of each 

of the activators on the wild-type c-Fos promoter and reporters containing mutations 

in the Ets and SRF sites.  As shown previously with GnRH, the SRF1 mutation 

abrogated induction by each of the treatments.  However, the Ets1 mutation prevented 

induction by TPA and MEK1 but not GnRH.  Thus, the Ets1 and SRF1 sequences are 

required for activation of c-Fos through PKC and the ERK1/2 pathway, but only the 

SRF sequence is critical for induction by GnRH. 
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Figure 3- 1: The -400 to -200 region of the c-Fos promoter is required for GnRH 
induction of c-Fos. 
LβT2 cells were transfected with different lengths of the c-Fos promoter fused to 
luciferase-reporter plasmid and the β-galactosidase control plasmid and assayed for 
luciferase and β-galactosidase expression levels.  Data represents the means of three 
independent experiments, each performed in triplicate, with results expressed as 
GnRH fold induction normalized to vehicle control and pGL3.  Truncation of the 
promoter from 400 bp to 200 bp decreased GnRH fold induction 54.2% .  (*) indicates 
a statistically significant decrease in GnRH induction with p<0.05. 
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Figure 3- 2:  Putative Binding Elements in the c-Fos Pomoter. 
The -400 to -200 region of the murine c-Fos promoter contains putative binding 
elements for Stat, Ets, SRF, and AP-1/CREB transcription factors.  The Stat site is 
located at -345 bp, while Ets site located at -318, adjacent to the SRF site at -310, and 
the AP-1/CREB site is at -295 bp. 
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Figure 3- 3:  Site-directed mutagenesis of c-Fos Promoter indicates that the SRF 
site is critical for GnRH induction. 
LβT2 cells were transfected with c-Fos promoter contianing mutations in the putative 
binding sites indicated in Figure 2.  Bolded letters in the wild-type (WT) sequence 
represent the base pairs mutated, while the boxes indicate the respective binding 
elements.  Cells were treated with vehicle control or 10 nM GnRH.  Luciferase β-
galactosidase ratio was normalized to pGL3 and values represented as GnRH fold 
induction are an average of three experiments performed in triplicate.  Mutation in the 
SRF site resulted in 67.2% decrease in induction by GnRH and mutation in both the 
Ets and SRF (Ets+SRF) sequence had a 72% reduction in GnRH induction.  (*) 
represents significant decrease in GnRH fold induction with p<0.05. 
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Figure 3- 4:  GnRH induction of c-Fos promoter mutations illustrates the 
requirement for SRF1. 
Boxed sequences represent the respective binding domains of the Ets, SRF, and AP-
1/CREB sites.  Bolded letters represent the mutations (1) from Figure 3, while two 
additional mutations in the Ets and SRF sequences are underlined.  The dotted arrows 
mark the 7 bp inverted repeats thought to play a role in SRF binding.  Cells were 
treated with vehicle control or 10 nM GnRH and results are presented as GnRH fold 
induction.  SRF1 mutation resulted in a 67.2% decrease in GnRH induction while the 
other mutations did not reduce fold induction by GnRH.  (*) represents a statistically 
significant decrease in fold induction by GnRH with p<0.05. 
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Figure 3- 5:  Induction of c-Fos promoter by different activators. 
LβT2 cells were transfected with the wild-type c-Fos promoter and those mutated in 
the Ets or SRF sites.  Cells were treated with 10 nM GnRH, 100 nM TPA, or 
transfected with constitutively active MEK1 expression vector.  SRF1 mutation 
abrogated induction by each of the treatments.  Mutation in the Ets1 sequence 
prevented induction due to TPA and MEK1 treatment, but not GnRH.  (*) represents 
statistically significant decrease in induction with p<0.05. 
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The SRF Site is Sufficient for Induction by GnRH 

 SRF is constitutively bound to the SRE in the c-Fos promoter and reports have 

stated that the binding is not sufficient to induce transcription of c-Fos, but rather it 

requires interaction with a TCF through the Ets site for activation [44].  To assess 

whether this applies to GnRH activation of c-Fos in the gonadotropes, we created 

multimers fused to a heterologous TK-luciferase reporter which is not activated by 

GnRH.  A multimer consists of four copies of a binding element and is used to 

determine whether that particular sequence is sufficient for induction.  If treatment is 

able to induce the reporter through activation of the multimer then the binding element 

is said to be sufficient for induction.  For the purposes of our study, we created 

multimers of Ets, SRF, and EtsSRF binding sequences.  Transient transfections were 

done using these multimer TK-luciferase linked reporter plasmids and β-galactosidase 

control plasmid.  Each reporter was transfected with MEK1 expression vector or 

treated with vehicle control, 10 nM GnRH, 100 nM TPA, 1 µM Forskolin, or 5 µM 

Ionomycin, independently.  Results are presented in Figure 6 as level of induction by 

each of the treatments.  These data illustrate that SRF alone is sufficient for induction 

by GnRH, evident by the 11.7 fold induction of the SRF multimer by GnRH, while the 

Ets site is not.  Furthermore, neither the Ets nor SRF sequences alone are capable of 

being activated by other treatments.  Both the Ets and SRF sites are required for 

mimicking growth factor activation of c-Fos, as indicated by TPA and MEK1 

induction of the Ets+SRF multimer.  This result is consistent with the results obtained 

with the mutations in the c-Fos promoter, where both Ets and SRF sites were needed 

for induction by TPA and MEK1.  The presence of the Ets site augments the GnRH 
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response, as induction of both the Ets and SRF sites together is considerably higher 

than with SRF alone.  In all, this experiment confirms that both the Ets and SRF sites 

are required for growth factor activation of c-Fos and reveals that, in contrast, the SRF 

site is sufficient for induction by GnRH. 
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Figure 3- 6:  SRF site is sufficient for GnRH induction. 
LβT2 cells were transfected with Ets, SRF, and Ets+SRF multimers with β–
galactosidase control plasmid.  Cells were treated with vehicle, 10 nM GnRH, 100 nM 
TPA, 1 µM Forskolin, or 5 µM Ionomycin for five hours or cotransfected with 
constitutively active MEK1 expression vector for 48 hours.  Results are represented as 
fold induction from vehicle control for each of the treatments with (*) indicating 
statistically significant induction. 
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Binding of SRF and Elk-1 to the c-Fos Promoter 

 Electrophoretic mobility shift assays (EMSAs) were performed to identify 

complexes that may bind the c-Fos promoter and are involved in GnRH induction.  

Using -320 to -292 bp c-Fos promoter region as a probe, containing both the Ets and 

SRF binding domains, LβT2 cells nuclear extracts were analyzed for protein binding.  

Nuclear extracts, from LβT2 cells treated with vehicle or GnRH for 15 minutes, were 

incubated in binding reactions with the c-Fos probe.  Elk-1, phospho-Elk-1, SRF, 

phospho-SRF, or SAP antibodies were included to determine the identity of the 

different transcription factors binding the probe (Figure 7).  GnRH treatment of LβT2 

cells caused a change in two complexes, indicated with arrows 1 and 2 in Figure 7.  

Complex 1 increases in intensity following GnRH treatment.  This complex is 

supershifted with antibodies to SRF, indicating that SRF is constitutively bound to the 

c-Fos promoter, consistent with previously published reports [48].  The difference in 

binding intensity from control to GnRH treated extracts, arrow 1, is supershifted with 

antibodies specific for the phosphorylated form of SRF (lanes 9 and 10), indicating 

that the increase in SRF binding following GnRH treatment is due to SRF 

phosphorylation.  The complex indicated by arrow 2 only appears after GnRH 

treatment and is supershifted with the Elk-1, phospho-Elk-1, and with SRF antibodies 

(arrows 3 and 4) suggesting that it is an Elk-1/SRF complex, which only forms after 

GnRH induced phosphorylation of Elk-1, which may increase its interaction with SRF.  

Under these conditions, we could not detect a SAP containing complex, nor could we 

detect Elk-1 alone binding.  Either the binding reaction was not optimal for Elk-1 or 

Elk-1 is always present in the complex with SRF on the c-Fos promoter.  Thus, we can 
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conclude that the increase in binding to the c-Fos promoter as a result of GnRH 

treatment is due to the phosphorylation of both SRF and Elk-1. 

 To evaluate which base pairs in the Ets and SRF binding elements are needed 

for protein interaction with the c-Fos promoter, oligonucleotides with scanning 

mutations (Table 5) were created and used in 200 fold excess as competitors in 

EMSAs.  Nuclear extracts were collected from LβT2 cells and incubated in the 

binding reaction with the oligonucleotides containing scanning mutations A-J, 10 

minutes prior to addition of the P32 labeled wild type probe.  Figure 8A shows results 

from the competition assay with vehicle-treated LβT2 cell nuclear extracts.  

Oligonucleotides with scanning mutations in the SRF core binding domain, lanes 7-

10, are not able to compete for the SRF complex (arrow 1), illustrating that these base 

pairs are necessary for binding of the SRF complex.  Similarly, 15 minute GnRH-

treated cell nuclear extracts displayed a similar trend (Figure 8B).  With GnRH 

treatment, the Elk-1/SRF complex (arrow 3) emerges, which we identified in Figure 7 

as containing both Elk-1 and SRF.  This complex appears only to require the SRF 

sequence for binding, since mutations in the SRE prevent competition.  WT and 

competitors with mutations in the Ets site (A-D) (lanes 2 to 6), were able to compete 

for the Elk-1/SRF complex (arrow 3) present in lane 1.  However, when the core SRF 

sequence is mutated (lanes 7-10 with mutant competitors E-H), the Elk-1/SRF 

complex reappears, as the oligonucleotides are not able to compete.  This illustrates 

that the SRF sequence is required for Elk-1/SRF complex binding, but that the Ets 

sequence is not essential.  SRF antibody was included in a binding reaction (lane 13), 

and it supershifts (arrow 2) complexes labeled with arrows 1 and 2, confirming that 
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both bands of interest contain SRF.  Overall, Figure 8 demonstrates the requirement of 

the SRF sequence for both SRF and Elk-1/SRF complex interaction with the promoter, 

and interestingly, it shows that the Ets site does not appear to be necessary for Elk-

1/SRF binding.  To confirm the site requirement for Elk-1 and SRF, gel shifts were 

performed with nuclear extracts from Cos-1 cells that were transfected with an Elk-1 

or a SRF expression vector (Table 2).   Figure 9A shows the competition assay in 

which SRF over-expressed Cos-1 cell nuclear extract was incubated with the c-Fos 

probe with wild-type sequence and scanning mutations B-I.  Arrow 1 indicates SRF 

bound to the probe, which is confirmed by the entire supershift of this band with the 

SRF antibody in lane 12, marked by arrow 4.  The band indicated by arrow 2 is the 

Elk-1/SRF complex since lanes 14 and 15 containing antibodies for Elk-1 and 

phospho-Elk1, respectively supershifts this band, arrow 3, in addition to the SRF 

antibody, confirming the presence of Elk-1 and SRF in the complex.  With SRF 

overexpressed, more SRF is available to recruit endogenous Elk-1 which accounts for 

the increased intensity of the Elk-1/SRF complex bands.  In addition, the shift in lane 

15 acquired with the phospho-SRF antibody confirms the presence of phosphorylated 

SRF.  Furthermore, competition with scanning mutations B-I confirm that SRF 

binding and TCF interaction requires the intact SRF sequence, E-H.  Nuclear extracts 

from Cos-1 cells with Elk-1 overexpressed were analyzed in EMSA with 200-fold 

cold competition with scanning mutations described above and are represented in 

Figure 9B.  In the control extract, lane 1, SRF is observed bound to the probe by itself, 

indicated by arrow 1.  However, with overexpression of Elk-1, the Elk-1/SRF complex 

is observed, arrow 2.  SRF is constitutively bound to the c-Fos promoter but is also 
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known to recruit Elk-1, thus, with Elk-1 overexpressed, Elk-1 is in excess and all of 

the endogenous SRF is observed as a complex with Elk-1.  Furthermore, incubation 

with antibodies in lanes 12-15 demonstrates that proteins binding the probe are Elk-1 

and SRF due to the supershifts seen with their respective antibodies, arrows 3 and 4.  

In addition, binding of overexpressed Elk-1 extracts confirm that while mutations in 

the Ets sites, C and D, were not able to compete as well as seen in the LβT2 cells 

nuclear extracts, it is the SRF site, lanes 7-9 (E, F, and G), that is primarily required 

for Elk-1 binding.  In summary, Figure 9 further demonstrates that the SRF site is 

primarily responsible for Elk-1 binding in the Elk-1/SRF complex and is required for 

SRF binding.  Scanning mutations in the Ets site competed well for binding indicating 

they have little importance in binding of Elk-1 and the Elk-1/SRF complex in the c-

Fos promoter. 
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Figure 3- 7:  Elk-1 and SRF bind to the c-Fos promoter. 
Nuclear extracts from vehicle and GnRH-treated LβT2 cells were used in EMSA to 
detect complexes binding to the -320 to -292 region of the c-Fos promoter.  Antibodies 
for Elk-1, phospho-Elk-1, SRF, phospho-SRF, SAP, and control IgG were added to 
the binding reactions as indicated above.  Numbers indicate complex of interest: 1- 
SRF containing complex, 2- Elk-1 and SRF complex, 3- supershift of Elk-1 and SRF 
complex with both Elk-1 and phospho-Elk-1 antibodies, 4- SRF antibody supershifts 
the entire SRF containing complex (arrow 2 and the Elk-1 SRF complex, arrow 1). 5- 
phospho-SRF antibody supershifts the SRF containing complexes. 
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Figure 3- 8:  SRF sequence is necessary for GnRH-induced complex binding to 
the c-Fos probe. 
LβT2 cell nuclear extracts were used in a competition EMSA.  Table 5 contains the 
oligonucleotides with scanning mutations A-J that were used in the 200x cold 
competition EMSAs.  SRF antibody was used to confirm SRF binding while IgG was 
added for a control.  A) Control cell extracts.  Arrow 1 indicates SRF bound to the 
promoter and arrow 2 shows the SRF band is supershifted with addition of SRF 
antibody to the binding reaction.  B)  EMSA with 15 minute GnRH-treated cell 
extracts.  Arrow 1 represents SRF bound to the probe and arrow 3 shows the presence 
of the Elk/SRF complex.  Arrow 2 shows SRF supershifted with the SRF antibody. 
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Figure 3- 9:  SRF sequence is primarily responsible for Elk/SRF complex 
binding. 
SRF or Elk-1 was overexpressed in Cos1 cells and nuclear extracts were collected and 
run in EMSA with 200x cold competition of oligonucleotides with scanning 
mutations, in which every 3 bp is mutated (Table 5), were included in the binding 
reaction.  A)  SRF overexpressed cell extracts.  Arrow 1 represents SRF bound to the 
probe while arrow 2 indicates the Elk-1/SRF complex with endogenous Elk-1 protein.  
Arrow 3 demonstrates the supershift of the Elk-1/SRF complex with total Elk-1 and 
phospho-Elk-1 antibodies, while arrow 4 shows the supershift of both the SRF and 
Elk-1/SRF complexes with total SRF antibody in lane 12.  B)  The same assay was 
performed with Elk-1 overexpressed Cos1 cell nuclear extracts. 
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GnRH phosphorylates Elk-1 through ERK1/2 and p38 pathways 

 After establishing that Elk-1 binds to the c-Fos promoter, we examined the 

mechanism by which GnRH is able to activate it.  Elk-1 was the first TCF discovered 

and many studies have shown its involvement in the regulation of c-Fos.  Most of 

these studies have been done under the influence of growth factors and activation of c-

Fos is consistent with growth factor phosphorylation of Elk-1 through the MAPK 

pathway [45].  Thus, we were interested to see which pathway plays a role in GnRH 

activation of Elk-1 and induction of c-Fos in the gonadotrope-derived LβT2 cell line.  

Since we observed a supershift with phospho-Elk-1 antibody in the EMSA, we wanted 

to see if Elk phosphorylation could be detected by western blotting.  LβT2 cells were 

treated with GnRH for different time points and the cell extracts were 

immunoprecipitated with Elk-1 and resolved on an SDS PAGE gel.  Blotted with 

phospho-Elk-1, the membrane illustrates that Elk-1 protein is rapidly and transiently 

induced by GnRH, evident by the presence of the phospho-Elk-1 band, about 60 kd 

(Figure 10), after 15 and 30 minutes of GnRH treatment and its disappearance after 60 

minutes of GnRH treatment.  Since rapid and transient phosphorylation of Elk-1 by 

GnRH can be detected by western blotting, this method was used to investigate the 

mechanism of GnRH induction of Elk-1. 

 To analyze the signaling pathways through which GnRH activates Elk-1, LβT2 

cells were treated with different inhibitors, in addition to GnRH treatment, and the 

level of Elk-1 phosphorylation detected by western blot.  Figure 11A shows the 

phosphorylation of Elk-1 after cells were treated with inhibitors UO125, SB 202190 

and SP 600125 which block the ERK1/2, p38, and JNK pathways respectively.  This 
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blot demonstrates that treatment with UO126 prevents GnRH induction of Elk-1, as 

noted by the lack of the phospho-Elk-1 band, indicated with an arrow, after GnRH 

treatment.  Figure 11B is the loading control for the phospho-Elk1 blot confirming that 

equal amounts of protein were loaded in each lane.  The set of experiments was 

repeated three times with the addition of inhibitors to block the PKA, PKC, and 

CaMKII pathways.  Each gel was quantified and induction of GnRH to control is 

represented from the three different experiments in Figure 12.  The quantification of 

the membranes confirmed that the ERK1/2, in addition to the p38 pathway play a role 

in GnRH activation of Elk-1, since their inhibitors, UO126 and SB 202190, 

significantly decrease GnRH activation of Elk-1.  These pathways play a role in 

GnRH activation of c-Fos in LβT2 cells (data not shown) and indicate that they likely 

play a role in c-Fos induction through phosphorylation of Elk-1. 
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Figure 3- 10:  Elk-1 is rapidly and transiently phosphorylated by GnRH 
treatment. 
LβT2 cells were treated with GnRH at time points indicated above and 1 mg of whole 
cell extract was immunoprecipitated with Elk-1 antibody.  The protein was resolved 
on a 10% SDS PAGE gel and transferred to a membrane where it was blotted for 
phosphorylated Elk-1.  The arrow indicates the presence of phosphorylated Elk-1 
around 60 KD. 
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Figure 3- 11:  Elk is phosphorylated by the ERK1/2 signaling pathway. 
LβT2 cells were treated with inhibitors: UO126 to block ERK1/2, SB202190 for p38, 
and SP600125 for JNK, for 10 minutes followed by 30 minutes of GnRH treatment.  
Whole cell extracts were collected from these cells and 25 µg analyzed by western 
blot.  A) Western blot of the protein resolved from 10% PAGE and blotted for 
phospho-Elk1.  Inhibitors and the pathway that they inhibit are listed above respective 
lanes; (-) indicates no GnRH treatment while (+) indicates cells were treated with 
GnRH for 30 minutes.  B)  Loading control for part A.  The experiment is the same 
except the membrane was blotted for total Elk.   
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Figure 3- 12:  Quantification of phospho-Elk-1 also confirms that the ERK1/2 
and p38 pathways are required for GnRH induction. 
Quantification of Elk-1 and phospho-Elk-1 probed membranes from Figure 11.  
Values are combined from three experiments and (*) indicates a significant decrease 
in GnRH fold induction. 
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GnRH Activates SRF through the CaMKII Pathway 

 Gel shifts showed that the SRF complex is supershifted with phospho-SRF 

antibody indicating SRF phosphorylation due to GnRH treatment.  It is generally 

thought that SRF is activated through its interaction with phosphorylated Elk-1/TCF.  

Therefore, we investigated the mechanism of GnRH activation of SRF using the same 

technique as was used to analyze GnRH signaling of Elk-1 phosphorylation.  SRF is 

ubiquitously present, but at very low levels, and thus is difficult to detect by western 

blot from LβT2 whole cell extracts, so cells were transfected with SRF expression 

vector before treatment with inhibitors and GnRH.  Transfected cells were treated with 

BIM, H-89, KN-93, UO126, SB 202190, or SP 600125 inhibitors, which block the 

PKC, PKA, CaMKII, ERK1/2, p38, and JNK pathways respectively, followed with 

GnRH treatment.  Whole cell extracts were obtained from these cells and following 

electrophoresis and transfer, the membranes were blotted with phospho-SRF antibody 

(Figure 13).  Phosphorylation of SRF by GnRH is blocked by the inhibition of the 

CaMKII or PKA pathways.  Figure 13B presents membrane blotted for total SRF 

illustrating that the SRF protein was not induced with GnRH treatment.  The 

experiment was repeated three times and quantified (Figure 14).  Statistical analysis 

verified that inhibition of the CaMKII or PKA pathways resulted in a significant 

decrease in GnRH induction of SRF phosphorylation.  The fact that inhibiting these 

pathways prevents GnRH activation of SRF indicates that they play a role in GnRH 

induction of c-Fos. 

 To confirm the role of SRF in GnRH induction of c-Fos, the cells were 

transfected with a dominant-negative SRF expression vector, in which the DNA-
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binding domain was mutated.  This resulted in reduced basal c-Fos expression and 

reduced GnRH induction (Figure 15), providing further evidence that SRF is 

important in GnRH induction of c-Fos in LβT2 cells. 

 Finding that SRF is activated by GnRH through CaMKII on the c-Fos 

promoter is surprising since c-Fos promoter activation requires Elk-1 phosphorylation 

and its interaction with SRF, as mentioned above.  To investigate the actions of 

CaMKII, LβT2 whole cell extracts were transfected with an SRF expression vector 

and a constitutively active CaMKII (CA CaMKII), or treated with Ionomycin, a 

calcium ionophore, or GnRH.  The extracts were collected and analyzed by western 

blot (Figure 16).  Phosphorylation of SRF was detected following GnRH and 

Ionomycin treatment, and following overexpression of CA CaMKII, as indicated by 

the arrow.  Thus, constitutively active CaMKII is sufficient to phosphorylate SRF. 

 Additionally, transient transfections were performed with the constitutively 

active CaMKII expression vector.  Overexpressed with the c-Fos promoter, the 

luciferase/β–galactosidase ratio was normalized to the vehicle.  Figure 17 illustrates 

that CA CaMKII causes a statistically significant increase in c-Fos expression, thus 

confirming that CaMKII is sufficient to induce c-Fos likely through phosphorylation 

of SRF.  Overall, our studies have discovered that GnRH induces Elk-1 

phosphorylation in LβT2 cells through the ERK1/2 and p38 MAPK pathways.  

Furthermore, we have established that the SRF-binding sequence element alone is 

sufficient for GnRH induction in LβT2 cells via CaMKII activation and that only the 

core SRF sequence is required for interaction of both SRF and Elk-1/SRF complexes 

on the c-Fos promoter.
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Figure 3- 13:  GnRH activates SRF through either the CaMKII or PKA pathway. 
LβT2 cells were transfected with SRF expression vector and treated with the 
inhibitors: UO126 to block ERK1/2, SB202190 for p38, SP600125 for JNK, H-89 for 
PKA, KN-93 for CaMKII, and BIM for PKC, for 10 minutes followed by 3 hours of 
GnRH treatment.  Whole extracts were obtained and equal amounts of protein was 
loaded for each western blot.  A) 75 µg of protein were resolved in 10% PAGE.  The 
membrane was blotted for phospho-SRF which is indicated by the arrow.  The top 
band is nonspecific binding activity of the antibody.  B)  10 µg of protein were 
resolved in 10% PAGE and the membrane was blotted for total SRF as a control for 
part A.  Total SRF is indicated by the arrow. 
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Figure 3- 14:  Quantification of phosphorylated SRF Western blots confirms that 
GnRH requires CaMKII and PKA signaling for activation of SRF. 
Western blots described in Figure 13 were repeated three times and each blot was 
quantified to measure amount of phospho-SRF.  This graph represents the combined 
quantification of the three experiments and (*) indicates a significant decrease in 
GnRH phosphorylation of SRF as a result of the specific inhibitor: UO126 blocking 
ERK1/2, SB202190 for p38, SP600125 for JNK, H-89 for PKA, KN-93 for CaMKII, 
and BIM for PKC. 
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Figure 3- 15:  Dominant-Negative SRF decreases basal expression and GnRH 
induction of c-Fos. 
Cells were transfected with -1000 bp c-Fos promoter luciferase-reporter plasmid, β-
galactosidase control plasmid driven by thymidine kinase, and dominant-negative SRF 
expression vector where the DNA-binding domain is mutated (SRFm).  Cells were 
treated with vehicle or GnRH for 5 hours.  The experiment was run in triplicate and 
repeated three times.  Results are represented as fold induction from control vector 
transfected, vehicle treated cells and normalized to pGL3.  (*) represents statistically 
significant decrease in basal (control) and GnRH induction. 
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Figure 3- 16:  Ionomycin, constitutively active CaMKII, and GnRH are each 
sufficient to phosphorylate SRF. 
LβT2 cells were transfected with SRF expression vector and constitutively active 
CaMKII (CA CaMKII) which contains a mutation making it constitutively active, or 
treated with 3 hours of GnRH or Ionomycin.  Whole cell extracts were obtained and 
western blots were probed.  A) 75 µg of protein was resolved in 10% PAGE and 
transferred to a membrane that was blotted for phospho-SRF, indicated by an arrow.  
(-) is the vehicle control extract while other lanes were treated with GnRH, Ionomycin 
(Iono), or transfected with CA CaMKII. B)  10 µg of protein from extracts used in part 
A were loaded in 10% PAGE and transferred to a membrane blotted for total SRF, 
indicated by an arrow, as a control for part A. 
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Figure 3- 17:  CaMKII is sufficient to activate c-Fos. 
Cells were co-transfected with -1000 bp c-Fos luciferase reporter plasmid and CaMKII 
1-290 constitutively active expression vector along with β–galactosidase control 
plasmid.  Levels of luciferase and β–galactorsidase activity were measured and results 
are presented as induction normalized to empty expression vector, from three different 
experiments repeated in triplicate.  This graph represents the vector control compared 
to induction by CaMKII 1-290. (*) indicates statistically significant increase in 
induction.  
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Discussion 

 
 
 

Follicle-stimulating hormone, released from gonadotropes of the anterior 

pituitary, is responsible for gametogenesis and essential for proper reproductive 

functioning.  Composed of an α and a β subunit, FSH is a heterodimeric glycoprotein 

whose biological specificity is conferred by the β subunit, which is also the limiting 

factor in FSH synthesis.  The importance of FSHβ in the reproductive cycle has been 

illustrated by studies in which female mice deficient in FSHβ are infertile due to a 

block in folliculogenesis [33, 57].  As a result, the mechanisms underlying the 

regulation of FSHβ gene expression has become an important field of investigation. 

 Gonadotropin-releasing hormone plays a central role in the synthesis and 

secretion of FSH and thus its role in regulation of FSHβ has been investigated.  

Investigations involving FSHβ activation have been correlated with increases in c-Fos 

and are centered around the general signaling mechanisms activated when GnRH 

binds to its G-protein coupled receptor on the pituitary gonadotropes [39, 58, 59].  

However, more recently studies by Coss et. al. have discovered a single AP-1 half site 

on the murine FSHβ promoter that is responsible for maximal induction by GnRH 

[39].  In addition, this study showed that overexpressed c-Fos and c-Jun proteins are 

sufficient to induce FSHβ which is consistent with studies that c-Fos is induced by 
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GnRH [53, 60].  Though the signaling pathways activated by GnRH to induce c-Fos 

have been previously studied, the mechanisms have yet to be associated with 

transcription factor activation.  Thus, the purpose of these studies was to determine 

which transcription factors are important in the expression of c-Fos and establish how 

the signaling pathways correlate with activation of these transcription factors [39, 59]. 

 GnRH activation of the murine c-Fos promoter maps to the SRF-binding site 

within the 400 bp proximal promoter region.  Truncations of the -1000 bp murine c-

Fos promoter (Figure 1) result in steady decreases in induction with a significant drop 

in induction from the -400 bp to the -200 bp promoter.  Analysis of this region 

revealed the presence of four putative binding elements for STAT, Ets, SRF, and AP-1 

or CREB transcription factors, which are known to be found in the c-Fos promoter and 

are responsible for the ability of c-Fos to respond to a large number of stimuli [43, 61].  

Upon mutation of each of these sites and analysis in transient transfection, we 

determined that only the SRF site is important for c-Fos induction by GnRH (Figure 

3).  Mutations in STAT and AP-1 or CREB sites had very little affect on induction by 

GnRH while the Ets site mutation had no negative affect on GnRH induction.  

Previous studies reported that the core SRF sequence is important for stimulation of c-

Fos in differentiated tissues with stimuli other than growth factors [62].  However, 

some literature has suggested that the inverted repeats surrounding the SRF site are 

important for binding [54], thus more mutations were created to mutate the inverted 

repeats and further evaluate their role in induction by GnRH.  Analysis of this 

mutation (SRF2) in transient transfection showed that they were not necessary for 
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GnRH induction of c-Fos (Figure 4), as there was no change in fold induction by 

GnRH. 

Two separate mutations in the Ets site established that this site does not play a 

role in GnRH induction of c-Fos, which is contrary to what was reported for growth 

factor induction of this gene.  The TCF consensus sequence GGAT/A  [50] is essential 

for growth hormone [46] and growth factor [63] mediated transcription of c-Fos.  

Thus, a portion of this sequence was changed to create each of the Ets mutations and 

Figure 5 illustrates that these mutations did not have a significant affect on GnRH 

induction of c-Fos.  Moreover, treating the transfections containing each of the 

mutants (Ets and Ets2, SRF and SRF2, and STAT and AP-1/CREB) with TPA or 

MEK1 which activate the PKC and ERK1/2 pathways, respectively, demonstrates that 

in addition to SRF, the Ets site is required for induction by these activators, which 

mimic growth factor activation.  This is in agreement with previous studies that 

growth factor activation of c-Fos involves the recruitment of a TCF [43].  Therefore, 

GnRH regulation of c-Fos likely occurs through SRF. 

 This was confirmed with the use of multimers.  Namely, the multimer which 

contains only SRF sequence is sufficient for the induction by GnRH but not by mimics 

of growth factor signaling.  Multimers and gel shifts illustrate that the SRF binding 

site is sufficient for GnRH induction of c-Fos.  Transfections using Ets, SRF, and 

Ets+SRF site multimers (Table 4) provide evidence that the SRF sequence is sufficient 

for statistically significant induction by GnRH (Figure 6).  Furthermore, when treated 

with TPA or MEK1, instead of GnRH, activation in the Ets+SRF multimer reaches 

statistical significance, which agrees with earlier studies that the Ets site is required for 
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TCF recruitment and growth factor activation.  In addition, gel shifts with competitors 

that contain scanning mutations verify that the SRF sequence is important for GnRH-

induced protein interaction with the c-Fos promoter (Figures 8 and 9).  These gel shifts 

illustrate that mutations in the SRF nucleotide sequence render the probes unable to 

compete for binding for the Elk-1/SRF complex, in addition to SRF alone, with the 

wild-type probe, indicating the requirement of this sequence for the complex to be 

able bind.  Furthermore, gel shifts support the activation of an Elk-1/SRF complex by 

GnRH, in addition to an increase in the amount of phosphorylated SRF (Figure 7).  

Previous literature suggests that major regulatory input to the SRE for growth factor 

activation of c-Fos occurs through TCF phosphorylation [45, 48, 61, 64].  Though our 

studies demonstrate that the Ets site is not required for GnRH induction, it does not 

dismiss interaction of a TCF with SRF.  The gel shifts demonstrate that a member of 

the TCF family, Elk-1, forms a complex with SRF on the c-Fos probe and the complex 

is formed through the SRF sequence which verifies that the SRF and not Ets site is 

important.  Our data, however, indicate that SRF may be activated through both TCF 

phosphorylation and complex formation and through phosphorylation of SRF itself.  

TCF phosphorylation and activation of the SRF/TCF complex is activated by ERK1/2.  

In differentiated cell types, it is possible for the SRE to be activated independently of 

the TCF.  In a review by Hill and Treisman, 1995 [56], they compared the differential 

activation of c-Fos through different activation pathways mediated by tyrosine kinases 

versus G-protein coupled receptors.  In contrast to tyrosine kinases, which respond to 

growth factors and activate c-Fos through TCF phosphorylation, G-protein coupled 

receptors require activation of the SRE independent of TCF phosphorylation.  Given 
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that GnRH signals through Gαq/11 and GnRH induction of the Ets+SRF multimer is 

significantly higher than the SRF multimer alone, GnRH may activate c-Fos through a 

combination of growth factor and TCF independent signaling. 

Elk-1 and SRF are the transcription factors that interact with the c-Fos 

promoter following induction by GnRH.  EMSAs with binding reactions containing 

antibodies for Elk-1, phospho-Elk-1, SRF, and phospho-SRF transcription factors 

cause a supershift in the binding complex, indicating interaction of these proteins with 

the probe.  Additionally, antibody specific for the phosphorylated forms of these 

proteins was used in western blots for both Elk-1 and SRF to analyze their activation 

as a result of GnRH treatment in LβT2 cells extracts (Figure 10, phospho-SRF data 

not shown).  The phosphorylation of Elk-1 is rapid and transient, as observed by its 

appearance after 15 minutes of GnRH treatment and disappearance after 60 minutes of 

GnRH treatment.  Furthermore, Elk-1/SRF complexes are observed in gel shifts after 

15 minutes of GnRH treatment in LβT2.  This activation is observed through 

supershifts seen with the addition of antibodies in the binding reaction.  Antibody 

specific to SRF is able to supershift the entire complex, including the band that 

supershifts with Elk-1 antibodies.  This is consistent with reports that TCFs are 

recruited to the SRE by SRF and can only bind the SRE via SRF interaction [65, 66].  

Furthermore, both the Elk-1/SRF and SRF complexes are supershifted with antibody 

to the phosphorylated form of the protein, which illustrates that the protein complex is 

active after GnRH treatment (Figures 7 and 9).  Moreover, the increase in intensity of 

the SRF complex band after GnRH treatment can be attributed to the activation of 

SRF, demonstrated by the elimination of difference in intensity of the SRF complex 
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between the control and GnRH-treated extracts with the addition of phospho-SRF 

antibody (lanes 9 and 10 in Figure 7).  SRF is constitutively bound to the promoter 

[67], and while it can interact with other TCFs, such as SAP and NET, given our 

results, we can conclude that Elk-1 is the TCF interacting with SRF after GnRH 

induction.  Although SAP and Elk share parts of their amino acid sequences, their 

binding properties are very different, as exemplified by the property that SAP binds to 

c-Fos DNA with high affinity whereas Elk-1 binds poorly [50, 68].  These differences 

in binding affinities may be attributed to a reorientation of structure upon interaction 

with SRF (22).  Nonetheless, they are both capable of binding cooperatively with SRF 

to the SRE.  However, we were unable to detect SAP by western blot (data not shown) 

and we failed to see a supershift with SAP antibody in gel shifts.  Therefore, GnRH 

results in the phosphorylation of Elk-1 and this selectivity to the Elk-1 TCF and not 

SAP, may contribute to the requirement of the SRF site only, since Elk-1 forms the 

complex. 

 Elk-1 is activated through ERK1/2 and p38 MAPK signaling pathways.  Given 

our data that Elk-1 is phosphorylated with GnRH treatment in LβT2 cells (Figure 10), 

we investigated the mechanism by which it is phosphorylated.  Previous studies have 

shown that growth factor activation of Elk-1 on c-Fos is mediated through the ERK1/2 

and p38 pathways [41, 48, 69].  Western blot analysis treating LβT2 cells with 

inhibitors and GnRH (Figure 11), determined that GnRH activates Elk-1 

phosphorylation in the gonadotropes in the same manner as other growth factors; 

through the ERK1/2 and p38 pathways.  Although the JNK MAPK pathway is capable 
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of activating Elk-1 [41, 50] and JNK can be activated by GnRH [24, 70], it does not 

appear to have a role in GnRH activation of Elk-1. 

 GnRH stimulates SRF activation independently of TCFs.  Growth factor 

activation of c-Fos leads to SRF activation via phosphorylation of the TCF by one of 

the MAPKs [43, 64].  In differentiated cell types, such as muscle, SRF binds the 

CArG element, CC(A/T)6GG, which is the SRE without the adjacent Ets site, and 

undergoes site specific phosphorylation, at multiple possible residues, that regulate 

SRF function [51], in response to multiple signaling pathways depending on the 

stimulating factor [56, 71].  Transfections using the multimers determined that the 

SRF site is sufficient for activation by GnRH and gel shifts demonstrated that SRF 

interacts with the promoter.  Furthermore, western blot analysis of the signaling 

pathways leading to SRF phosphorylation demonstrates that GnRH activation of SRF 

requires the calcium/calmodulin kinase II (CaMKII).  This finding is confirmed with 

the use of constitutively active CaMKII, which is able to induce phosphorylation of 

SRF, and ionomycin, which causes an increase in intracellular calcium and activation 

of CaMKII, which is also able to induce phosphorylation of SRF (Figure 16).  Thus, 

SRF is activated by GnRH through the CaMKII signaling pathway. 

Somewhat surprising is the observation that PKA is also involved in GnRH 

activation of c-Fos.  Though we did not detect activation of CREB or its family 

members by GnRH through western blot (data not shown) or importance of the 

CREB/AP-1 site in transfections, there is a possibility that a CRE exists further 

upstream in the c-Fos promoter that is responsible for a portion of the GnRH induction 

of SRF through PKA [72].   
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 GnRH activation of ERK1/2 is still not clear.  Some studies have shown that it 

involves the PKC, while others demonstrate that Ras, via interaction with EGFR, is 

upstream [17].  However, studies by Roberson et al. have demonstrated that the GnRH 

receptor is associated with c-Raf kinase and calmodulin in lipid rafts [14].  In our 

study, the PKC inhibitor, BIM, had no effect on GnRH phosphorylation of either Elk-

1 or SRF.  Therefore, we are in agreement that GnRH receptors are associated in lipid 

rafts with c-Raf kinase and calmodulin.  The activation of both c-Raf kinase which 

phosphorylates Ras to activate ERK and p38 and the release of calmodulin, in addition 

to calcium, would explain the phosphorylation of Elk-1 through MAPKs and SRF 

through CaMKII independently of PKC (Figure 18). 

In previous studies of ours and others, activation of c-Fos in LβT2s has been 

linked to the ERK1/2 pathway [53].  In addition, we have also shown through transient 

transfection with inhibitors that c-Fos activation requires calcium, p38 and ERK1/2, 

and PKA and CaMKII signaling pathways (data not shown).  These pathways are 

required for activation of the Elk-1 and SRF transcription factors, respectively.  These 

same pathways that at present are taken to regulate c-Fos expression, are also 

necessary for FSHβ induction by GnRH.  To characterize in greater detail the 

mechanism by which GnRH activates Elk-1 and SRF interaction, it will be necessary 

to examine the roles of each of the phoshorylation domains on these proteins.  Also, 

Elk-1 knockdown experiments will be needed to determine the necessity for Elk-1 in 

GnRH activation of c-Fos. 

 In this study, we addressed the signaling mechanisms and investigated the 

identity of the transcription factors involved in GnRH regulation of the c-Fos gene.  
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Our conclusion is that GnRH regulates c-Fos through a combination of growth factor 

signaling pathways and CaMKII with emphasis on SRF phosphorylation.  
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Figure 4- 1:  Schematic for GnRH induction of c-Fos in LTβ2 cells. 
GnRH induces ERK1/2 and CaMKII signaling cascades to phosphorylate Elk-1 and 
SRF in the nucleus resulting in transcription of c-Fos. 
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