
ABSTRACT 

GORE, ARNOLD JESSE.  Activin Induction of the Ovine Follicle-Stimulating Hormone β-
Subunit is Mediated by Smad4 and a Forkhead Box Transcription Factor. (Under the 
direction of Dr. William L. Miller). 
 

 Follicle stimulating hormone (FSH) is a α/β glycoprotein produced in all vertebrate 

pituitary gonadotropes that is required for egg maturation, and enhances the performance and 

maturation of sperm.  Currently, the precise physiological mechanisms that increase FSH are 

unknown, but are complex since its expression is controlled by at least 6 hormones.  The 

most potent inducer of FSH is activin that directly stimulates transcription of its rate-limiting 

β-subunit (FSHB) by targeting specific elements within the promoter of the FSHB gene.   

 Activin is widely known to activate the transcription factors Smad2/3.  It also 

activates mitogen-activated protein kinase (MAPK) pathways that regulate gene expression 

by phosphorylating various transcription factors.  Early responses to Smad- and MAPK-

mediated gene regulation typically occur rapidly and transiently (1-4 hrs).  This rapid time-

course does not explain progressive activin induction of an ovine FSHB (oFSHB) 

promoter/reporter construct in LβT2 cells, which peaks at 22 hrs.  Therefore, induction of 

oFSHB by activin likely depends on secondary, or primary and secondary transcription 

factors.   

 Previously, a DNA sequence was discovered in our laboratory between -171 bp and   

-159 bp of the oFSHB promoter that is necessary for 68 % of activin induction in LβT2 cells, 

and is also required for 99.9 % of oFSHB expression in vivo.  Thus, the activin-responsive 

proteins bound to this site are critical and physiologically important mediators of oFSHB 

synthesis and FSH production.  This element consists of a Smad binding element (SBE) 

juxtaposed downstream to a putative Runx/forkhead box (FOX) protein binding site, 



consistent with the necessity for secondary factors that are induced over time.  This study 

sought to further characterize this region of the oFSHB promoter and the factors involved in 

activin induction of oFSHB. 

 Binding studies revealed that Smad4 from LβT2 cells binds a palindromic SBE at a 

maximal level after 20 hrs of activin, mimicking the progressive kinetics of oFSHB 

induction.  This binding was competed 85 % with a wild-type oFSHB oligonucleotide that 

encompassed the -162 bp SBE, indicating that Smad4 can bind to the oFSHB promoter.  

Additionally, overexpression of a dominant negative Smad4 reduced the level of activin 

induction by 62 %.  These data provide strong evidence that Smad4 is involved in activin-

mediated oFSHB transcription.  

 Other studies ruled out participation of Smad2 and 3 in activin induction of oFSHB, 

but there is evidence supporting participation of a FOX transcription factor.  Inhibition of 

p38, a kinase involved in oFSHB expression, blocked activin induction of oFSHB only after 

8 hrs, dividing the progressive, activin-mediated increase into two phases.  This suggested 

the involvement of an alternate and activin-regulated gene required for the second phase, 

such as Runx or FOX family members.  Focus was directed towards FOX genes since Runx is 

not usually regulated.  One candidate gene, FOXQ1, was identified that was transiently 

induced up to 4.5-fold by activin at 8 hrs.  This correlated directly with the time at which the 

p38 inhibitor blocked oFSHB induction.  Given that Smad4 is not activin-regulated, either 

transcriptionally or post-translationally, is not an independent transcription factor, and that 

the physiologically important site from -171 bp to -159 bp consists of FOX/Smad binding 

sites, FOXQ1 may be necessary for oFSHB synthesis.  However, FOXQ1 is only one of 43 

FOX family members all of which bind the same DNA sequences.  Therefore, other FOX 



proteins may also be important mediators of oFSHB induction.  Further studies are required 

to prove that FOXQ1, and not another FOX member, is a key driver of FSH production. 
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LITERATURE REVIEW 

I.  Follicle Stimulating Hormone: Structure and Function   

 Follicle Stimulating Hormone (FSH) is a pituitary hormone critical for the 

maintenance of normal reproductive function in all vertebrates.  FSH is known as a 

gonadotropin because it affects only gonadal cells, and is necessary for their stimulation and 

gamete production.  It is produced in the anterior pituitary solely within gonadotrope cells, 

which are named that because they are the only cells that produce FSH.  In males, it acts only 

on Sertoli cells in the testes and enhances the maturation and performance of sperm (1).  In 

females, it specifically targets granulosa cells in the ovary leading to the stimulation of 

follicle growth, or folliculogenesis (1), the process for which the name FSH is derived.  

Another pituitary gonadotropin, luteinizing hormone (LH), also acts on ovaries and testes, 

and in conjunction with FSH, plays a major role in the delicate mechanisms that regulate 

reproduction. 

 FSH is a heterodimeric protein composed of two subunits; α and β.  Both subunits are 

post-translationally glycosylated on two specific asparagine residues, and tertiary structure is 

provided for the α- and β-subunits through five and six internal disulfide bonds, respectively 

(2, 3).  These subunits are non-covalently joined to form a biologically active hormone that is 

secreted only by pituitary gonadotropes.  Throughout the reproductive cycle, the circulating 

levels of mature FSH vary.  Regarding folliculogenesis in humans, over the course of three 

cycles or months, increasing concentrations of FSH lead to the development of numerous 

follicles from immature primordial follicles to mature and significantly larger tertiary 

follicles that contain an ovulation-ready egg.  More than 1000 follicles reach tertiary status 
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during the third month.  Only a single, highly mature follicle will gain dominance and 

ovulate during the LH surge that is accompanied by minor FSH surge (4, 5). The other less 

mature follicles enter atresia (follicle apoptosis) due to a reduction of FSH levels (4).  A 

secondary rise in FSH is thought to be important for recruiting follicles for the next ovulatory 

cycle.  Therefore, the biological processes that mediate these changes in FSH levels leads to 

reproductive regulation. 

 Although the functional form of FSH exists as a heterodimer, it is important to note 

that the α-subunit is actually common to other pituitary hormones including LH and the 

thyrotrope-specific hormone, thyroid-stimulating hormone (TSH).  Thus, the β-subunit 

confers specificity to each hormone and is rate-limiting for the overall production of these 

hormones.  The physiological importance of the β-subunit of FSH, FSHB, was highlighted 

through the use of transgenic mouse models.  Female mice deficient in FSHB lack estrous 

cycles and are sterile (1).  Males, however, are fertile despite notable reductions in both 

sperm numbers and testicular size (1).  This indicates that in males, FSH is not essential for 

spermatogenesis, but is for testicular volume and maximal sperm performance.  These 

abnormalities can be rescued through pituitary-specific expression of a human FSHB 

transgene, indicating that the phenotypic effects were specifically caused by a deficiency in 

FSHB (6).  Interestingly, massive overexpression of FSHB in mice also results in 

reproductive abnormalities and infertility (7).  Controlled overexpression, however, causes 

increased ovulation (8) indicating that the physiological amount of FSHB is critical for 

maintaining normal reproduction.  Since FSHB ultimately controls the biological functions of 
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FSH it is critical to understand the molecular mechanisms, both positive and negative that 

regulate FSHB and ultimately the levels of FSH in vivo. 

II.  Positive Regulation by Gonadotropin-Releasing Hormone 

 The decapeptide, Gonadotropin-Releasing Hormone (GnRH), is produced within the 

hypothalamus and acts on pituitary gonadotropes to stimulate synthesis and secretion of FSH.  

GnRH is released in a pulsatile fashion that can vary in both frequency and amplitude (9).  

While slower pulses tend to favor transcription of FSHB, faster pulses selectively induce 

expression of the β-subunit of LH, LHB (10).  Precisely how GnRH can induce differential 

expression of FSHB and LHB is not completely understood, but certainly involves distinct 

regulatory mechanisms.  

 The GnRH receptor (GnRH-R) is a G-protein coupled receptor that upon stimulation 

by GnRH, induces multiple intracellular signaling pathways.  Several components activated 

by these pathways have been documented to influence FSHB expression, such as cAMP, 

protein kinase C (PKC), mitogen-activated protein kinases (MAPKs), and 

phosphatidylinositol-3 kinase (11-17, 20).  Studies that focused on ovine FSHB (oFSHB) first 

indicated that PKC and AP-1 complexes were important for induction by GnRH (17, 18).  

Since MAPKs can be activated by PKC, these studies suggested possible interaction between 

various pathways activated by GnRH.  Moreover, they suggested that MAPKs may be 

involved because they are known to modulate the activity of AP-1 complexes (19).   

 A subsequent study confirmed the involvement of PKC and MAPKs in the induction 

of oFSHB by GnRH, and in rodents, MAPKs seem to be important as well (13-15, 20).   

GnRH is capable of activating all MAPK members, including p38, extracellular signal- 
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regulated kinase (ERK), and c-Jun N-terminal kinase (JNK), but precisely which MAPK 

regulates FSHB induction by GnRH seems to vary.  For example, in rats ERK is involved in 

the response (13), however, in mice, p38 seems to be more critical even though a role of 

ERK was also implied (14).  The involvement of JNK is less clear, but it has been suggested 

that it maintains basal FSHB expression in rats, although it does not play a role in the 

response to GnRH (15), even though it is GnRH-responsive.  Collectively, these studies have 

shown that GnRH is capable of stimulating ovine and rodent FSHB production through 

MAPK pathways and AP-1 complexes.  This is consistent with the fact that GnRH can 

induce a significant increase in FSHB expression within 2 hrs because transcription of most 

AP-1-responsive genes occurs rapidly (13, 19).   

 GnRH is responsible for 50 – 67 % of FSH levels in vivo (21), and hypogonadal (hpg) 

mice, which lack GnRH, are sterile due to low levels of LH and FSH (22).  This genetic 

defect can be corrected to restore FSH production and fertility (22).  Therefore, GnRH is 

undoubtedly important for FSH production, however, its inductive effects are rather weak 

and often indirect since GnRH stimulates general transcription and translation in 

gonadotropes.  Throughout the species studied to date, GnRH only increases fshb levels by 

an average of 2- to 3-fold (13, 15, 17, 20, 23).  The majority of FSH secretion actually seems 

to occur independently of GnRH receptor-mediated signals (24).  Thus, other factors that 

positively regulate FSHB also merit attention. 

III.  The Transforming Growth Factor-β (TGFβ) Superfamily 

 Members of the transforming growth factor-β (TGFβ) superfamily have a diverse 

array of cellular functions including, growth, differentiation, and tissue reorganization.  More 
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than 60 members have been identified thus far, with assignment to the superfamily being 

based on a seven-cysteine motif in a conserved C-terminal domain (25).  These members 

include activins, bone morphogenetic proteins (BMPs), growth/differentiation factors 

(GDFs), TGFβs, mullerian inhibitory factor (MIF) and inhibins, and each member or group 

can contain multiple isoforms (Figure 1).   

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Members of the TGFβ superfamily (26).  The TGFβ family consists of many members, such as 
BMPs, GDF, TGFβs, MIF, activins and inhibins.  They can act on many different cell types within the body 
resulting in specific biological outcomes. 
 
 
 They are expressed within numerous cell types, but tend to be secreted near their 

targets, where they act as autocrine and/or paracrine factors to locally modify specific 

cellular functions in those cells with the appropriate receptors.  These ligands initiate a series 

of complex intracellular signaling events that are necessary for maintaining normal 

physiological functions.  Deregulated TGFβ family signaling has been implicated in many 

human diseases, such as autoimmune diseases, vascular disorders and cancer (27). Moreover, 

targeted disruption of some members is lethal in mice (28, 29).  Some of the TGFβ 
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superfamily members, such as activins, have been found to elicit potent and direct effects on 

FSHB expression, either alone or in concert with other hormones like GnRH.  They are 

believed to control the majority of FSH production in vivo, so their roles in FSHB regulation 

and thus, reproduction, deserve special consideration. 

A.  Activin 

 Activin was first isolated over 20 years ago from gonadal fluid as a nonsteroidal 

molecule and was named due to its ability to “activate” FSH secretion from the pituitary (30, 

31).  The induction of FSHB by activin is potent, with maximal expression being as much as 

25- to 50-fold (13, 32, 33), and direct, since increases in FSHB primary transcript and mRNA 

levels are blocked by actinomycin-D (34).  Like other TGFβ family members, activin is 

expressed in a variety of tissues, including the gonads and pituitary, which implies that FSHB 

regulation by activin may occur through endocrine, and paracrine or autocrine mechanisms.  

Due to the broad expression of activin, important roles in other bodily processes have also  

been discovered, such as in inflammatory responses (35), suppression of breast cancer cell 

growth (36), and erythropoiesis (37). 

 Like most members of the TGFβ family, activins are produced as precursor proteins, 

which are proteolytically cleaved to form active ligands.  Structurally, functional activin 

exists as a homo- or heterodimer of two highly related β-subunits.  There are three possible  

molecular species and their names reflect the type of subunit assembly: activin A (βA-βA), 

activin B (βB-βB), and activin AB (βA-βB) (Figure 2).  Another dimeric TGFβ family 

member, inhibin, is composed of an activin β-subunit and a unique α-subunit to yield either 

inhibin A (α-βA) or inhibin B (α-βB) (Figure 2). 
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Figure 2:  The assembly and various isoforms of activin and inhibin (38).  Cleaved precursors produce 
mature forms of βA (green) and βB (yellow) subunits resulting in the production of three different activin homo- 
or hetero-dimers.  Binding of either to a unique, mature α-subunit (red) yields two possible inhibin isoforms. 

B

 

 Both activin A and activin B can stimulate FSHB expression, although activin A 

seems to be the more potent of the two (39).  Physiologically, however, activin B seems 

highly relevant because in rat pituitary cultures FSHB mRNA levels and FSH secretion is  

attenuated in the presence of a bioneutralizing antibody (40).  An in vivo function of activin 

A on FSH production cannot be excluded, but its precise role is difficult to discern given that 

activin A deficient mice die at birth (28).  Nevertheless, most in vitro studies of FSH 

regulation examine the actions of activin A since it is more potent and was the first 

commercially available isoform (41).  Additionally, it binds to and activates the same 

receptors as activin B, initiating the same intracellular signaling pathways, thus making the 

substitution valid. 

 B.  Receptors for the TGFβ Superfamily  

 The TGFβ family of ligands exert their biological effects through binding to two  

types of dimeric serine/threonine kinase receptors, termed type I and type II.  These consist 

of a small extracellular domain and a large intracellular kinase domain.  In vertebrates, there 
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are seven type I receptors, referred to as activin receptor-like kinases (ALK) 1-7, and five 

type II receptors.  The type II receptor is constitutively phosphorylated and ligands bind them 

with high affinity (42), however, the signal is not transduced solely by type II receptor:ligand 

interaction.  Instead, this complex recruits the lower affinity type I receptor, which cannot 

bind ligands on its own.  Upon formation of the receptor:ligand complex, the type I receptor 

is transphosphorylated by the type II receptor in a region known as the GS box, which is 

critical for downstream signaling events.  This generates the first step of an activin/TGFβ 

signaling pathway.  The type I receptor then propagates the signal through a series of 

complex intracellular signaling pathways (Figure 3).  

                                                                  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Model for signal initiation by the activin receptor (adapted from [42]).   ActRII is the primary 
receptor that recruits type I receptors by means of a bound activin (diamond).  Subsequent phosphorylation of 
the GS domain (striped box) by ActRII allows the type I receptors to propagate the signal to downstream 
substrates. 
 
  
C.  Activin Receptors and their Importance in FSH Regulation  

 For activin, there are two known type II receptors, ActRII and ActRIIB, and either is 
 
sufficient for interaction with and activation of type I receptors.  The functional importance 

of the type II receptor alone was shown in ActRII deficient mice, which have reduced 
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fertility due to low FSH production (43).  Two amino acids in activin, Asp-27 and Lys-102, 

are critical for type II receptor binding and biological activity.  Substituting Ala for Lys at 

position 102 results in a 10-fold decrease in FSH release from rat pituitary cells (44).  

 Once bound to either of the type II receptors, the activin-ActRII/IIB complex can 

interact with four different type I receptors, ALK1/2/4/7, although, it only transduces signals 

through three, ALK2/4/7 (39, 45).  To date, ALK2 is not known to modulate FSH production 

in response to activin, but both ALK4 and ALK7 are (39).  For three reasons, ALK4 seems to 

be the preferred receptor-kinase that mediates FSHB expression.  First, overexpression of 

ALK4, but not ALK7, significantly potentiates the ability of activin A to induce FSHB (39).  

Second, a constitutively active form of ALK4 is sufficient for induction (39, 46), and third, 

pharmacological inhibition of ALK4 blocks the ability of activin to induce FSH expression 

(47).  The role of ALK7 is less clear, but may be the preferential receptor for transducing 

activin B signals (48).  However, ALK4 may still be more important in activin B signaling 

since overexpression of a wild-type or kinase-dead form of ALK4 augments or inhibits 

FSHB induction by activin B, respectively, to greater extents than the same forms of ALK7 

(39).  Regardless of the activin:receptor complex composition, many intracellular signaling 

events are activated by the type I receptors.  These can regulate transcriptional and thus, 

biological responses independently, or in conjunction with one another through cross-talk at 

various levels. 
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IV.  Transduction of TGFβ Family Signaling Through Smad Proteins

A.  Smad Classification and Structure 

 Perhaps the best characterized transducers of TGFβ family signaling are the Smad 

family of proteins that consists of eight members, known as Smads1-8.  The Smad family is 

divided into three distinct classes:  receptor-regulated (R-Smads), common-partner (Co-

Smads) and inhibitory (I-Smads) (Figure 4).  In vertebrates, there are five R-Smads (Smads1, 

2, 3, 5, and 8), two I-Smads (Smads 6 and 7), and one Co-Smad (Smad4).  Structurally, all 

Smads contain highly conserved sequences at their N- and C-termini, which are termed Mad 

homology (MH) 1 and MH2 domains, respectively, and are separated by a divergent proline-

rich linker region (Figure 4).  The N-terminal region of I-Smads, however, is only weakly 

similar to the MH1 domains of R- and Co-Smads, which may have a role in determining   

signal specificity (49).  The MH2 domain of R-Smads is important for interaction with and 

activation by the type I receptors.   

 
 

Smad4

SXS

Smad4Smad4Smad4

 
 
 
 
 

Smad4

 SXS

 
 
 
 
 
 
 
 
 
Figure 4:  The Smad family (adapted from [27]).  Phylogenetic tree and schematic structures of vertebrate 
Smads.  There are three subgroups: R-Smads, I-Smads, and Co-Smads. MH1 (green) and MH2 (blue) domains 
contain sequences of high homology.  The C-terminal SXS motif of R-Smads is phosphorylated by activated 
type I receptors. 
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B.  Activation and Nuclear Translocation of Smads 
 
 Binding of R-Smads to an activated type I receptor results in direct receptor-mediated 

phosphorylation of the second and third serines in their C-terminal SSXS motif (Figure 4).  

Phosphorylation leads to conformational changes allowing R-Smad dissociation from the 

receptor, followed by homo- and hetero-meric complex formation that consists of two R-

Smads and one Smad4 (50).  The MH2 domain also mediates the formation of these Smad-

Smad complexes.  This active Smad complex then translocates into the nucleus where it can 

positively regulate transcription of target genes, such as Smad6 and 7, through direct contact 

of the MH1 domains to specific sequences termed Smad binding elements (SBEs) (Figure 5). 

   
 
 

 

 

 

 

 

 

 

 
 
Figure 5:  Activation of R- and Co-Smads and mechanism of action of I-Smads (adapted from [27]).   
Following activation of the type I receptor, R-Smads are phosphorylated.  They dissociate from the receptor and 
form heteromeric complexes with Co-Smads.  This complex translocates to the nucleus and regulates target 
gene (I-Smad) expression through direct binding to an SBE.  The I-Smads negatively regulate signaling through 
prevention of R-Smad activation or R- and Co-Smad complex formation 
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 Because Smad6 and 7 are inhibitory, their induction by TGFβ family members, such 

as activin, results in a negative feedback loop to control the intensity and duration of the 

signaling response (Figure 5).  Signal cessation primarily occurs through their direct 

interaction with ALK4, preventing activation of all ALK4-mediated intracellular pathways.  

Alternative inhibitory actions for Smad6 and 7, such as prevention of R- and Co-Smad 

complex formation (Figure 5) and interference with Smad-DNA complex formation (51, 52), 

have also been reported.     

 C.  Smad Binding Elements (SBEs)  

 Through DNA-binding site selection experiments, the nucleotides required for 

optimal Smad binding were identified as an 8 bp palindromic sequence (5'-GTCTAGAC-3') 

(53).  Later, crystallography revealed that a single-copy or “half-site” of the palindrome, 5'-

GTCT-3' or its complement 5'-AGAC-3', was sufficient for binding of a Smad 3 MH1 

domain to DNA (54).  Therefore, activated Smad complexes are thought to mediate 

transcriptional responses through direct binding to either single-copy or palindromic SBEs in 

the promoters of numerous target genes, including Smad6 and 7 (55, 56).  It is important to 

note that unlike other R-Smads and Smad4, Smad2 cannot directly bind DNA.  This is due to 

an additional 90 bp exon that alters the conformation required for binding within the MH1 

domain.  It is thought that homo- and hetero-meric complexes containing Smad 2 bind DNA 

through either Smad4 or Smad3 and 4, respectively (57).  A naturally occurring Smad2 

splice-variant that lacks the extra exon can bind DNA (58), thus like other R-Smads, this 

alternate form can regulate target genes through direct DNA interaction. 
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D.  Receptor-Mediated Signal Specificity 

 The basic substrates of TGFβ family signaling (Smads) are quite similar, so various 

levels of specificity are required to manage cellular responses appropriately.  The receptors 

alone are not sufficient for this since many of them activate the same R-Smads.  One level of 

specificity occurs at the level of R-Smads.  Although there are five members, only Smads 2 

and 3 are activated in response to activin or TGFβ, and the other three respond only to BMP 

and GDF input, thus providing the first level of target gene selection.  The Co-Smad, Smad 4, 

however, is not ligand restricted and can form complexes with all Smads.  Because activins 

are the most potent and potentially primary inducers of FSHB synthesis, it is thought that 

following their activation, Smads2 and/or 3 may play major roles in controlling FSH 

production through direct binding to the FSHB promoter. 

E.  The Role of Smads in Activin Induction of FSHB 

i.  Mouse and Rat FSHB Expression 

 Studies focused on rodent FSHB promoters have, in fact, shown that both Smad2 and 

3, as well as Smad4, substantially contribute to their induction by activin.  Overexpression of 

Smad3 alone results in significant increases in both activin-independent and -dependent 

expression of mouse and rat FSHB (33, 59-61).  Coexpression of Smad4 with Smad3 results 

in an even higher level of activin stimulation (59-61), and overexpression of both R-Smads 

(Smads 2 and 3) and Smad4 produces the highest increase in mouse fshb levels (59).  

 The importance of Smads 2 and 3 in activin induction of rodent FSHB was further 

substantiated through RNA interference (RNAi) technology.  RNAi directed specifically 

towards either Smad2 or 3 reduces the ability of activin to induce rodent FSHB (33, 59, 62).  
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In addition, expression of a dominant negative Smad2, which has serine to alanine mutations 

in the C-terminal SSXS motif and thus cannot be activated by the type I receptor, interferes 

with FSHB synthesis within and secretion from mouse gonadotropes (63).  Similarly, when a 

form of Smad3 that cannot bind DNA is expressed, the ability to potentiate activin-induced 

rat FSHB relative to wild-type Smad3 is lost (62).  Collectively, these studies clearly 

suggested that activation of Smad2 and 3 were important for controlling FSHB production in 

rodents. 

 Examination of both mouse and rat FSHB promoters revealed the existence of a 

unique palindromic SBE, localized between -266 bp and -259 bp, that was likely to be 

critical for the transactivating actions of Smads 2, 3 and 4 (Figure 6).  There are data that 

convincingly demonstrate that both Smad3 and 4 specifically bind this SBE following activin 

treatment.  This is primarily shown with electrophoretic mobility shift assays (EMSA) that 

used specific antibodies to supershift protein:DNA complexes that contain Smad3 or 4, and 

mutant SBE probes that no longer retain binding ability (59, 61).  Similar techniques have 

also implied that Smad2 can bind this SBE because specific antibodies compete for 

protein:SBE complex formation (59, 60), but do not definitively show it since the observed 

competition could be non-specific. 

 Mutation of this SBE also reduces the ability of activin to induce mouse FSHB by 

approximately 75 % (59).  Two other and more highly conserved single copy SBEs further 

downstream have also been implicated as being important for activin induction of mouse 

FSHB (65).  Currently, no evidence exists to suggest that Smads directly bind to either of  

these other two elements, although they may contribute slightly to Smad-mediated regulation  
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Figure 6: Sequence alignment of FSHB promoters (adapted from [64]).  Alignment of sequences across 
species reveals the existence of a palindromic SBE that is unique to only mice and rats (red circle).  All other 
species lack 8 bp within this region. 
 

of rodent FSHB.  Either of these two latter sites may account for only a mere 10 % of the 

strong activin-independent increases in FSHB observed by overexpression of Smad3 and 4 

(61).  Overall, these studies have shown that Smads 2, 3 and 4 significantly contribute to 

rodent FSHB regulation by activin primarily through their unique palindromic SBE.  Further 

studies will be necessary to clarify the importance of the more proximal single copy SBEs. 

ii.  Ovine FSHB Expression 

 As mentioned above, only rodents harbor a palindromic SBE within their FSHB 

promoters (Figure 6).  Mechanisms of activin regulation of FSHB in other species would thus 

seem more important to the ultimate goal of understanding what controls human FSHB 

synthesis and reproduction.  Ovine FSHB (oFSHB) has therefore been used in our laboratory 

as a model to better understand human regulation since sequences between the two are more 

highly conserved, and because transgenic mice can be made to study oFSHB regulation in 

vivo.   

 Throughout the oFSHB promoter seven putative single-copy SBEs have been 

identified, but only two of them are reported to be important for mediating activin induction  
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Figure 7:  Putative SBEs within the ovine FSHB promoter (adapted from [65]).  Analysis of the oFSHB 
promoter revealed the existence of seven putative single copy SBEs.  Only two of these, one at -162 bp (red 
arrow) and one at -134 bp (green arrow) are important for induction by activin. 
 

(Figure 7).  Their starting positions are located at -162 bp and -134 bp and correspond to the  

two SBEs that are minimal in conferring Smad responsiveness to the mouse promoter as 

described above.  Mutation of either site in the ovine promoter significantly reduces activin 

induction (65, 66).  Although these SBEs were identified as important to activin action, the    

-162 bp site has not been shown to bind Smads.  One study used EMSAs to suggest that 

Smad4 binds the more proximal -134 site because a Smad4 specific antibody competed for a 

small portion of the protein:DNA complex (65).  This may have been non-specific 

competition however, particularly since there was no use of a negative control antibody. 

Therefore, in sheep and probably humans, Smads alone may not be as important for inducing 

FSHB in response to activin as they are in rodents. 

 Our laboratory further probed the potential involvement of Smads.  Through the use 

of a dominant negative Smad3, Smad3(3SA), we observed that activation of Smad3 is not 

required for induction of oFSHB by activin (46).  The Smad3 dominant negative has three 

serine-to-alanine mutations within the C-terminal SSXS motif, preventing its 
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phosphorylation and activation.  This mutant Smad3 cannot block activin’s ability to induce 

oFSHB, but can completely abrogate induction of a Smad-dependent gene that contains a 

palindromic SBE (46).  This suggested that Smad3 activation by receptor-mediated C-

terminal phosphorylation was not required for oFSHB induction. Smads 2, 3 or 4, however, 

may still be involved in activin induction of oFSHB because mutation of both putative single-

copy SBEs prevents activin induction (65, 66).   

 There are also other reasons that Smads 2, 3, or 4 may be involved in oFSHB 

induction.  First, Smad3 and 4 complexes might bind to either of the two SBEs independent 

of activin.  In this case, they would be necessary for FSHB induction, but their activation 

through receptor-mediated C-terminal phosphorylation would not.  Consistent with this, the 

divergent linker regions of Smad3 and 4 alone are known to be sufficient for ligand-

independent transcriptional activation, when fused to a GAL4 DNA- binding domain (67, 

68).  Second, it is possible that Smad2 and 4 homomeric complexes may be more important 

for oFSHB induction because, as of 2005, we had only examined the involvement of Smad3.  

Lastly, alternative phosphorylation sites, such as within the linker region of either Smad2 or 

3 may exist (see below, Section VII.A).  Deletion of Smad3 and 4 linker regions results in a 

loss of transactivation of some genes, even though the MH2 domains can still be C-

terminally phosphorylated by type I receptor and oligomerize (67, 68).  This would suggest 

the possibility of an activin-dependent event that would not have been blocked by the C-

terminal Smad3 mutant.  This is difficult to examine experimentally because many of these 

sites are unidentified.  Further characterization of these SBEs within the oFSHB promoter, as 
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well as the precise roles of either Smad2, Smad3 and/or Smad4, and their dependency on 

activin, will be crucial to unraveling the mechanisms that control reproduction. 

F.  The Importance of Co-Regulators in Mediating Smad Responses 

 The single-copy SBE is a relatively simple sequence of nucleotides, estimated to be 

present about once every 1024 bp in the genome (69).  If this element were sufficient for 

Smad-mediated transcriptional responses, then massive numbers of genes would be non-

specifically regulated in response to activin, as well as other TGFβ superfamily ligands.  

However, this is not the case.  For example, in mouse gonadotropes activin induces or 

represses only 39 or 31 genes, respectively, by 2-fold or more after 48 hrs (70).  Clearly, 

distinct mechanisms must exist to confer specificity to particular SBEs within one promoter 

or different promoters within the same cell, thereby allowing for target gene selection and 

another level of specificity.   

 Because the binding affinity of the Smad MH1 domain for the SBE is in the range of 

10-7 M (54), which is too weak for effective binding in vivo, additional DNA contacts are 

generally required to achieve transcriptional activation.  Smads can bind to palindromic 

SBEs independent of other proteins, but even then, SBE concateners are required to achieve 

Smad activation of a target gene (53, 71).  Thus, interaction of Smads with nuclear partner 

proteins is the primary mechanism that controls the specificity of activin responsive genes.  

These cell-specific partners target Smad transcription complexes to promoters through high 

affinity binding sites, typically adjacent to SBEs (Figure 8).  They also determine what other 

general transcription machinery is recruited, and how long the transcriptional response will 
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last (69).  Therefore, regulation of FSHB by activin is likely to be strongly dependent on 

Smad-interacting transcription factors that target specific sequences adjacent to SBEs. 

 
    
  

 

 

 

 

 

 
 
 
 
Figure 8:  Smad partner protein interaction (adapted from [72]).  Following R-Smad activation and binding 
to Smad4, the complex translocates to the nucleus and interacts with sequence-specific transcription factors 
(TF).  Their binding sites are usually in close proximity to a SBE and the specific TF will determine co-
activator and -repressor (co) recruitment to activate or inhibit gene expression, respectively. 
 
 
i.  Smad Co-Activators 

 The first transcription factor partner identified to interact with Smads was FAST-1 

(FoxH1), a member of the winged-helix or forkhead box family of proteins (73).  FoxH1 

recruits Smad2/4 complexes to an activin responsive element (ARE) within target genes, 

such as Mix.2 and goosecoid, through direct contact with Smad2 and stabilization by Smad4 

(74).  Since this discovery, Smads have also been seen to interact with at least 35 

superfamilies of transcription factors, some of which contain numerous proteins (75).  

Positive, cell-specific regulation can occur through interaction with factors such as forkhead, 

Runx/AML (76), Pitx (77, 78), AP-1 (79), ATF (80), and SP1 (81) family members.  Some 
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of these proteins are regarded as only DNA-binding adaptors for Smads since they lack a 

transactivation domain, while others are “stand alone” or bona-fide transcription factors that 

recruit Smads to certain promoters through sequence-specific DNA contacts.  These could be 

constitutive, like some Runx members, or signal-activated like AP-1.  Regardless of their 

precise assembly, Smad and partner proteins are required to target and induce specific genes 

through recruitment of the co-activators p300 and CBP.  These generic co-activators are large 

proteins with separate regions for interaction with various transcription factors that do not 

contact DNA.  They also have histone acetyl transferase (HAT) activity, suggesting that their 

recruitment may increase transcription through chromatin remodeling (69).   

ii.  Smad Co-Repressors  

 Smad interaction with proteins such as TGFβ-induced factor (TGIF), which also bind 

to specific DNA sequences, leads to histone deacetylase (HDAC) recruitment and subsequent 

repression of target genes.  Two other homologous proteins, c-Ski and SnoN, are also 

repressors of activin signaling.  They directly bind to Smads, but negatively regulate 

transcription in different fashions.  They can compete with Smad and partner protein 

complexes for SBE binding (82), but can also bind Smads to either block their interactions 

with p300 and CBP (Figure 9A), or recruit HDACs leading to repressive chromatin 

modifications (Figure 9B).  Unlike TGIF, their interaction with Smads is observed under 

basal conditions and disappears rapidly after ligand stimulation (85).  Interestingly, both c-

Ski and SnoN are transcriptionally regulated by TGFβ family members, so they can function 

to either protect against activation by Smad complexes in the basal state, or terminate the 

signal several hours later.  Although there is currently nothing to suggest that c-Ski , SnoN or 
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other transcriptional repressors play a role in FSHB regulation by activin, there is evidence 

for the involvement of Smad-associated co-activators (see below). 

 
 

 

 

 

 

 
Figure 9:  Mechanisms of c-Ski mediated inhibition of activin signaling.  A, c-Ski binds to Smad complexes 
on SBEs and prevents their interaction with other p300-associated Smad complexes, thus preventing 
transcriptional activation (adapted from [83]).  B, c-Ski interaction with Smads results in recruitment of general 
co-repressors and HDAC, which represses transcription through chromatin modification (adapted from [84]). 
 

G.  Involvement of Smad-Associated Proteins in Rodent FSHB Transcription 

 In the rat FSHB promoter, a putative Pitx binding element was discovered 

approximately 30 bp downstream of the palindromic SBE.  This site specifically binds one 

member of the Pitx family, Pitx2c (60).  The role of Pitx2c in activin induction may rely on 

its ability to interact with Smads because when this site is deleted, or Pitx2c is eliminated by 

specific siRNA, the ability of overexpressed Smad3 to induce a ligand-independent increase 

in fshb is lost (60, 77).  In the mouse FSHB promoter, a more proximal Pitx binding site 

between -53 bp and -48 bp seems to be important (78).  Mutation of this site also prevents 

ligand-independent induction by Smad2, 3 and 4 overexpression.  Pitx2c, as well as Pitx1, 

directly bind Smad3 (77, 78), so cooperation between them may be critical for expression of 

both rat and mouse FSHB.  The importance of Pitx proteins and their interactions with Smads 
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in oFSHB expression remains to be shown, but Pitx proteins may play a role since the 

proximal Pitx binding site is 100 % conserved between rodents and sheep. 

H.  Evidence for Smad-Associated Proteins in Ovine FSHB Transcription  

 Our laboratory has generated strong evidence for the importance of a transcription 

factor other than Smads in mediating activin induction of oFSHB that may itself be Smad-

associated.  The first indication was due to different activation kinetics between oFSHB and a 

Smad-dependent gene, p3TPluc, in response to activin.  Induction of p3TPluc occurs rapidly 

and transiently (2-8 hrs), whereas for oFSHB it occurs more slowly and progressively over a  

24 hr period (46).  Because Smad2 and 3 activation also occurs rapidly (33), these kinetic 

studies suggested that neither R-Smad was likely to be the direct trigger for oFSHB 

induction, but they were for the Smad-dependent gene.  The slow kinetics also suggested that 

oFSHB synthesis may depend on induction of one or more early and/or late response genes 

whose products may be Smad-associated proteins necessary to obtain the maximal level of 

FSHB transcription.  This theory is consistent with the fact that many activin target genes are 

themselves Smad-interacting factors that generate “self-enabling” transcriptional responses 

(86).  Such responses provide a mechanism for maintaining transcriptional responses over 

extended periods.               

 Other, and perhaps stronger, justification was through the identification of a site 

juxtaposed upstream of the more distal, single-copy SBE at -162 bp.  When mutated, activin 

induction is lost, and in vivo, the mutation decreases oFSHB expression by 99.9 %, showing 

that physiologically, these sequences are extremely important for activin action.  This 

sequence was initially identified by computer analysis to be a putative Runx1 binding site, 
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which was encouraging because Runx family members (Runx1-3) are known to interact 

directly with Smads (87, 88).  Interestingly, Runx members bind to sequences homologous to 

those for forkhead, known as forkhead-box (FOX), proteins.  These too are also known to 

interact directly with Smads (75, 88, 89).  Therefore, either Runx or FOX proteins may act 

through this site in conjunction with Smads to induce oFSHB in response to activin. 

 Complexes that contain Smads are important for the more proximal SBE at -134 bp of 

the oFSHB promoter as well.  This site, which is required for maximum levels of activin 

induction, binds Smad4, and the TALE homeodomain proteins, Pbx1 and Prep1 (65).  The 

three proteins bind directly to each other, and Pbx1 and Prep1 also bind to both R-Smads 

(65).  This multi-meric complex, however, binds under basal conditions and no changes are 

observed in response to activin.  Therefore, these novel Smad partners may be important only 

for basal expression of oFSHB, and not for its induction by activin.  The physiological 

importance of this site remains untested, so characterization of the site adjacent to the SBE at 

-162 bp will be critical.  Although difficult because the Runx and FOX families contain 3 and 

43 members, respectively, identification of this biologically important partner protein will be 

necessary to unlock exactly what drives activin-induced ovine, and possibly human, FSHB 

transcription since Smad3 activation alone is not sufficient. 

V.  Signaling Through Mitogen-Activated Protein Kinases (MAPKs)

 In addition to Smads, TGFβ family members also initiate other signaling events, 

including MAPK cascades.  All three MAPKs, ERK, JNK, and p38, are activated in response 

to receptor stimulation (90), which occurs through a series of phosphorylation steps.  First, 

receptor activation results in phosphorylation of a MAPK kinase kinase (MKKK), such as 
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TGFβ-activated kinase 1 (TAK1) or MEKK1.  These then phosphorylate various MAPK 

kinases (MKK or MEK) that are specific in their activation of the three different MAPKs.  

MKK3 and 6 activate p38, MKK4 and 7 activate JNK, and ERK is activated by MEK1 or 2.  

The MAPKs then transduce the signal through phosphorylation of various transcription 

factors that selectively alter transcription of target genes.  For example, JNK- and p38-

mediated phosphorylation of c-Jun and ATF2 results in activation of AP-1 and CREB target 

genes, respectively (91).  In many cases, target gene activation is rapid, indicating a direct 

transcriptional response.  Sometimes, however, their kinetics are slower, implying a delayed 

or indirect effect.  Many rapid responders, known as immediate early genes (IEGs), are 

transcription factors on their own, such as c-Jun, that can be important for mediating 

transcription of late-responding genes.  The variation in the specific response depends largely 

on the magnitude and duration of the signal, as well as the cellular conditions (92). 

A.  Smad-Independent Transcriptional Responses      

   The first indication that the TGFβ family could activate some genes independent of  

classical Smad-mediated transcription was through the use of Smad4-deficient cells and 

dominant negative Smads, which maintain transcriptional responses to TGFβ treatment (93).  

In addition, a mutant TGFβ type I receptor, defective in Smad activation, retains the ability to 

activate both JNK and p38 pathways (94).  In other systems, JNK and ERK are critical for 

TGFβ-mediated inhibition of vascular endothelial cell migration, and p38 is necessary for 

activin to inhibit growth of breast cancer cells (95, 96).  The kinase p38 is also required for 

activin-mediated inhibition of Pit-1, a pituitary transcription factor (97).  Each of these 

studies, as well as some others, have defined the importance of MAPKs in mediating activin 
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and TGFβ responses without a need for Smads.  However, many of the mechanisms, as well 

as their biological consequences are poorly characterized.   

B.  The Role of MAPKs in FSHB Regulation by Activin 

 In mouse gonadotropes and primary sheep pituitary cultures, both ERK and p38 are 

rapidly phosphorylated in response to activin (63), so it is likely that one or both of these 

MAPKs may be involved in FSHB induction.  Importantly, our laboratory characterized the 

MAPK pathway in regulating oFSHB in detail.  The MAPKKK, TAK1, is critical for 

induction of oFSHB by activin.  Inhibiting this kinase pharmacologically completely 

abrogates activin induction of oFSHB, and overexpression of a catalytically inactive form of 

TAK1 significantly reduces oFSHB induction (46).  TAK1 seemed to mediate its effects 

through p38 since inhibition of this kinase also reduced the level of activin-induced oFSHB 

expression.  Inhibition of TAK1 also blocks activin-induced mouse FSHB expression by 99 

% (46).  A subsequent study indicated that p38 is also important for mouse FSHB induction 

(14).  Therefore, TAK1-mediated activation of p38 seems necessary for activin induction of 

both mouse and ovine FSHB.  This likely occurs through either MKK3 or 6, but neither have 

been studied with respect to FSHB regulation.  The other two MAPKs, JNK and ERK, do not 

seem to mediate any of activin’s actions on FSHB (13, 56, 61).  It will be important to 

investigate p38 and its contribution to FSHB expression further.   

VI.  Intracellular Cross-Talk Between Smad and MAPK Pathways

A.  Post-Translational Smad Modification 

 Although both Smad and MAPK pathways can function independently of one another 

to regulate genes, cross-talk exists that furthers the complexity, as well as the specificity of 
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TGFβ family signaling.  One major point of convergence is through direct post-translational 

modification of Smads by MAPK members (Figure 10).  Although receptor-mediated C-

terminal phosphorylation is generally a critical step in TGFβ and activin signaling, recent 

data suggest that MAPKs can phosphorylate other sites, primarily within the linker or N-

terminal regions of Smad 2 and 3 (Figure 10).  This can occur by all three MAPK members      

on serine and threonine residues thereby modulating Smad activity and the resulting 

transcriptional responses. 

   
 

 

 

 

 
 
 
 
 
 
 
Figure 10:  Post-translational modifications of Smads 2, 3 and 4 (adapted from [75]).  In addition to C-
terminal ligand induced phosphorylation, Smads2 and 3, as well as Smad 4 can be post-translationally modified 
on other residues within the MH1, linker, and MH2 domains in response to activin and TGFβ signals.  These 
modifications can alter the functions of Smads in both positive and negative fashions. 
 
 
 Activin-mediated activation of the MAPKKK, MEKK1, an upstream activator of 

ERK, JNK and p38, can stimulate linker phosphorylation of Smad2 (98).  Similarly, JNK has 

been reported to phosphorylate the linker region of Smad3 (93).  Both of these events 

enhance transcriptional activity due to nuclear Smad stabilization, and stimulation of 

heteromerization with Smad4 and interactions with co-activators such as p300 and CBP.  
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Conversely, ERK-mediated linker phosphorylation of Smads2 and 3 prevents nuclear 

translocation and inhibits transcription (99).  ERK phosphorylation of Thr 8 in the MH1 

domain of Smad2, however, enhances transcription of an activin responsive gene (100).  

Surprisingly, ERK can phosphorylate Smad4, even though Smad4 is generally thought of as 

un-modified.  This too is important for ligand-induced nuclear accumulation and 

transcriptional responses that involve Smad4 (101).   

 Smad stability and function is also regulated by other post-translational 

modifications.  These include acetylation, ubiquitination and sumoylation, as well as 

phosphorylation by other kinases, such as cyclin-dependent kinases (Figure 10).  

Interestingly, another Smad4 modification was recently discovered.  Sumoylation of Lys 159 

by SUMO-1 is enhanced by the p38 MAPK pathway, and this modification is important for 

TGFβ-dependent transcription (102).  Collectively, the various modifications elicit both 

positive and negative effects to modulate TGFβ and activin transcriptional responses.  

Alternate Smad phosphorylation or sumoylation sites have not been examined in FSHB 

regulation by activin, but would be interesting to pursue given that MAPKs are involved, and 

activation of Smad3 by receptor-mediated C-terminal phosphorylation is not important for 

oFSHB expression (46), as described above (see section V.Eii). 

 B.  Cooperativity in Transcriptional Regulation 

 Another level of cross-talk between Smad and MAPK pathways is through the 

requirement of both for transcriptional responses.  This generally occurs in the absence of 

Smad modification by MAPKs, and often, specific transcription factors serve as the common 

targets to directly regulate gene expression.  For example, following ligand addition, TAK1 
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activates p38 through MKK6 resulting in phosphorylation of activating transcription factor-2 

(ATF-2).  ATF2 then binds to nuclear Smad3 and 4 to form an active complex that binds to 

cAMP response elements (CREs) and induces transcription (103, 104).  Expression of a non-

phosphorylatable form of ATF2 can prevent TGFβ-induced gene expression (104), showing 

that it is a common nuclear target of both Smad and MAPK pathways.  Similarly, both JNK-

activated AP-1 complexes and Smads are required for TGFβ/activin induction of the Smad7 

gene in rat kidney fibroblasts (105).  The induction is lost when either an AP-1 site or SBE is 

mutated, indicating that both pathways are important, even though no physical interaction 

between Smads and AP-1 was observed in these cells. 

 A particularly interesting example of Smad- and MAPK-mediated gene expression is 

the induction of Runx2 by TGFβ family members.  This occurs very rapidly since Runx2 

mRNA levels peak within 1 - 2 hrs and fade shortly thereafter (106), consistent with direct 

activation by both Smad and MAPK pathways.  Runx2 then activates various target genes 

possibly in conjunction with Smads (89).  A similar mechanism may exist in which oFSHB is 

induced in response to activin since its kinetics are slow (46).  In this case, neither Smad nor 

MAPK would directly activate oFSHB, but both would be important for the induction of 

IEGs, such as Runx or FOX members.  Because continuous receptor stimulation maintains 

Smads in the nucleus (107), they could partner with the IEG product and bind to the 

physiologically important site in the oFSHB promoter described previously (see section 

V.H).  The Smad-associated factor important for oFSHB induction may be directly regulated 

by activin in either Smad- and/or MAPK-dependent fashions. 
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VII.  Negative Regulation of FSH Production

 As described in detail above, FSH production is positively regulated by both GnRH 

and activin, but the most potent and well characterized of these inducers is activin.  However, 

the mechanisms that negatively regulate FSHB are also important since the levels of FSH rise 

and fall throughout the reproductive cycle.  The major negative regulators function by 

blocking the effects of activin.   

A.  Inhibin 

 Inhibin is a gonadal peptide originally isolated from ovarian follicular fluid (108).  

Two types of dimeric isoforms exist and are composed of a unique α-subunit and different β-

subunit shared by members of the activin (activin A or B) family (see section IV.A and 

Figure 2).  It is predominantly produced in Sertoli and granulosa cells in males and females, 

respectively (109), but subunit expression has also been localized to other tissues, including 

the anterior pituitary (110).  Inhibin functions as an endocrine feedback regulator that inhibits 

FSH production.  One study that aided in defining the physiological importance of inhibin 

showed increased plasma FSH and pituitary FSHB mRNA levels in the presence of a 

bioneutralizing antibody against the α-subunit (111).  Conversely, injection of recombinant 

inhibin A produces the opposite effects (111).  The mechanism of how this occurs is through 

antagonism of activin signaling.  Inhibin, through its β-subunit, binds to ActRII or ActRIIB 

(112, 113).  Its affinity for the type II receptors, however, is 10-fold less than activin (112), 

so a co-receptor, betaglycan, is required for higher affinity association (114).  This strong 

binding sequesters type II receptors from binding activin and recruiting type I receptors, such 

as ALK4, thus preventing activin-induced FSHB transcription and FSH secretion. 
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B.  Follistatin 

 Follistatin, structurally unrelated to inhibin and activin, is another negative regulator 

of FSH.  It is produced in a variety of tissues including most cell types of the anterior 

pituitary (115, 116).  Gonadotropes themselves are responsible for a substantial amount of 

pituitary follistatin, but the primary source is thought to be from pituitary folliculostellate 

cells.  This provides both autocrine and paracrine mechanisms to locally control the level of 

FSHB production.  Feedback regulation from other tissues is also possible.   

 Follistatin exists in two forms, follistatin-288 and -315 (FS288 and FS315), which are 

generated by alternative splicing.  FS315 is the predominant form, but FS288 suppresses 

FSH 8- to 10-fold more than FS315 (117).  Specifically, it functions by directly binding 

activin, masking the binding sites on activin for type I and II receptors (118).  Activin is 

therefore biologically inactive and incapable of inducing FSHB.  Both follistatin and inhibin, 

in conjunction with positive regulators, such as activin, create the delicate balance necessary 

to achieve physiologically relevant levels and patterns of FSH production, and maintain 

normal reproductive processes. 

VIII.  Models for Studying Transcriptional Regulation of FSHB

 Many early studies that focused on FSH production were performed in primary 

pituitary cell cultures, which made it difficult to examine FSHB expression at the 

transcriptional level.  The primary disadvantage in using primary cultures is that they are 

heterogeneous.  Only 5 - 10 % of these cultures are gonadotropes, making it difficult to 

distinguish cell-specific responses.  The other, more abundant cell types could also influence 

FSH production from gonadotropes through paracrine mechanisms.  This can blunt or 
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enhance the magnitude of the response making data, such as the level of activin induction, 

difficult to interpret.  Moreover, it is impossible to study gonadotrope-specific molecular 

mechanisms, such as Smad phosphorylation and transcription factor:DNA complexes, in 

mixed pituitary cell cultures following ligand addition since many cell types express activin 

receptors, and activin can activate Smads and other pathways in all of them.  

 Transfections with FSHB reporter constructs into heterologous cells provided 

preliminary methods to specifically study transcriptional regulation of FSHB (17, 18).  

However, this has disadvantages as well because often, heterologous cells lack distinct 

transcription factors, kinases and receptors necessary for cell-specific responses.  For 

example, no cell line was available that increased FSHB in response to activin.  Therefore, 

the development of a differentiated gonadotrope cell line was critical for further 

understanding of what controls FSH production. 

A.  LβT2 Cells: Transformed Mouse Gonadotropes 

 In 1996, evidence for the existence of the first gonadotrope cell line was reported.   

This cell line was derived from a pituitary tumor induced by targeted oncogenesis in 

transgenic mice (119), a technique often used to immortalize specific cell types.  

Gonadotrope-specific targeting occurred through the use of the rat LHB promoter linked to 

the SV40 T-antigen oncogene, and only one of the cell lines generated, LβT2, seemed 

representative of gonadotrope function.  It expressed LHB, as well as the α-subunit of LH 

and FSH (119).  The expression of FSHB, however, was not observed.  Not until three years 

later was it shown that in response to activin A, LβT2 cells synthesize FSHB and secrete 

FSH (120). Since that time, LβT2 cells have been shown to display many characteristics of 
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gonadotrope cells, including expression of receptors for GnRH and activin (ActRI and IB, 

and ActRII and IIB, [121]). They also express Smads and members of the MAPK pathway 

(39, 46, 63, 121, 122).  Therefore, these were the first cells that made it possible to study the 

direct effects of activin and other hormones on FSHB.     

 LβT2 cells are also useful for studying transcriptional regulation of FSHB in other 

species.  An oFSHB reporter that consists of 4.7 kb of the oFSHB promoter plus 759 bp 3' to 

the transcriptional start site and the coding sequence for luciferase (oFSHBluc) can be 

expressed in gonadotropes of transgenic mice (123).  LβT2 cells also express oFSHBluc, and 

the reporter is strongly induced by activin and also induced about 2-fold by GnRH (122).  In 

addition, both rat and pig FSHB reporters are expressed in these cells and respond similarly 

to activin treatment (47, 61, 62).   

 Interestingly, both basal and GnRH-induced expression of oFSHBluc are inhibited by 

follistatin treatment (122), suggesting that these cells produce activin endogenously.  In fact, 

they have been shown to express the activin βB-, but not βA-subunit (122), suggesting that 

activin B may stimulate low levels of FSHB transcription in these cells.  The development of 

LβT2 cells was critical for discovering many of the intracellular mechanisms that control 

FSH production, as discussed in the previous sections of this review, and will continue to be 

important since it is the only cell line representative of gonadotropes. 

B.  Primary Mouse Gonadotropes 

 Although LβT2 cells are widely used to study FSHB regulation, they are transformed 

cells that were derived during embryogenesis, so they are not necessarily normal 

gonadotropes nor are they fully mature.  Therefore, LβT2 cells may not always reflect true 
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gonadotrope function.  Our laboratory thus developed a novel method to purify gonadotropes 

from mouse pituitaries.  To do this, our laboratory created a construct homologous to 

oFSHBluc, but substituted the H-2KK gene for luciferase (oFSHB H-2KK) (124).  Like 

oFSHBluc, oFSHB H-2KK is targeted to gonadotropes of transgenic mouse pituitaries, thus 

only gonadotropes express the cell surface antigen, H-2KK.  Using a double antibody method, 

followed by magnetic separation, these unique gonadotropes can be isolated, with the overall 

efficiency of isolation ranging from 50 - 95 %, from all other pituitary cell types to a purity 

level of 95 to 99 % (124, 125).   

 Unlike LβT2 cells, these primary gonadotropes synthesize FSHB and secrete FSH on 

their own, in the absence of activin (124).  As expected, activin robustly increases FSH 

production even further, and follistatin inhibits it (124).  Interestingly, culturing these cells 

with non-gonadotropes increased FSHB expression to a level higher than that observed with 

activin treatment.  This suggested that paracrine factors from non-gonadotropes exert a high 

level of control on FSH.  These factors, however, are currently unidentified.  Development of 

this purification strategy was a critical milestone in gonadotrope-based research by providing 

a method to study FSHB regulation in primary gonadotropes for the first time, and 

importantly, provided a way to validate results in LβT2 cells by comparison with primary 

gonadotropes. 

C.  A Difference Between LβT2 and Primary Mouse Gonadotropes 

 Activin is the most potent inducer of FSHB expression, so it is likely that treatment 

with TGFβ would elicit similar stimulatory effects because both activin and TGFβ utilize the 

same intracellular signaling mechanisms, such as the Smad pathway (see section V.D).  
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However, this was not found to be the case.  Through a collaborative effort, our laboratory 

found that in LβT2 cells, TGFβ, unlike activin, is incapable of stimulating a mouse FSHB 

reporter construct, nor can it promote phosphorylation of either Smad2 or 3 (125).  This was 

due to the fact that LβT2 cells do not express TGFβ type II receptors (125), a finding that 

was later confirmed by other investigators (126).  Using the purified, primary mouse 

gonadotropes, we found that they do express functional TGFβ type II receptors (125).  

Surprisingly, TGFβ inhibits FSHB expression by 95 %, while activin causes a 31-fold 

increase (125).  Because both activin and TGFβ can activate Smad2 and 3, this novel finding 

provides further support for the involvement of an alternate and unidentified transcription 

factor.  Clearly, Smads alone are not sufficient to regulate FSHB transcription.  If so, then 

both activin and TGFβ would have elicited similar and not differential effects on FSHB.  

This study also showed that LβT2 cells are not entirely representative of normal and mature 

gonadotropes.  The primary gonadotropes will thus be critical for not only future work on 

FSHB regulation, but also validation of findings in LβT2 cells. 

IX.  Summary of Relevant Dissertation Work

 The following chapters (I-IV) presented in this dissertation have significantly 

advanced knowledge about the molecular mechanisms that govern activin-mediated 

transcription of FSHB.  In Chapter I a major discovery was made, showing that activin and 

TGFβ have opposing actions on mouse FSHB expression in primary mouse gonadotropes 

(Chapter I, Fig. 7A).  This finding was a first indication that FSHB transcription likely 

depended on a transcription factor other than just Smad2 and/or 3 because both are known to 

be activated by activin and TGFβ.  Importantly, Chapter II showed that receptor-mediated 
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activation of Smad3 was not important for activin induction of ovine FSHB (oFSHB) and that 

the kinetics of oFSHB induction were atypical of a Smad-dependent response (Chapter II, 

Fig. 3).  Although these findings correlated with our hypothesis that Smads were unlikely to 

be the only players in FSHB regulation by activin, the role of Smads 2 and 4 remained 

untested.   

 The work presented in Chapter III suggested that Smad 2 and/or 4 may be involved 

because a putative SBE from -162 bp to -159 bp was important for activin induction of an 

oFSHB promoter/reporter in LβT2 cells (Chapter III, Fig. 2).  In addition, we identified a 

novel DNA sequence juxtaposed upstream to this SBE that was physiologically important for 

oFSHB expression (Chapter III, Fig. 3).  The DNA sequence was discovered to be a putative 

binding site for Runx and FOX protein families since they bind similar sequences both can 

interact with Smads.  Therefore, it is possible that either a Runx or FOX protein may bind to 

this newly identified site in a Smad 2 or 4-associated and activin-dependent manner.  First, 

however, it was necessary to define the role of Smad2 and/or 4 and identify a candidate 

Smad binding partner important that may be for activin regulation of oFSHB.   

 The work presented in Chapter IV showed that Smad4 is capable of binding the -162 

bp single-copy SBE (Chapter IV, Fig. 1B) and that Smad4, but not Smad2 is important for 

oFSHB induction (Fig. 2).  Moreover, we found that activin induction of oFSHBLuc occurs 

biphasically, suggesting the possible involvement of a rapidly activated transcription factor 

gene that would be required for the second phase of oFSHB induction.  We identified one 

candidate, FOXQ1 that was logical for three reasons.  First, because of its rapid and transient 

induction by activin (Fig. 4).  Second, because of the importance of a putative FOX binding 
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site in the oFSHB promoter upstream to a SBE that binds Smad4 (Fig. 1B), and third, 

because Smad4 is not known to transactivate genes independent of other transcription 

factors.  Collectively, this dissertation has shown the importance of Smad4, but not Smad2 or 

3 in regulating activin induction of oFSHB, and that FSHB transcription likely depends on a 

regulated transcription factor, such as FOXQ1.  As mentioned above, it is possible that 

FOXQ1 may bind to the site we identified in conjunction with Smad4 to regulate activin-

dependent transcription of oFSHB, but this is a hypothesis that needs further attention.  
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ABSTRACT 

 Follicle stimulating hormone (FSH) is a α/β glycoprotein produced in pituitary 

gonadotropes of all vertebrates and is required for egg maturation, and optimal sperm 

performance.  Activin potently induces FSH by inducing transcription of its rate-limiting β-

subunit (FSHB).  Four nucleotides of the oFSHB promoter (–168 bp to –165 bp) are 

necessary for 99.9 % of oFSHB expression in vivo and 70 % of its progressive induction by 

activin in LβT2 gonadotropes over a 24 hr period.  These 4 nucleotides form part of a 

putative forkhead box (FOX) binding site juxtaposed upstream to a single-copy (4 bp) Smad 

binding element (SBE), both of which are associated with activin action.  Smad4 from LβT2 

cells did not bind the wild type oFSHB SBE in electrophoretic mobility shift assays, but did 

bind a palindromic SBE derived from the oFSHB SBE.  Binding increased 2.6-fold over 20 h 

without or with activin (25 % additional increase with activin) and was competed 85 % with 

the native oFSHB sequence indicating Smad4 has high affinity for the native promoter.  

Additionally, a dominant negative inhibitor of Smad4 reduced activin induction of oFSHB in 

LBT2 cells by 62 %, indicating that Smad4 is important for activin induction.  A second 

Smad, Smad3, bound transiently to the palindromic SBE (6-fold increase by activin at 2 h). 

Dominant negative inhibition of Smad3 (3SA) and depletion of Smad2 by siRNA did not 

alter activin induction of oFSHB suggesting Smads 2 and 3 may not be involved.  A p38 

inhibitor blocked induction of oFSHB after 8 h, dividing the 24 hr induction by activin into 

two phases.  This suggested that an activin-regulated early gene product is required for the 

second phase of oFSHB induction.  It was found that one forkhead gene, FOXQ1, was 

increased 4.5-fold 8 h after activin treatment which correlated nicely with the second phase 
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of oFSHB induction uncovered by the p38 inhibitor.  FOXQ1 is only one of 43 FOX family 

members, however, so further studies are required to prove that FOXQ1 is a key driver of 

FSH production and that it partners with Smad4 to induce oFSHB transcription. 
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INTRODUCTION 

 Follicle Stimulating Hormone (FSH) is essential for folliculogenesis in females and 

enhances the performance and maturation of sperm in males (1).  It is an α/β heterodimer 

that is produced only within pituitary gonadotrope cells.  Production and secretion of FSH 

depends upon transcription of its unique β-subunit, FSHB, which is carefully regulated by 

more than six reproductive hormones.  Increased FSHB expression is controlled primarily by 

members of the transforming growth factor-β (TGFβ) superfamily (2-5) and GnRH (6), 

whereas inhibin (6, 7) and follistatin (6, 8) decrease expression.  Activin, a member of the 

TGFβ superfamily, is a major inducer of FSHB transcription that is required for at least half 

of FSH production in vivo (9, 10).  Many studies are thus focused on defining the molecular 

mechanisms used by activin to transcriptionally regulate FSHB, which is rate-limiting for 

overall FSH production. 

 Activin exists as three possible isoforms that are homo- or heterodimers of activin βA- 

and βB-subunits (11), however, activin A (homodimer of βB A-subunits) is the most potent 

inducer of FSHB transcription (12).  It exerts its effects by first binding to activin type II 

serine/threonine kinase receptors (ActRII or ActRIIB), which recruit and phosphorylate 

activin type I receptors, such as ALK4 (activin receptor-like kinase 4).  The type I receptor 

then propagates the signal downstream, ultimately enhancing FSHB expression.  Smad2 and 

3 are widely recognized as activin- and TGFβ-activated transcription factors.  Following 

receptor-mediated activation Smad2 and/or 3 form a complex with the common-mediator 

(Co-Smad) Smad4, which translocates to the nucleus and regulates gene expression.  Gene 

targeting occurs through Smad binding to specific DNA sequences known as Smad binding 
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elements (SBEs) that exist as 8 bp palindromes (5'-GTCTAGAC) or 4 bp single-copy sites 

(5'-GTCT or 5'-AGAC) (13, 14).  Binding to these sites, however, is rather weak and non-

specific.  Therefore, additional transcription factors are often required for high affinity 

binding, and cell- and promoter-specific gene regulation.  Indeed, Smads 2, 3 and 4 are 

known to interact with numerous DNA-binding transcription factors, recently reviewed in 

detail by Ross and Hill (15). 

 Activin-induced expression of both mouse and rat FSHB is undoubtedly dependent on 

Smads 2, 3 and 4 (16-20), presumably because their promoters harbor a naturally occurring 

palindromic SBE.  However, our laboratory, through a collaborative effort, provided 

significant evidence to suggest the importance of additional, non-Smad transcription factors 

in activin regulation of mouse FSHB (mFSHB).  Using a recently developed method to purify 

gonadotropes from transgenic mouse pituitaries (21), we surprisingly observed that unlike 

potent induction by activin, TGFβ inhibits mFSHB expression by 95 % (see Chapter I, Fig. 

7A, [22]).  Because both activin and TGFβ activate Smads 2 and 3, this novel finding 

demonstrated that FSHB induction by activin likely depends on alternate transcription 

factors.  If it were merely driven by Smads binding to a constitutively expressed partner 

protein, then similar effects of activin and TGFβ would have occurred. 

 Unlike rodent species, the ovine FSHB (oFSHB) promoter does not contain a 

palindromic SBE, and the importance of Smads in oFSHB induction by activin is not well 

defined.  Activation of Smad3 does not seem important because overexpression of an 

unphosphorylatable form of Smad3 cannot abrogate activin induction of an oFSHB 

promoter/reporter construct (oFSHBLuc) in LβT2 cells (see Chapter II, [23]).  The 
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importance of Smads cannot be eliminated, however, primarily because two single-copy 

SBEs are critical for maximum induction of oFSHB by activin (24, 25).  Although which 

Smads bind to these sites remains questionable.  Therefore, the role(s) of Smad2 and/or 4 in 

mediating activin induction of oFSHB deserves investigation.  

 There is also evidence, generated by our laboratory, for the involvement of a 

transcription factor other than Smads in mediating activin induction of oFSHB.  The first 

indication that other transcription factors are critical for activin action was due to different 

kinetics of induction between oFSHBLuc and a Smad-dependent reporter, p3TPLuc, in LβT2 

cells.  Induction of p3TPLuc occurs rapidly and transiently (2-8 hrs), consistent with the level 

of Smad2/3 activation in LβT2 cells (16), whereas induction of oFSHBLuc occurs slowly and 

progressively, with maximal induction at 22 hrs (see Chapter II, Fig. 3, [23]).  These 

differences indicate that Smads alone are not sufficient for triggering activin induction of 

oFSHBLuc.  They also suggested that oFSHB synthesis likely depends on an activin-

regulated early response gene(s) whose product(s) could account for the slow and maximal 

level of induction. 

 The second indication was through the identification of a novel site, spanning -171 bp 

to -163 bp of the oFSHB promoter.  This site is juxtaposed directly upstream to a single-copy 

SBE at -162 bp that, although important for activin induction of oFSHBLuc, has not been 

shown directly to bind Smads.  When mutated, activin induction of oFSHBLuc in LβT2 cells 

is reduced by almost 70 %, and in transgenic mice, the mutation decreases oFSHBLuc 

expression by 99.9 % (see Chapter III, Figs. 2 and 3, [25]).  These studies indicate that 

physiologically, these sequences and the proteins that bind them are critical for activin 
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action.  This site was identified as a putative Runx1 or forkhead-box (FOX) binding site 

because both bind similar sequences.  Importantly, members of both Runx and FOX protein 

families are reported to interact with Smads (26-28).  Therefore, either Runx or FOX proteins 

may act through this site in association with Smads to induce oFSHB in response to activin. 

The identity of this factor is currently unknown. 

 In addition to the potential role of Smads and Smad-associated transcription factors, 

the mitogen-activated protein kinase (MAPK) pathway is also necessary for activin-induced 

oFSHB expression.  Activin induction of oFSHB relies heavily on the MAPKKK, TGFβ-

activated kinase 1 (TAK1,) and its downstream MAPK target, p38 (see Chapter II, Figs. 5A 

and 8C, [23]).  Although important, the MAPK pathway alone also does not explain the slow 

induction of oFSHBLuc by activin because, like Smad-only responses, direct MAPK-

mediated gene activation is typically rapid (29).  Many targets are immediate early genes 

(IEGs) that can be transcription factors important for mediating transcription of late-

responding genes, such as oFSHB.  Because Runx genes are generally regarded as 

constitutively expressed, an activin-regulated member of the FOX family may be important 

for driving the late and maximal induction of oFSHB by activin. The studies presented here 

are focused first on clarifying the role(s) of Smads and p38 in oFSHB regulation by activin, 

and importantly, on identifying a FOX member that may be central to controlling FSH 

production. 
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MATERIALS AND METHODS 

I.  Reagents

 Recombinant human activin A was obtained from R&D Systems, Inc. (Minneapolis, 

MN).  Dulbecco’s modified Eagle medium (DMEM) with high glucose, L-glutamine and 

sodium pyruvate was purchased from Invitrogen Co. (Carlsbad, CA).  Fetal bovine serum 

was from Hyclone Laboratories, Inc. (Logan, UT).  Dithiothreitol (DTT) and 

phenylmethylsulphonylfluoride (PMSF) were obtained from Sigma-Aldrich Co. (St. Louis, 

MO).  Anti-Smad3 (FL-425x) and anti-Smad4 (B-8x) antibodies were from Santa Cruz 

Biotechnologies (Santa Cruz, CA).  FuGENE 6 transfection reagent was purchased from 

Roche Applied Science (Indianapolis, IN).  The p38 inhibitor, SB203580 was purchased 

from Calbiochem (San Diego, CA).  The Luciferase Assay System and 5x Passive Lysis 

Buffer were purchased from Promega (Madison, WI).  TRI Reagent was from Molecular 

Reseach Center Inc. (Cincinnati, OH).  The iScript cDNA synthesis kit was from Bio-Rad 

Laboratories, Inc. (Hercules, CA), and Taqman Universal PCR Master Mix was purchased 

from Applied Biosystems (Foster City, CA).   

II.  Reporter plasmids and expression vectors

 The ovine reporter plasmid, oFSHBLuc, has been described previously (30).  The 

mouse reporter plasmid, mFSHBLuc, the Smad2 RNAi construct and its empty vector, 

pBS/U6, have been previously described (16) and were a generous gift from Dr. Daniel J. 

Bernard (McGill University, Montreal, Quebec, Canada).  The C-terminally truncated 

dominant negative (DN) Smad4 (Smad4 1-514) construct, driven by the cytomegalovirus 
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(CMV) promoter and its empty vector, pCMV, were kindly provided by Dr. Joan Massague 

(Memorial Sloan-Kettering Cancer Center, New York, NY) (31).   

III.  Culture and transient transfection of LβT2 gonadotropes 

 LβT2 cells were provided by Dr. Pamela L. Mellon (University of California, San 

Diego, CA) and were cultured as described previously (23).  For Fig. 2A and B, LβT2 cells 

were plated at a density of 25,000 cells per well in 96-well Primaria culture plates (Becton 

Dickinson, Franklin Lakes, NJ).  Cells were transfected 24 hrs later in triplicate with 50 ng 

wild-type oFSHBLuc and were cotransfected with 50 ng of pCMV or DN-Smad4 (Fig. 2A), 

or 50 ng or pBS/U6 of Smad2 RNAi (Fig. 2B).  In Fig. 2C, cells were transfected with 50 ng 

wild-type mFSHBLuc, and cotransfected with 50 ng of pBS/U6 or Smad2 RNAi.  All 

transfections were performed with FuGENE 6 (Roche Applied Science) using 300 ng/well.  

Plasmids and FuGENE 6 were incubated in serum-free DMEM for 15 min at RT, then 50 µl 

was added to each well.  After 24 hrs, cells were treated with or without 50 ng/ml activin A 

for 22 hrs and then assayed for luciferase activity.   

 For the p38 studies (Fig. 3), cells were transfected with 50 ng wild-type oFSHBLuc 

with FuGENE 6 using 150 ng/well.  After 24 hrs, cells were treated for 1 hr with fresh media 

containing 50 µM SB203580 or an equivalent volume of DMSO as a control.  SB203580 was 

prepared in DMSO at a stock concentration of 50 mM, so that each well contained 0.1 % 

DMSO.  Cultures were then treated with additional media containing 50 µM SB203580 or 

DMSO, both with or without 50 ng/ml activin A.  Cells were harvested every 2 hrs for 24 

hrs, then assayed for luciferase activity. 

 

 91



IV.  Luciferase assay

 LβT2 cells in 96-well plates were lysed in 30 µl 1x Passive Lysis Buffer (Promega), 

and 10 µl was assayed for luciferase activity using an automated 1420 Victor-Light micro 

plate luminometer (Perkin-Elmer, Waltham, MA). 

V.  Isolation of nuclear extracts

 LβT2 cells were plated in 6 ml DMEM at a density of 10 x 106 cells per plate in 100 

mm Primaria culture dishes (Becton Dickinson).  After 48 hrs, cells were treated with fresh 

media, with or without 50 ng/ml activin A for 1, 4 or 20 hrs, and nuclear extracts were 

isolated as previously described (32) with minor alterations to the protocol.  Briefly, cells 

were washed once with 5 ml then scraped with 1.5 ml of ice-cold PBS, and transferred to a 

microfuge tube.  Cells were pelleted at 5000 x g for 30 sec at RT and resuspended in 800 µl 

of cold Buffer A (10 mM HEPES-KOH, pH 7.9 at 4 C, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM 

DTT, 0.2 mM PMSF).  After incubation on ice for 10 min, 25 µl of 10 % NP-40 was added, 

samples were vortexed for 10 sec, and centrifuged at 12000 x g for 10 sec at RT.  Pellets 

were resuspended in 150 µl of cold Buffer C (20 mM HEPES-KOH, pH 7.9 at 4 C, 25 % 

glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF) and 

incubated on ice for 20 min.  Cellular debris was removed by centrifugation at 12000 x g for 

5 min at 4 C, and the supernatant fractions were saved and stored at -80 C.  Protein 

concentrations were determined using the Qubit Fluorometer and Quant-it Protein Assay Kit 

(Invitrogen Co., Carlsbad, CA).         
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VI.  Electrophoretic mobility shift assays (EMSA)

 A double-stranded oligo corresponding to -171/-156 bp of the oFSHB promoter, with 

a T to C mutation at -164 bp (T164C, Table 1), was 5' end-labeled with 32P-γATP (Perkin-

Elmer) using T4 Polynucleotide Kinase (Epicentre Biotechnologies, Madison, WI).  Nuclear 

proteins (5 µg) were incubated with 3.5 ng (40,000 cpm) of 32P-labeled T164C in 25 mM 

HEPES (pH7.2), 1 mM KCl, 5 mM dithiothreitol, 10% glycerol and 500 ng salmon sperm 

DNA at RT for 20 min.  In supershift experiments, reactions were assembled at RT and 

incubated for 10 min with 1 µg of Smad3 or Smad4 antibodies prior to the addition of probe.  

For Smad4 competition experiments (Fig. 1B), reactions were assembled at RT, incubated 

for 10 min with 100-fold excess of unlabeled T164C, palindromic SBE (SBE), wild-type 

oFSHB (Wt) or non-specific (NS) (Table 1) oligos, followed by an additional 10 min 

incubation with the Smad4 antibody prior to the addition of probe.  The T164C, Wt and NS 

oligos were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA), and the SBE 

oligo (sc-2603) was purchased from Santa Cruz Biotechnology, Inc.  Reactions were then run  

 
Table 1:  Oligonucleotides used in EMSA.  Listed are the sense strand sequences of 16 bp double-stranded 
oligos used in EMSA.  Only T164C, which corresponds to -171 bp to -156 bp of the oFSHB promoter and has a 
T to C mutation at -164 bp (shown in bold lowercase) was 32P-labeled.  All others were used as cold 
competitors (Fig. 1B).  The SBE oligo contains a consensus palindromic Smad binding element (underlined).  
The Wt oligo corresponds to -171/-156 bp of the wild-type oFSHB promoter, and the NS oligo consists of 
random base pairs that are not homologous to the wild-type oFSHB promoter or a SBE. 
 

Name Sequence 

T164C 5' - ACTGCGTcTAGACTAC 

SBE 5' - AGTATGTCTAGACTGA 

Wt 5' - ACTGCGTTTAGACTAC 

NS 5' - CTAATACGACTCACTA 
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on 5 %  native polyacrylamide gels (29:1 acrylamide:bis-acrylamide) in 40 mM Tris–

HCl/195 mM glycine (pH 8.5) at 180 volts for 3 hrs at 4 C.  Gels were dried for 1 hr using a 

Model 583 gel dryer (Bio-Rad Laboratories, Inc.) and scanned with a Molecular Dynamics 

Model 445 SI PhosphorImager (GE Healthcare, Waukesha, WI).  Gels were visualized and 

bands quantatitated using Image Quant 5.0 (GE Healthcare).    

VII.  Quantifying FOXQ1 mRNA levels

 LβT2 cells were plated at a density of 25,000 cells per well in 96-well Primaria 

culture plates (Becton Dickinson).  After 48 hrs, cells were treated with fresh media 

containing 50 ng/ml activin A.  Following 0, 2, 3, 4, 6, 8, 12, 16 and 24 hrs of activin 

treatment, cells were harvested in 800 µl TRI Reagent (Molecular Research Center, Inc.) and 

total RNA was isolated according to the manufacturer’s recommendations.  RNA was 

converted to cDNA with the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.).  

Oligonucleotides for Taqman real-time PCR were designed for mouse cDNA for FOXQ1 and 

18s ribosomal RNA (Table 2), which served as the internal control, using software from 

Integrated DNA Technologies, Inc.  All Taqman probes were 5'-labeled with FAM and real-

time PCR of all cDNA samples was performed at the same time.  Real-time PCR was 

performed in duplicate on triplicate cDNA samples for each time point using an ABI 7300 

Real-time PCR Cycler (Applied Biosystems).  Reactions consisted of 1 µl of cDNA and 29 

µl of 1x master mix, which consisted of 5 pmol each of primers and probes and 15 µl of 2x 

Taqman Universal PCR Master Mix (Applied Biosystems).  Samples were incubated at 50 C 

for 2 min, 95 C for 10 min, and then for 40 complete cycles (95 C for 15 sec, and 60 C for 1 
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min).  Threshold cycle (CT) values were determined with Applied Biosystems software and 

used for relative quantitation with the 2-ΔΔCt method (33).     

 
Table 2: Real-time RT-PCR primers and probes.  Listed are the sequences for the forward and reverse 
primers, and 5' FAM-labeled probes for mouse cDNA for FOXQ1 and 18s rRNA. 
 
 

Primer/Probe 
Set Sequence 

FOXQ1 ACCAACTTCTA 
GCTGGGATTT 
TCACCCAACAA 

Forward:  5' - AGGACAGCACTGC
Reverse:  .5' - AAAGGTTCTCCTCC
Probe:      5' - ACTCCACTCCTCACT

18s rRNA GCTCATTAA 
Reverse:  .5' - GAATCACCACAGTTATCCAAGTAGGA 
Probe:      5' -  ATGGTTCCTTTGGTCGCTCGCTCC 

Forward:  5' - GAAACTGCGAATG
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RESULTS 

I.  Smad4 binds the wild-type oFSHB promoter

 The sequences between -171 bp and -159 bp of the oFSHB promoter must bi

activin-responsive proteins because this region is necessary for activin induction of 

oFSHBLuc.   Initial attempts that used electrophoretic mobility shift assays (EMSA) to 

visualize binding of these proteins to a radiolabeled wild-type oFSHB double-stranded DNA 

oligo (Wt, Table 1), however, were unfruitful.  Interestingly, making a T to C substitution a

-164 bp created a consensus 8 bp palindromic SBE from -166 bp to -159 bp of the oFSHB 

promoter (see T164C, Table 1) that is known to bind Smads 3 and 4 in EMSAs (13).  This 

mutation provided a reproducible method to investigate interactions between Sm

nd 

t  

ads 3 and 4, 

 

 

 in 

ctively), the 

and this palindromic SBE in control or activin treated LβT2 nuclear extracts.   

 Depicted in Fig. 1A is a representative EMSA that shows the kinetics and 

composition of complexes formed between LβT2 nuclear extracts and the T164C probe 

under control and activin-stimulated conditions.  Incubation of 32P-labeled T164C with 

control treated LβT2 nuclear extracts resulted in little to no complex formation (Fig. 1A, 

lanes 2-4).  A single, but faint complex appeared at 20 hrs (lane 4).  After only 1 hr, activin 

caused a robust 7-fold increase in complex formation relative to control (compare lanes 2 and

5), which was transient because it fell to 3.5- and 2-fold at 4 and 20 hrs, respectively (lane 6 

vs. 3, and 7 vs. 4).  Although, some of this reduction can be attributed to the slight increase

binding under basal conditions (compare 1 hr and 20 hrs, lanes 2 and 4, respe

activin-stimulated binding at 20 hrs is clearly less than at 1 hr (lane 7 vs. 5). 
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 Specific antibodies were used to determine if these complexes contained Smad3 

and/or 4, but Smad2 was not investigated because it cannot directly bind DNA, nor bind to a 

palindromic SBE in EMSAs (13).  Inclusion of a Smad3 antibody caused a supershift that 

was observed only after activin stimulation (*, lanes 11-13).  Activin-induced Smad3 bindin

was also transient.  Relative to control, Smad3 binding incre

g 

ased 6-fold after 1 hr of activin 

 11), and based on an average of two EMSAs, the levels of Smad3 bound 

ecreased by more than 50 % after 20 hrs (lane 13 vs. 11).  

   

 

).  Antibodies to Smad3 (+αSmad3; lanes 8-13) and Smad4 (+αSmad4; lanes 14-19) were included in binding 
actions to supershift complexes containing Smad3 and 4 (marked by * and **, respectively).  A negative 
ntrol a

MSA o
5.0 (GE Healthcare).      

 
, 

d 

 

stimulation (lane

d

 
 
 

 

 

 

 
 
 
 
 
 
Figure 1A: Kinetics and composition of complexes formed between LβT2 nuclear extracts and T164C.   
EMSA was performed using no nuclear extracts (-NE; lane 1) or LβT2 nuclear extracts that had been treated 
with control media (Control) or activin (+Activin) for a period of 1, 4 or 20 hrs, and 32P-labeled T164C (Table 
1
re
co ntibody (+IgG; lanes 2-7) was used to show specificity of Smad binding.  Depicted is a representative 
E f two replicates, and fold changes were calculated from band intensities determined with Image Quant 

 

 In the presence of a Smad4 antibody, strong supershifts were observed (Fig. 1A, **

lanes 14-19).  Smad4 bound under control conditions and progressively increased 2.6-fol

over 20 hrs (compare lanes 14 and 16).  The same progressive increase in Smad4 binding
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(2.6-fold) was also observed in the presence of activin (lanes 17-19), but unlike Smad3, 

Smad4 was minimally responsive to activin.  Relative to control, activin only increased 

Smad4 binding by 25 % at all time points (lanes 14-16 vs. 17-19).  In the absence of nuclea

extracts there was no binding (lane 1), and no supershifts occurred in the presence of IgG 

(lanes 2-7) confirming the specificity of complex formation, and Smad3 and 4 binding,

respectively.  These data showed that endogenous Smad3 and 4 from LβT2 cells can bind 

a palindromic SBE and that Smad3, but not Smad4 binding, was transient and

r 

 

to 

 activin-

 

 

6 

, 

as 

00-fold excess of led T16  a  a lindrom S E, abl 1), respectively,  

was sufficient to c or 100  o bou d S d i B T sa  amount of a wild- 

dependent. The progressive increase in Smad4 binding over time was consistent with the

induction of oFSHBLuc, where maximal binding and expression are similar. 

 Creation of a palindromic SBE (T164C) was necessary to observe Smad3 and 4

binding properties.  It was thought, however, that the findings presented in Fig. 1A may not 

correspond to what occurs on the wild-type oFSHB promoter under basal and activin-

stimulated conditions.  Therefore, a competition EMSA was performed to see if Smad4 can 

bind to wild-type oFSHB since only Smad4 binding mimics expression of oFSHBLuc.  This 

was performed at 20 hrs, which is the point of maximum Smad4 binding (Fig 1A, lanes 1

and 19).  Consistent with Fig. 1A, Smad4 bound to T164C strongly under control conditions

and was unaffected by activin in this case (Fig 1B, **, lanes 4 and 5).  This binding w

specific because no binding or supershifts were observed in the absence of nuclear extracts 

(lane 1) or presence of IgG (lanes 2 and 3), respectively.  Next, the ability of various 

unlabeled oligos to compete for Smad4 binding was examined (lanes 6-9).  In lanes 6 and 7, 

1  unlabe 4C nd  pa ic SBE ( B T e 

ompete f  % f n ma 4 (F g. 1 ).  he me
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Figure 1B:  Wild-type oFSHB can bind Smad4.  A representative EMSA that used no nuclear extracts (-NE, 

**

 

ere 
ft Smad4-

ntaining complexes (**).  For competition studies, 100-fold excess of unlabeled T164C (lane 6), palindromic 
E (SBE, lane 7), wild-type oFSHB (Wt, lane 8) or non-specific DNA (NS, lane 9), was incubated with LβT2 

was used to show specificity of Smad4 binding.  Depicted is a representative EMSA of two replicates, and 

as  

is suggests, for the first time, that Smad4 can bind to the single-

βT2 c

s

 
     +    T164C 

       +   SBE  

       +  Wt   
        + NS  

 + + +       IgG 

 

 

 

lane 1) or LβT2 nuclear extracts that were treated with control media (C) or activin (A) for 20 hrs.  These w
cubated with in

co
32P-labeled T164C and an antibody to Smad4 (+αSmad4, lanes 4-9) to supershi

SB
nuclear extracts prior to the addition of antibody and probe.  A negative control antibody (+IgG; lanes 2 and 3)  

percent competition was calculated from band intensities determined with Image Quant 5.0. 
 
  
type oFSHB oligo (Wt, Table 1) competed 85 % (lane 8).  The specificity of competition w

shown through the use of a non-specific oligo (NS, Table 1), which did not compete for the 

level of Smad4 bound.  Th

copy SBE in the oFSHB promoter (-162AGAC-159) that is critical for activin induction in 

L ells (26, 27).          

 II.  Smad4, but not Smad2 is required for activin induction of oFSHBLuc in LβT2 cell  

 To investigate the functional importance of Smad4 in mediating oFSHB induction by 

activin, LβT2 cells were cotransfected with oFSHBLuc and either empty DNA (pCMV) or 

αSmad4    + + + + + + 
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 dominant negative (DN) inhibitor of Smad4 (Smad4 1-514).  After 22 hrs, activin induced 

.6-fold (Fig. 2A).  In the presence of the DN-Smad4, the induction was only 

.1-fold, a reduction of almost 63 %, and basal expression was unaffected (Fig. 2A).  

 
 

Figure 2A: Smad4 is required for activin induction of oFSHBLuc.  As described in Materials and Methods, 
βT2 ce ad4 
mad4 in A 

activin-induced increases in oFSHBLuc expression is shown as fold change and highlighted by blue arrows.  
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h was not used since RNA produced from Smad2 expression vectors is 

egraded in LβT2 cells (16).  LβT2 cells were cotransfected with oFSHBLuc and either a 

mad2 small-interfering RNA (siRNA)- expressing construct (Smad2 RNAi) or its empty 

vector (pBS/U6).   
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L lls were transiently cotransfected with oFSHBLuc and either empty DNA (pCMV) or a DN-Sm
(S 1-514).  After 24 hrs, cultures were treated with (+Activin) or without (-Activin) 50 ng/ml of activ
for 22 hrs, and assayed for luciferase activity.  The luciferase activity is plotted as mean +/- SEM, which was 
determined with Prism version 4 (GraphPad Software, Inc., San Diego, CA), of triplicate assays.  The level of 

 

 Activin induction of oFSHBLuc is known to occur independently of receptor-

mediated Smad3 activation (see Chapter II, [23]), but the role of Smad2 remained untested. 

To determine if Smad2 was involved in activin induction of oFSHBLuc, an RNA interferen

(RNAi) approach was used to knockdown endogenous levels of Smad2 in LβT2 cells.  A 
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in)  

 mean 
induced increases in oFSHBLuc expression is shown as fold change and highlighted by blue arrows.    

in LβT2 cells (16).  In the presence of pBS/U6, activin induced an approximate 4-fold 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 2B and 2C:  Smad2 is not involved in activin induction of oFSHBLuc.  LβT2 cells were tran

ansfected with oFSHBLuc (B) or mFSHBLuc (C), and simultaneously cotransfected with a Smad2 siRNA tr
(S
(-Activ 50 ng/ml of activin A for 22 hrs, and assayed for luciferase activity.  The luciferase activity is plotted
as +/- SEM, which was determined with Prism version 4, of triplicate assays.  The level of activin-

 

 This Smad2 RNAi was previously documented to effectively block Smad2 signaling 



increase in oFSHB expression (Fig. 2B).  Cotransfection with the Smad2 RNAi reduced ba

expression by 43 %, but the level of induction by activin at 22 hrs remained the same at 4-

sal 

eing 

nt 

2 

 

 

 of oFSHB. 

fold over basal (Fig. 2B).  The inability of Smad2 RNAi to alter the overall magnitude of   

activin-induced oFSHBLuc expression could be attributed to the Smad2 siRNA vector b

non-functional, but the decrease in basal expression of oFSHBLuc suggests otherwise.  

Nevertheless, to ensure that the Smad2 siRNA was effective in blocking activin-depende

Smad responses a mouse FSHB promoter/reporter (mFSHBLuc) was used.  The Smad

RNAi is known to block mFSHBLuc induction by about 50 % (16).  Activin induced 

mFSHBLuc expression by 6-fold when it was cotransfected with the empty vector pBS/U6

(Fig. 2C).  The Smad2 RNAi blocked almost 50 % of activin induction without affecting 

basal activity (Fig. 2C).  Therefore, under these conditions, the Smad2 siRNA is functional 

and effective in abrogating activin action in LβT2 cells.  Collectively, the data presented in

Fig. 2A-C indicate that Smad4, but not Smad2 is required for activin induction

III.  p38 mediates the second phase of activin-induced oFSHB expression

 Previously, pharmacological inhibition of TAK1 and one of its downstream

p38, revealed that these two MAPK pathway members are mediators required for 

transcription of oFSHB in response to activin (see Chapter II, [23]).  These studies were 

conducted when activin induction of oFSHBLuc was highest (24 hrs), so we next sought to 

determine when p38 was required during the time-course of activin-induced expression of 

oFSHB.  This type of analysis would indicate whether or not oFSHB is a direct targe

action.  LβT2 cells transfected with oFSHBLuc and stimulated with activin elicited 

progressively increasing levels of expression over time with a maximal induction of alm

 targets,  

t of p38 

ost 
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Figure 3: p38 is required for the second phase of activin-induced expression of oFSHB in LβT2 cells.  
LβT2 cells were transiently transfected with oFSHBLuc.  After 24 hrs, cultures were pretreated for 1 hr with 50
µM of the p38 inhibitor, SB203580 (p38i), or its vehicle, DMSO (Control), so that each contained DMSO at a
final concentration of 0.1 %.  Cultures were then treated with activin A at 50 ng/ml in the presence of Control 
(solid red line) or p38i (dashed red line), or without activin A in the presence of Control (solid black line) or 
p38i (dashed black 
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 hrs did not differ from the increased expression caused by activin alone (Fig. 3).   

 

 
 

line).  Cells were lysed every 2 hrs for 24 hrs and samples were assayed for luciferase 
tivity.  Data are plotted as mean luciferase activity +/- SEM, which was determined with Prism version 4, of 

triplicate assays.    

t 

r 

phase, which occurs after 8 hrs and is responsible for 50 % of overall oFSHB 

duction. 

13-fold at 24 hrs (Fig. 3, solid red line).  In the presence of the selective p38 inhibitor, 

SB203580, the same as that used in Fig. 8C of Chapter II, induction of oFSHBLuc fr

8
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 After 8 hrs, however, the p38 inhibitor prevented any further increases in oFSHB 

expression, and maintained the level of activin induction over the subsequent 16 hrs at a 

consistent level, averaging 3.7 +/- 0.3-fold (Fig. 3).  The data presented in Fig. 3 indicate tha

the induction of oFSHB by activin occurs in biphasic manner, and that p38 is necessary fo

the second 

in
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.  FOIV XQ1 mRNA is induced transiently by activin

 Due to the physiological importance of a putative Runx1/FOX binding site in 

mediating activin induction of oFSHB (see Chapter III, [25]), the FOX family was examined 

to determine if any of its 43 members (34) are regulated by activin.  The rationale for this is

based upon the fact that oFSHB is a late-responding gene that is induced biphasically (Fig.

3), so its expression is likely controlled by another activin-activated and early-respon

gene.  The Runx family was not investigated because they are typically regarded as 

Hours

 

 

ding 

onstitutively expressed genes.  One candidate gene, FOXQ1, was identified based on a  

  

 

tiation (35).  
he mRNA levels were quantiated relative to the mRNA levels of FOXQ1 at 0 hrs, which was normalized to 1.  

Plotted are the means +/- SEM, which was determined with Prism version 4, of triplicate assays.   

ere  

c

 

 

 

 

 

 

 

 
 
Figure 4: Endogenous FOXQ1 mRNA is transiently upregulated by activin in LβT2 cells.  LβT2 cells were
treated with activin for the indicated times, RNA was isolated and quantitative RT-PCR was performed as 
described in Materials and Methods.  Threshold cycle (Ct) values were normalized to endogenous mouse 18s 
ribosomal RNA, then used to quantitate FOXQ1 mRNA expression with the 2-ΔΔCt method for quan
T

 

single DNA microarray that showed a 2.2-fold increase in FOXQ1 mRNA expression in 

LβT2 cells after 2 hrs of activin stimulation (data not shown).  No other FOX members w
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regulated by activin within this timeframe (data not shown).  Regulation of FOXQ1 by 

activin was investigated further through quantitative RT-PCR (qRT-PCR).  Depicted in Fig. 

4 are time-course data for activin-induced changes in endogenous FOXQ1 mRNA levels in 

LβT2 cells.  Relative to FOXQ1 mRNA (foxq1) levels at 0 hrs, activin increased expression 

of foxq1 mRNA by almost 3-fold at 6 hrs, and a maximum induction of 4.5-fold occurred a

hrs (Fig. 4).  After 8 hrs, the activin-induced expression of FOXQ1 mRNA quickly declined

and, on average, returned to a

t 8 

 

 basal level (Fig. 4).  Although an increase in foxq1 was not 

en at 2 hrs, as suggested by the microarray, it was found to be regulated by activin in an 

arly and transient fashion.   
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DISCUSSION 

I.  Defining the role of Smads in activin induction of oFSHB

 Activin is well known to be a potent inducer of FSHB transcription and FSH secret

(2, 3, 35).  One classical intracellular pathway utilized by activin is through the 

phosphorylation of Smad2 and/or Smad3, followed by oligomerization with Smad4, then 

nuclear translocation.  The heteromeric Smad complex then regulates gene expression by 

binding to SBEs.  Activin induction of mouse and rat FSHB in LβT2 cells is dependent on 

Smads 2 and 3 due to the existence of an 8 bp palindromic SBE, located between -266 

-259 bp that is uniqu

ion 

bp and 

e to rodent promoters (16-19).  The role of Smads in activin-stimulated 

anscri

34 bp, 

, 

icate Smad4 as a mediator of the activin response.  To date, no Smads have 

in 

 

tr ption of oFSHB, which is highly homologous to human and porcine FSHB has 

remained elusive.   

 Two putative single-copy (4 bp) SBEs, with starting positions at -162 bp and -1

are required for activin induction of oFSHBLuc in LβT2 cells (24, 25).  This indicates that 

Smads may be involved in the transcriptional response.  The SBE at -134 bp has been 

suggested to bind Smad4 under basal conditions (24), but this interaction was not convincing

nor did it impl

been shown to bind the SBE at -162 bp under basal (24) or activin-stimulated conditions 

any species.   

A.  Smad4, but not Smad3 binds a palindromic SBE in increasing levels over time   

 Because the single-copy SBE at -162 bp is necessary for 68 % of activin induction of

oFSHBLuc in LβT2 cells (25), we first investigated whether or not Smads 3 and 4 bound to 

this element.  To do this, it was necessary to create a palindromic SBE, spanning from -166 
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bp to -159 bp of the oFSHB promoter (T164C, Table 1).  In EMSA, 32P-labled T164C bound

to LβT2 nuclear proteins in an activin-dependent and transient fashion (Fig. 1A, lanes 2-7

and these complexes were found to contain both Smad3 and 4 (lanes 11-19).  The transient 

level of activin induced binding was reflected directly in the amount of Smad3 bound to 

T164C (lanes 11-13), and correlated with the rapid phosphorylation and nuclear translocatio

of Smad3 in response to activin in LβT2 cells (16).  It also followed the pattern of p3TPLuc 

induction in LβT2 cells, but not with the kinetics of activin

 

), 

n 

 induced oFSHBLuc expression 

s 16 and 19), 

 

p 

 

e 

er 

ta presented in Fig. 1 

m 

g that 

(see Chapter II, [23]).  Importantly, Smad4 binding was highest at 20 hrs (lane

which does follow the kinetics of oFSHBLuc induction.   

B.  Smad4 binds the -162 bp SBE in the wild-type oFSHB promoter  

 Although it was necessary to create an artificial oFSHB probe that contained an 8 bp

SBE to observe the properties of Smad3 and 4 binding, through a competition EMSA we 

were able to show for the first time that Smad4 can bind to the single-copy SBE at -162 b

(Fig. 1B).  A lack of observable binding to the wild-type oFSHB promoter could be attributed

to either lower affinity of the single-copy SBE for Smads, or instability of protein:DNA 

complexes during electrophoresis.  The former is more appropriate, however, given that th

Wt oFSHB oligo competes for most (85 %), but not all of the Smad4 bound to T164C und

activin-stimulated conditions (Fig. 1B, lane 8).  Collectively, the da

indicate that Smad4 binds the oFSHB promoter and may be important for its synthesis.   

C.  Smad3 is not important for induction of oFSHB by activin  

 Based on the pattern of activin-stimulated Smad3 binding (Fig. 1A), it does not see

important for activin induction of oFSHB.  This is consistent with our previous findin
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receptor-mediated Smad3 phosphorylation is not required for activin induction of oFSHB 

(see Chapter II, [23]).  If Smad3 were important, then maximal binding and nuclear 

nduction of oFSHB 

 almo

 

is 

).  

tivin in LβT2 cells (Fig. 

rnate, 

 

availability would likely occur at 20 hrs, not at 1 and 4 hrs when activin i

is st non-existent. 

D.  Smad4, but not Smad2 mediates activin induction of oFSHBLuc 

 Figure 2A of this study showed that Smad4 is important for activin induction of

oFSHBLuc because a DN-Smad4 (Smad4 1-514) blocked 63 % of the activin response.  Th

DN-Smad4 was designed based on a naturally occurring Smad4 mutation that has a C-

terminal truncation of 38 amino acids that is present in pancreatic adenocarcinomas (36

This prevents the formation of transcriptionally active DNA-binding complexes, such as 

Smad2/4 (37).  Even though Smad2 cannot directly contact DNA, it can be targeted to 

promoters by Smad4 to regulate transcription.  However, through an RNAi approach, Smad2 

was not found to be involved in the induction of oFSHBLuc by ac

2B).  Therefore, induction of oFSHB expression in LβT2 cells likely depends on an alte

activin-activated transcription factor that associates with Smad4. 

E.  A Smad4 partner protein may be important for activin induction of oFSHB    

 Primary support for the dependence of oFSHB induction on a Smad4-associated 

transcription factor is based upon the inhibitory actions of DN-Smad4 (Fig. 2A).  In the 

presence of the DN-Smad4, a transcription factor important for activin’s actions would be 

sequestered away from the promoter.  In addition, binding of Smad4 to the single-copy SBE

at -162 bp in the oFSHB promoter is weaker than for the palindromic SBE (Fig. 1B), so the 

additional factor may act to stabilize or enhance the interaction between Smad4 and DNA, 
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and provide specificity to the -162 bp SBE in the oFSHB promoter.  Furthermore, Smad4

common mediator (Co-Smad) that is not regarded as an independent transcription factor, nor 

is it regulated by activin.  Consistent with the former, overexpression of Smad4 alone in 

LβT2 cells cannot enhance the levels of basal or activin-stimulated expression of roden

18) or ovine (personal observation) FSHB.  Regarding the latter, Smad4 binding was not 

found to be activin-dependent (Figs. 1A and B).  However, given the sheer number of 

transcription factors that can interact with Smad4 (15), identification of this factor i

trivial under

 is a 

t (16-

s not a 

taking.  Nevertheless, we have shown that Smad4 (Fig. 2A), and not Smad2 (Fig. 

or of activin induced oFSHB 2B) or 3 (see Chapter II, [23]) is an important mediat

expression. 

II.  The role of p38 in activin induction of oFSHB

  Although we defined the importance of Smad4 in oFSHB regulation, it was also 

important to investigate the MAPK pathway since we previously discovered that TAK1 and 

its downstream target, p38, are necessary for activin-induced expression of oFSHBLuc in 

LβT2 cells (see Chapter II, [23]).  In Fig. 3 of this study, a time-course approach was adop

to examine the role of p38 in greater detail.  Perhaps one of the most interesting discoveries 

reported in this study was the finding that through pharmacological inhibition of p38, the 

induction of oFSHBLuc by activin could be separated into two phases (Fig. 3).  The second

phase, which occurred after 8 hrs, required p38, whereas the first phase was p38-independent 

(Fig. 3).  This confirmed our previous data, but expanded it by showing that oFSHB is an 

indirect target of p38 because even in the presence of 50 µM SB203580, induction continued 

up to 8 hrs (Fig. 3).  This timeframe is when transcriptional responses directly activ

ted 

 

ated by 
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p38 occur.  For example, direct actions of p38 are required for TGFβ-mediated regulatio

the angiotensin II type I receptor (38) and thrombospondin-1 (39) genes.  Both are 

significantly induced by TGFβ within 4 hrs and return to basal af

n of 

ter 12 hrs.  These two 

ediated by p38 (29) that examples are typical models of the rapid and transient responses m

are clearly different from the slow induction of oFSHB (Fig. 3). 

III.  Rationale for a transcriptionally induced Smad4 partner  

 The data presented in Fig. 3 also supported our hypothesis that oFSHB synthesis 

likely depends on an activin-regulated early response gene.  This is not based simply upon

the fact that its kinetics are slow relative to classical p38 and Smad transcriptional events, but 

because activin induction of oFSHBLuc was found to be a two-step process (Fig. 3).  The 

early response gene could ultimately be necessary for the maximal level of oFSHB inductio

during the latter phase through a “self-enabling” mechanism.  Self-enabling transcr

occurs when a ligand induces a gene rapidly, which itself is a transcription factor that c

regulate the original action of the ligand through a secondary gene response.  This 

mechanism of gene regulation is not uncommon to TGFβ family signaling (40). 

example of a self-enabling mechanism occurs in endothelial cells.  Rapid, Smad-dependent 

induction of ATF3 by TGFβ leads to subsequent regulation of Id1 (inhibitors of 

differentiation 1) expression by an interaction between ATF3 and Smad3 (41).  Similarly, in 

Xenopus embryos, Mixer is induced by activin, and its product binds the goosecoid prom

and enhances its transcription in conjunction with

 

n 

iption 

an 

 One 

oter 

 Smads 2 and 4 (42).  A similar mechanism 

e possible may exist to control activin-mediated induction of oFSHB expression, and on

candidate was identified in this study (FOXQ1). 
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IV.  FOXQ1 as a possible inducer of oFSHB transcription in LβT2 cells 

A.  FOXQ1 may bind the oFSHB promoter in association with Smad4  

 Depicted in Fig. 4 are data showing the pattern of activin induction of FOXQ1 in 

LβT2 cells.  FOXQ1 may be an early response gene important for driving oFSHB 

transcription in a self-enabling manner.  Our discovery here was novel, not only because

FOX members have been found to be transcriptionally regulated by activin in LβT2 cells, but 

also because of the physiological importance of a putative FOX binding site juxtaposed 

upstream to the -162 bp single-copy SBE (see Chapter III, [25]).  The maximum induction 

FOXQ1 occurred between 6 hrs and 8 hrs (Fig. 4).  After this period, its product, FOX

may partner with Smad4.  The FOXQ1/Smad4 complex could bind the putative FOX and

Smad binding sites between -171 bp and -159 bp of the oFSHB promoter, driving the 

secondary and highest increase in oFSHB synthesis.  This would generate classical “self-

enabling” transcription and may be possible for several reasons.  The first is that Smads are 

well known to interact with FOX proteins (15, 26-28).  In addition, the abundance of Smad4

bound is highest at 20 hrs (Fig. 1A and 1B), and Smad4 alone 

 no 

of 

Q1, 

 

 

cannot transactivate FSHB (see 

rtnership may also explain why Smad4, but not 

mad2

 

 is 

h 

above, section I.E).  The FOXQ1/Smad4 pa

S  or 3, is important for activin induction of oFSHBLuc. 

B.  Mechanisms of FOXQ1 regulation    

 We observed that FOXQ1 regulation by activin is both rapid and transient (Fig. 4),

correlating with the kinetics of genes directly regulated by p38 and Smads.  Therefore, it

possible that in LβT2 cells, FOXQ1 is rapidly upregulated in response to activin throug

direct actions of Smad- and/or p38-dependent mechanisms.  In epithelial cells, FOXQ1 
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expression is altered by TGFβ at 6 hrs in a Smad4-dependent manner (43).  Although 

FOXQ1 is inhibited in these cells (43), this study demonstrated that FOXQ1 can be rapidly 

regulated by TGFβ through Smads.  Because activin and TGFβ can elicit opposite effects,

such as with mouse FSHB (see Chapter I, [22]), it was not unusual that we saw stimulation

FOXQ1, while others 

 

 of 

have reported repression.  The precise mechanisms responsible for 

ntly unknown and deserve 

n-

 

 the 

e levels, and 

e 

nx 

activin regulation of FOXQ1 in LβT2 cells, however, are curre

further investigation. 

C.  Evidence against Runx proteins as inducers of oFSHB 

 Although we identified FOXQ1 as a candidate Smad4-associated mediator of activi

induced oFSHB expression, it is important to address the Runx family (Runx1-3) of 

transcription factors.  These are also known to interact with Smads (26) and bind to DNA

sequences similar to those for FOX proteins (27).  A Runx protein could therefore be 

involved in oFSHB regulation by associating with Smad4 and binding the putative FOX 

(Runx) site that we previously identified (see Chapter III, [25]).  We did not investigate

regulation of Runx members because they are generally expressed at constitutiv

activin-induced oFSHB expression may rely on a transcriptionally activated gene (se

sections III and IV.A).  There are some reports of Runx regulation, however.   

 Bone morphogenetic proteins (BMPs) have been reported to increase Runx2 

expression in osteoblasts and myoblasts (44-46).  In addition, the MAPK pathway has been 

shown to phosphorylate Runx2 (47).  It is unknown if Runx2 phosphorylation is ligand-

dependent because this was discovered using overexpressed, constitutively active MAPK.  

These transcriptional and post-translational regulatory events occurred in osteoblasts.  Ru
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is critical for osteoblast differentiation and bone formation, as shown in Runx2 deficient m

(48, 49).  Thus, the importance of Runx seems to be in regulating skeletal development.  

Restricting Runx activity to bone cells could be a physiological mechanism to distinguis

between two different families of transcription factors (Runx and FOX) that bin

ice 

h 

d similar 

ore portant in 

 

 

opment 

 this, 

al 

lls.  The 

B 

immediately induce oFSHBLuc in LβT2 cells in conjunction with Smads.  Therefore, 

DNA sequences.  Therefore, FOX proteins, such as FOXQ1, may be m  im

regulating pituitary functions, such as activin-induced transcription of oFSHB. 

D.  FOXL2 is unlikely involved in activin induction of oFSHB        

 In support of the role of FOX proteins in the pituitary, another member, FOXL2, is

expressed in the pituitary (50) and seems to have a functional role.  In conjunction with 

Smads and AP-1, FOXL2 binds to the GnRH receptor activating sequence (GRAS) (51).  

GRAS is a sequence in the GnRH receptor gene (GnRH-R) that is required for its induction

by activin (53).  The role of FOXL2, however, seems to reside in early pituitary devel

since its expression precedes that of most gonadotrope markers (52).  Consistent with

induction of GnRH-R by activin occurs in αT3-1 cells (51, 53), a cell line thought to 

represent fetal gonadotropes.  The αT3-1 cell line does not express FSHB or induce 

oFSHBLuc in response to activin (54).  This suggests that FOXL2 may not be involved in 

activin-dependent transcription of oFSHBLuc because FOXL2 and Smads can mediate an 

activin response in the gonadotrope cell line, αT3-1 (51, 53).  Because αT3-1 cells are fet

gonadotropes, they may lack other signaling components that are present in LβT2 ce

absence of these unknown components could explain the lack of activin-induced oFSH

induction in αT3-1 cells.  Nevertheless, FOXL2 is present constitutively and could 
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FOXQ1 may be more relevant to transcription of oFSHBLuc since we identified it as an 

early-responding and activin-regulated gene in LβT2 cells (Fig. 4), but more studies are 

necessary to characterize the role of FOXQ1 further (see Concluding Remarks). 
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CONCLUDING REMARKS 

I.  Dissertation summary

 The preceding chapters of this dissertation have aided significantly in understanding 

the complexity surrounding activin-mediated transcription of FSHB.  The studies in Chap

showed not only that activin and TGFβ have opposing actions on mFSHB expression in 

primary mouse gonadotropes (Chapter I, Fig. 7A), but indicated that FSHB transcripti

likely depended on a transcription factor other than Smad2 and 3, which can both be 

activated by activin and TGFβ.  In agreement with this hypothesis, Chapter II showed that 

receptor-mediated activation of Smad3 was not important for activin induction of oFSHB an

that the kinetics of oFSHB induction were atypical of a Smad-dependent response (Cha

II, Fig. 3).  In Chapter III, we identified and showed the physiological importance of a 

putative FOX/Runx binding site juxtaposed to a SBE (Chapter III, Fig. 2).  This finding w

important for two reasons.  First, it indicated that either Smad2 or 4 may be involved in 

oFSHB synthesis because the SBE at -162 bp is required for its induction by activin in Lβ

cells (Chapter III, Fig. 2).  Second, it narrowed the search for an alternate and important 

transcription factor to two families, FOX and Runx, both of which contain members known 

to interact with Smads.  FOX proteins

ter I 

on 

d 

pter 

as 

T2 

, however, seemed more relevant since Runx activity 

eems r

ad2 is 

s estricted to bone formation.   

 Importantly, Chapter IV expanded these studies by showing that Smad4 is capable of 

binding the -162 bp single-copy SBE (Chapter IV, Fig. 1B) and that Smad4, but not Sm

important for oFSHB induction (Fig. 2).  Moreover, we found that activin induction of 

oFSHBLuc occurs biphasically, with only the second phase requiring p38 (Fig. 3), suggesting 
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the involvement of a rapidly activated transcription factor gene that would be required for t

second phase of oFSHB induction.  Our identification of one gene, FOXQ1, was a logical 

candidate given its kinetics (Fig. 4), the importance of a putative FOX binding site in the 

oFSHB promoter upstream to a SBE that binds Smad4 (Fig. 1B), and the inability of Smad

alone to activate ovine (data not shown), as well as rodent FSHB (16-18) expression.  A

previously mentioned, it is possible that FOXQ1 may bind to the site we identified in 

conjunction with Smad4 to regulate activin-dependent transcriptional activity of oFSHB, bu

this is a hypothesis that needs fu

he 

4 

s 

t 

rther attention.  Therefore, it is important to address some 

ration. remaining areas of explo

II.  Future Directions 

A.  Investigating FOXQ1 binding to the oFSHB promoter 

 One important study would be to demonstrate activin-dependent binding of both 

FOXQ1 and Smad4 to the sites spanning -171 bp and -159 bp of the oFSHB promoter

would further implicate FOXQ1 as a potential mediator of activin-stimulated oFSHB 

synthesis, but is not an experiment that can be easily conducted.  As previously mentioned, 

EMSAs could not be conducted with LβT2 nuclear extracts, either control- or activin-treated

and a 

.  This 

, 

ough it 

binding site (Fig. 5) that may diminish the affinity of FOXQ1 for DNA.  Because of this and 

32P-labeled probe encompassing -171 bp to -159 bp of the wild-type oFSHB promoter 

(Wt, Table 1).  To reproducibly observe Smad:DNA interactions in EMSA, a mutation at       

-164 bp that created an 8 bp palindromic SBE (T164C, Table 1) was necessary.  Alth

enabled us to study Smad binding properties, the T164C probe may not be useful to 

investigate FOXQ1 binding. The T to C mutation creates a mismatch in the putative FOX 
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the inability of the Wt probe to effectively bind LβT2 nuclear extracts, EMSA would be 

insufficient to examine FOXQ1 binding. 

 
   
   

 WT:     -171  ACTGCGTTT
  T164C:     -171. ACTGCGTCT  

AGAC -159
AGAC -159

FBE    SBE

 
 

 
Figure 5:  A mismatch in the putative FOXQ1 binding element.  The wild-type (WT) oFSHB promoter 
contains a putative FOXQ1 binding element (FBE) juxtaposed to a Smad binding element (SBE).  Nucleotides 
that may be important for FOXQ1 binding are shown in green, and those important for Smad4 binding are 
shown in red.  Substitution of the T at -162 bp to a C, shown in bold black (arrow), creates a mutation within the 
putative FBE, thus decreasing the affinity of FOXQ1 for the FBE. 
 

 One possible method to circumvent this problem would be chromatin 

immunoprecipitation (ChIP) assays that, unlike EMSA, would not rely on small 

oligonucleotides and artificial buffer conditions.  Furthermore, because of crosslinking in 

ChIP assays, low affinity protein:DNA complexes could be stabilized.  Importantly, this 

method could be used to show in vivo interactions between FOXQ1, as well as Smad4, and 

the oFSHB promoter, but would require the use of a transient or stable ChIP assay.  This is a 

procedure useful for examining interactions between nuclear proteins and transiently (55), or 

stably transfected genes, such as studying activin-dependent binding between transformed 

mouse gonadotrope (LβT2)-derived transcription factors, and ovine FSHB.  However, 

another putative FOX/Runx binding site exists between -66 bp and -58 bp of the oFSHB 

promoter that may also bind FOXQ1.  Therefore, it would be necessary to ensure that any 

interactions observed between FOXQ1 and the oFSHB promoter are specific to the site 

between -171 bp and -163 bp and not the one further downstream. 
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B.  Investigating the role of FOXQ1 in activin induction of oFSHB  

 Another area of exploration is to examine the functional importance of FOXQ1 in 

activin regulation of oFSHB.  Because FOXQ1 is only one of a 43 member protein family 

(34) that bind the same DNA sequences, this analysis will be critical to proving that FOXQ1 

and not another FOX member is the key mediator of oFSHB induction.  Currently, no 

dominant negative forms of FOXQ1 exist, so using RNAi to knockdown endogenous FOXQ 

would be most suitable to examine its role in LβT2 cells.  However, use of this technique 

would require great care to ensure specificity of the RNAi to FOXQ1 because often, RNAi 

approaches produce several non-specific effects (reviewed in [58]).   

 Most importantly, the Runx family also deserves further investigation.  Recently, 

Ruebel et al. showed that TGFβ1 upregulated Runx1 by 2-fold in the human pituitary cell 

line, HP75 (57), which express the gonadotrope markers, FSHB and LHB (58).  We identified 

FOXQ1 as a potential candidate transcription factor that may be important for activin 

induction of oFSHB (Chapter IV), but Runx proteins may be important for gonadotrope 

function in addition to their roles in bone development.  The work presented in Chapters I - 

IV of this dissertation have significantly advanced knowledge about the molecular 

mechanisms involved in activin-induced transcription of oFSHB.  As described in this 

section, important and complex areas of research remain, however.  The most important and 

novel of which would be to prove (or disprove) that FOXQ1 drives activin induction of 

oFSHB.  If FOXQ1 is not functionally important, then identification of another FOX, or 

perhaps, Runx member will be crucial to understanding what controls FSHB expression and 

FSH production.                                       
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