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a b s t r a c t

Expression of the hormone-specific �-subunit of follicle stimulating hormone (FSH�) is regulated primar-
ily by gonadotropin releasing hormone (GnRH) and activin, with additional feedback by various steroids.
While the nature of this hormonal regulation appears conserved, the molecular mechanisms mediat-
ing these effects appear less so. This is apparent from the diverse cis-elements required for hormonal
stimulation in different species, distinct transcription factors that seem to mediate the effects, as well as
eywords:
ituitary
SH
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teroids

the lack of conservation of several reportedly functional cis-elements across species. Recent additional
information on the molecular mechanisms through which these regulatory hormones exert their effects,
supports the possibility of species-specific mechanisms of regulation, while some redundancy may exist
in signaling by the activated transcription factors which allows preservation of the hormonal regulation
in these different promoter contexts.
ranscription
onadotrope
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. Introduction

Mammalian reproduction is regulated by the pituitary
onadotropins, follicle stimulating hormone (FSH) and luteinizing
ormone (LH), which travel via the circulation to the gonads,
here they regulate gonadal growth and function. Although the

ynthesis of both hormones is stimulated by the hypothalamic
onadotropin releasing hormone (GnRH) and they are produced
n the same cells, the expression and circulating levels of each
ormone are distinct, in accordance with their different roles

n reproductive function. In the female ovulatory cycle, FSH is
esponsible for inducing follicular growth, while also increasing
strogen production, while LH, apart from enhancing cholesterol
vailability for steroidogenesis, also signals ovulation following its
eak mid-cycle.

The differential regulation of gonadotropin hormone gene
xpression has been the subject of much speculation, and likely
elates to changing pulse frequency of GnRH administration:
ncreasing pulse frequency stimulates LH �-subunit (LH�) gene
xpression, and lowering it results in a decline in LH� but a rise
n FSH �-subunit (FSH�) gene expression, while expression of
he common �-subunit (�GSU) appears less stringently regulated
Ferris and Shupnik, 2006; Lim et al., submitted for publication
nd references therein). In addition, FSH� gene expression is selec-
ively regulated by the gonadal proteins, activin and inhibin, which
re also produced locally in the pituitary. Activin stimulates FSH�
roduction via a membrane-bound receptor on the gonadotropes
hich is antagonized by inhibin binding. Circulating levels of

hese proteins also vary throughout the ovulatory cycle and clearly
ave a major impact in determining FSH levels (Bilezikjian et al.,
004; Hall, 2004). Expression of both hormones is also regulated
y gonadal steroids which exert their effects at the level of the
ypothalamus, by altering GnRH secretion, and also directly at
he level of the gonadotropes, where they exert distinct effects
n the various subunit genes (Hall, 2004; Melamed et al., 2006a).
learly the convergence of these various endocrine signals at the
onadotrope cells results also in cross-talk between the various
ignaling pathways.

The molecular mechanisms through which these hormones sig-
al transcription of the gonadotropin genes have been studied
xtensively. However, although the mechanisms regulating LH�
ene transcription have been clarified and appear to be relatively
onserved across those mammals studied (reviewed by Jorgensen
t al., 2004), an understanding of the mechanisms regulating FSH�
ene transcription has been slower to emerge.

This aim of this review is to collate the recent findings on the
olecular regulation of FSH� gene transcription by its regulatory

ormones and to try to reconcile the considerable amount of con-
icting data. For this purpose, the review focuses primarily on
tudies in murine gonadotrope cell lines, or other models which
llow conclusions regarding events occurring specifically in the
onadotropes.

. Regulation by GnRH

.1. GnRH targets FSHˇ gene expression through various
ranscription factors

The expression of a number of transcription factors markedly
ncreases in response to GnRH; these include the early response

enes which are up-regulated within the first hour of treat-
ent, and some of which target the gonadotropin subunit genes

Wurmbach et al., 2001; Kakar et al., 2003; Jorgensen et al., 2004;
elamed et al., 2006a). However, understanding the roles of these

actors in mediating the GnRH response has been slow as many ear-
docrinology 314 (2010) 204–212 205

lier studies were carried out in non-gonadotrope cell lines which
were engineered to express the GnRH receptor; the degree to which
the signaling cascades activated in response to GnRH in these cells
resemble those in the gonadotrope cells, is not known. Moreover,
the FSH� gene promoter shows some divergence across species,
particularly in several regions that have been reported to have a spe-
cific function (Fig. 1). The lack of conservation of these cis-elements
inevitably sheds some doubt on their degree of importance and/or
indicates the possibility of species-specific mechanisms of regula-
tion, the reasons for which are not clear.

The AP-1 factors, Jun and Fos, are early response genes that are
up-regulated rapidly after GnRH exposure and have been indicated
in GnRH activation of the FSH� gene in a number of studies; they
also mediate the GnRH response of the LH� gene in some non-
mammalian vertebrates (Melamed et al., 2006b). On mammalian
FSH� genes, there are several potential binding sites for these fac-
tors, some of which have been shown to be functional, although
differences were seen in promoters from various species and/or
under different experimental conditions in in vivo or in vitro mod-
els. Initially two putative AP-1 binding sites on the ovine FSH�
promoter were indicated (at −83 and −120 bp from the transcrip-
tional start site [tss]) which were shown to mediate part of the
GnRH response in luciferase assays in non-gonadotrope cells, but
this was not recapitulated in vivo in transgenic mice (Miller et al.,
2002). Interestingly, the promoter of the Chinook salmon also con-
tains a putative AP-1 binding site (AGCAGTCA) in a similar location
(at −84 bp) and this promoter too is responsive to over-expression
of c-Jun alone or together with c-Fos (Chong et al., 2004; Wang et
al., 2009).

Subsequent studies on the murine FSH� gene promoter revealed
that the corresponding sequence (ATTGGTCA, between −76 and
−69 bp from the tss) comprises a composite half AP-1/NFY site that
was shown to be required for the full GnRH response in luciferase
assays in L�T2 gonadotropes. It was also required for the induction
of promoter activity by c-Fos or c-Jun over-expression, from where
the authors concluded that it is the only functional AP-1 site on
this promoter. They also showed, using chromatin immunoprecip-
itation (ChIP) assays, binding of these factors to the promoter and
that the effect of GnRH was abolished by over-expressing a dom-
inant negative c-Fos, lending further weight to the concept that
the GnRH effect is mediated by AP-1 factors (Coss et al., 2004). An
identical AP-1/NFY putative binding site sequence is also present on
the Chinook salmon FSH� gene promoter (at −607 bp from the tss)
although its functionality has yet to be tested (Wang et al., 2009).

These findings on the likely importance of AP-1 factors were
challenged in a more recent study which showed that over-
expression of c-Jun or c-Fos, or a dominant negative c-Fos that
sequesters and thus inactivates also c-Jun, had no effect on GnRH-
induced rat FSH� promoter activity, although the expression levels
of the proteins in these transfection assays were not shown (Ciccone
et al., 2008). The same study suggested that CREB binds this AP-
1/NFY binding site to mediate at least part of the GnRH effect: the
CREB consensus binding sequence (CRE: TGACGTCA) is almost iden-
tical to that of AP-1. Although CREB over-expression had no effect
on promoter activity, the effect of GnRH is likely via CREB phospho-
rylation (Section 2.2), and use of siRNA-mediated knock-down or a
dominant negative CREB construct significantly reduced, although
it did not abolish, the GnRH effect (Ciccone et al., 2008). The spe-
cific binding was demonstrated by gel-shift assays, and plasmid IP
confirmed association of CREB with the transfected rat FSH� gene
promoter, while gel-shift assays indicated that NFY does not bind

this site on the rat promoter, although some association of AP-1 fac-
tors was seen. It was suggested that the CREB might heterodimerize
with AP-1 factors at this location (Ciccone et al., 2008).

Nur77 (Nr4a1) is another early response gene, whose expres-
sion and activity are rapidly up-regulated by GnRH (Wurmbach et
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Fig. 1. Alignment of the 5′ flanking regions of mammalian FSH� genes showing reported functional and putative response elements. The 5′ flanking regions were aligned
using ClustalW; asterisks below the sequence mark bases conserved in all four species. Cis-elements are boxed and factors are labeled above the sequence; putative factors
are bracketed. Underlined sequences represent those shown to impart activin/SMAD responsiveness to the murine promoter. Steroid hormone binding elements (shown
functional in mice) are highlighted and labeled in grey. The TATA element is shown in bold typeface.
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l., 2001; Kakar et al., 2003; Mazhawidza et al., 2006; Lim et al.,
007). Nur77 plays a vital role in regulating GnRH-induced de-
epression of the murine FSH� gene in �T3-1 cells, as seen by
he use of a dominant negative expression construct which abol-
shed the GnRH effect, while its over-expression was sufficient to
nduce FSH� transcription, and increased also murine FSH� pro-

oter activity in luciferase assays (Lim et al., 2007). Nur77 is found
t the murine FSH� gene promoter, and its consensus binding site
AAAGA/GTCA) is found on the murine promoter between −284
nd −277 bp from the tss, although it appears as AAAGATACA in
ther mammals. Nur77 has also been shown to bind variants of this
equence, and on the GnRH receptor gene promoter it competes
ith Sf-1 for the same Sf-1 binding site (CCAAGGACA, in reverse

rientation; Sadie et al., 2003). The Chinook salmon FSH� gene pro-
oter also contains a near consensus site (AAAGGTCC) at −104 to
98 bp from the tss, and this promoter is also highly responsive to
ur77 over-expression (Wang et al., 2009). The functionality of the
utative binding site on the rodent FSH� promoter has yet to be
ested, although this region of the promoter (−304 to −230) was
ndicated to have a role in the GnRH response in L�T2 cells (Coss et
l., 2004).

Despite extensive work, a consensus has not been reached on
he role of most of these factors in mediating the GnRH response
o activate FSH� gene transcription. However it seems likely that
nder different physiological conditions, GnRH may signal to the
romoter through various pathways, while some of these may
e redundant. Further studies involving ChIP and siRNA-mediated
nock-down in the gonadotrope cell lines, as well as more work in
ransgenic animals are required to clarify the role of these factors
nd their described cis-binding elements.

.2. GnRH signaling to the FSHˇ gene involves several kinase
athways

The GnRH-stimulated pathways involved in activation of some
f the above-mentioned transcription factors have been demon-
trated, while for others, the picture is less clear. The expression of
he AP-1 proteins, c-Fos and FosB, is activated by GnRH-stimulated
RK1/2 and this appears to be crucial in GnRH stimulation of the
uman, murine and ovine FSH� gene promoters. This was shown
sing a selective MEK inhibitor, or a dominant negative construct,
oth of which abolished the expression of the Fos genes and the
ctivity of the FSH� promoters (Bonfil et al., 2004; Coss et al.,
007; Wang et al., 2008). C-Fos was also shown to be activated by
38 MAPK, although this may be less crucial than its activation by
RK1/2; the differences seen could also relate to the efficacy of the

nhibitors that were used in these studies (Roberson et al., 1999;
ang et al., 2008). A role for ERK1/2-independent kinases in the

ctivation of the gonadotropin genes was indicated in transgenic
ice in which the ERK1 and 2 were knocked-out in gonadotropes

nd thyrotropes. Following ovariectomy, which increased expres-
ion levels of FSH� and LH� in the wild type mice, presumably as a
esult of GnRH activation, FSH� expression was lower in the knock-
ut (KO) mice than in the wild types, but levels were still clearly
igher than in the intact (not ovariectomized) KO mice. This sug-
ests that additional ERK1/2-independent GnRH-activated kinases
lay a role in inducing murine FSH� gene expression (Bliss et al., in
ress).

A role for p38 MAPK in the GnRH-activated murine FSH� pro-
oter activity has been demonstrated in L�T2 cells, although
hether c-Fos is the only downstream target, is not yet clear (Bonfil
t al., 2004; Coss et al., 2007; Wang et al., 2008). Notably, in simi-
ar experiments in cultured rat pituitary cells, the GnRH response
f the FSH� primary transcript was not affected by the p38 MAPK

nhibitor (Haisenleder et al., 2008). In the L�T2 cells, p38 MAPK
as also shown to play a role in the synergy between GnRH and
docrinology 314 (2010) 204–212 207

activin signaling (Section 5) in which its effects on c-Fos were again
implicated (Coss et al., 2007).

The expression of c-Jun and JunB, as well as the phosphorylation
of c-Jun, appear to be up-regulated by GnRH-activated JNK (Wang
et al., 2008). Constructs expressing a dominant negative form of
the upstream activator, CDC42, reduced the GnRH effect on activ-
ity of the ovine FSH� promoter, indicating that JNK contributes
to GnRH-activated FSH� gene transcription (Bonfil et al., 2004).
Notably, however, doses of a JNK inhibitor (SP600125) that were
sufficient to abolish GnRH-induced phosphorylation of c-Jun, did
not appear to affect activity of the human FSH� promoter (Wang
et al., 2008), possibly indicating a degree of species-specificity
in the activation of the FSH� gene by Jun proteins (Section 2.1).
Given that higher doses of the JNK inhibitor did abolish the GnRH
effect on human FSH� promoter activity (Wang et al., 2008), it
seems likely that JNK has additional downstream targets that are
required for the GnRH effect on this gene. In perifused rat pitu-
itary cells, the same JNK inhibitor significantly reduced basal levels
of the primary transcript, although the GnRH-induced response
(to 200 pM pulses every 60 min) was unaltered (Haisenleder et
al., 2008). Although the reasons for these conflicting results are
not known, paracrine effects may well be involved with possi-
bly inefficient inhibition of the higher levels of activated JNK in
these mixed-cell cultures. An additional pathway for GnRH activa-
tion of Jun was recently demonstrated involving phosphorylation
of GSK3�, leading to accumulation of �-catenin which increases
Jun expression. In other contexts, GSK3� can be phosphorylated by
p38 MAPK (Salisbury et al., 2009). Although �-catenin knock-down
was associated with reduced murine FSH� expression levels, this
could have resulted from a reduction in inhibin levels (Hernandez
Gifford et al., 2009), and the direct effect of �-catenin on FSH� gene
expression in the gonadotrope awaits further study.

We have shown that GnRH also activates an additional MAPK,
ERK5 (BMK or MAPK7), which increases murine FSH� promoter
activity and mRNA levels (Lim et al., submitted for publication).
In T-cells, ERK5 both up-regulates expression and phosphorylates
Nur77 allowing it to transactivate various target genes. The increase
in Nur77 transcription involves ERK5-mediated phosphorylation of
MEF2D which activates the Nur77 promoter (Kasler et al., 2000;
Kato et al., 2000). This indicates a likely role for ERK5 in GnRH
induction of murine FSH� gene transcription by Nur77. The site
of ERK5-induced phosphorylation on the Nur77 protein has yet to
be reported, however, it is phosphorylated on multiple residues;
phosphorylation of various residues in the AF-1 domain was seen
to stimulate Nur77 activity, while those targeting the DNA binding
domain can repress transcription by inhibiting DNA binding (Kasler
et al., 2000; Maira et al., 2003; Fujii et al., 2008; Section 2.3). Notably,
CRH-induced PKA activation in corticotropes stimulates phospho-
rylation at the AF-1 domain, which increases transactivation by
dimeric but not momomeric Nur77, as a result of the phosphoryla-
tion increasing interaction with dimer-specific coactivators (Maira
et al., 2003). This indicates promoter-specific effects on the outcome
of these signaling pathways. Only when the specific residues tar-
geted by these GnRH-activated kinases are mapped, and the nature
of Nur77 binding the murine FSH� promoter elucidated, will the
effects of the various Nur77 phosphorylations and the resulting
activation of the FSH� gene become clearer.

GnRH activation of the calmodulin kinases, CaMKI and CaMKII,
occurs as a result of the activation of calmodulin following the
GnRH-induced increase in calcium levels (Haisenleder et al., 2003;
Lim et al., 2007). Calmodulin was seen to be essential for GnRH-

induced ERK activation, although there have been conflicting
reports on the role of calcium in mediating GnRH activation of the
murine FSH� gene promoter in L�T2 cells (Roberson et al., 2005;
reviewed by Naor, 2009). We have shown that activation of this
pathway is crucial in the de-repression of the murine FSH� gene
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n �T3-1 cells (Lim et al., 2007; Melamed, 2008). In its repressed
tate, this gene is bound by several histone deacetylases (HDACs)
hich are removed following GnRH-activated CaMKI phosphoryla-

ion of HDAC4. The CaMKI-mediated phosphorylation of the class
Ia HDACs promotes their association with 14-3-3 proteins, which
haperone them out of the nucleus (Lim et al., 2007; Melamed,
008). The HDAC4 appears to function as a scaffold for other HDACs

n the repressive complex on the murine FSH� gene promoter and
ts phosphorylation is followed by its dissociation, along with Sin3A
nd HDAC3, from the promoter (Lim et al., 2007).

CREB is phosphorylated at Ser133 within 5 min of GnRH treat-
ent in L�T2 cells. Although the kinase responsible for this has not

een demonstrated, CREB can be phosphorylated by a number of
inases including various MAPKs, PKA and the CaMKs (Dash et al.,
991; Sheng et al., 1991; Xing et al., 1996). Phosphorylation on this
esidue enhances CREB interaction with the coactivator CBP and
lthough GnRH did not appear to alter association of total amounts
f CREB with the rat FSH� promoter, the levels of associated pCREB
nd CBP were seen to increase (Ciccone et al., 2008).

.3. The GnRH-activated phosphatase, calcineurin, targets both
ranscription factors and coactivators

GnRH increases expression of the phosphatase calcineurin, and
e have shown that calcineurin has a crucial role in GnRH-induced
e-repression of the murine FSH� gene in �T3-1 cells (Lim et al.,
007). This likely relates in part to the ability of GnRH to increase
ur77 expression. In T-cells, calcineurin increases Nur77 expres-

ion by dephosphorylating NFAT transcription factors causing their
ranslocation into the nucleus where they interact with MEF2 to
ctivate the Nur77 gene promoter (Blaeser et al., 2000; Youn et al.,
000; McKinsey et al., 2002; Winoto and Littman, 2002). A sim-

lar mechanism is indicated for GnRH activation of Nur77 in the
onadotropes, as GnRH causes nuclear translocation of NFAT fac-
ors, and the inhibition of calcineurin by cyclosporin A or using
pecific siRNA was seen to inhibit GnRH-induced expression of
ur77 (Lim et al., 2007 and unpublished). This contrasts with a

ecent study in which activation of PKA was proposed to be the
ain pathway leading to activation of Nur77 expression, although

he data in that publication supports a strong role of calcium, and
he roles of calcineurin were not tested in that study (Hamid et al.,
008).

Calcineurin also targets the Nur77 protein, dephosphorylating
erine 354 which is found in the DNA binding domain. Phosphoryla-
ion at this residue is inhibitory to its activation of the murine FSH�
ene, and only Nur77 with an unphosphorylated S354 is able to acti-
ate transcription (Lim et al., 2007). Previous studies have indicated
hat this is due to the fact that phosphorylation prevents DNA bind-
ng, although we have seen the phospho-S354 bound to the murine
SH� gene promoter in its repressed state. However, after GnRH
reatment, only Nur77 unphosphorylated at this site was detected
ssociated with the promoter (Lim et al., 2007). We consider it
ikely that the Nur77 is in a larger repressive complex facilitating
ts association with the DNA through multiple protein–protein and
rotein–DNA interactions with other repressive factors, including
ossibly SMRT and various HDACs, some of which interact with the
BD only when it is phosphorylated at this site. The GnRH-induced

ncrease in Nur77 protein levels, coupled with the calcineurin activ-
ty ensure that the pS354 Nur77 is replaced at the promoter with
he active form, and presumably association with other repressors
nd co-repressors is lost (Melamed, 2008).
Calcineurin may well have additional targets through which it
egulates expression of the FSH� gene. One example is the CREB
oactivator, transducer of regulated CREB (TORC). TORC proteins
re expressed in the gonadotropes and over-expression of TORC1
ncreases murine FSH� primary transcript levels (unpublished).
docrinology 314 (2010) 204–212

TORC activity is reportedly regulated by phosphorylation which
causes its nuclear export, and its dephosophorylation by calcineurin
allows nuclear retention so increasing its activity as a transcrip-
tional coactivator (Bittinger et al., 2004; Takemori et al., 2007). It
appears highly likely that GnRH modulates CREB activity through
regulating the activity of TORC by calcineurin-mediated dephos-
phorylation.

3. Regulation by activin

3.1. Activin stimulation of FSHˇ gene expression includes
signaling via SMAD proteins which interact with various
transcription factors, including Pitx proteins

Activin, a member of the TGF� superfamily, activates rodent
FSH� gene transcription through a pathway of SMAD proteins,
involving SMADs 3 and 4, and possibly also SMAD 2 (Bernard,
2004; Suszko et al., 2005). The activated SMADs translocate into
the nucleus and bind the DNA, likely recruiting also additional
transcription factors to increase binding specificity and rates of
transcription (Schmierer and Hill, 2007). A consensus SMAD bind-
ing element (SBE; GTCTAGAC) is located between −266 and −259 bp
from the tss in the rodent FSH� gene promoters and appears
responsible for their short term response to activin (Suszko et al.,
2003; Gregory et al., 2005; Lamba et al., 2006). Two additional half
SBEs (at −153 and −120 bp) have also been reported for the murine
promoter, as well as other regions (at −139 and −106 bp) that do
not contain SBE-like sequences but are required for the full activin
effect (McGillivray et al., 2007). Notably, the full SBE sequence is
lacking in other mammalian FSH� gene promoters, and activin-
stimulated activation of the ovine FSH� gene promoter in murine
cell lines or in transgenic mice, was shown to be dependent on a
different putative SBE element (AGACT), found between −162 and
−159 bp from the tss, which is conserved across species (Su et al.,
2007). However definitive SMAD binding to this element has not
yet been demonstrated and the effect of activin on this promoter
was earlier proposed to be SMAD-independent (Safwat et al., 2005).

The human FSH� gene promoter responds more moderately
to activin exposure than that of mice, and requires considerably
longer incubation times, while not responding to SMADs 2, 3 and
4 over-expression (Lamba et al., 2006). This may be due to SMAD-
independent actions that are induced by activin. A novel role for
FOXL2 was recently shown in activating the porcine FSH� promoter
via two binding sites, one of which is conserved across species
(Lamba et al., in press, Fig. 1). Although this factor also appears
to play a role in activin activation of the murine FSH� promoter,
albeit to a lesser extent, it binds with lower affinity to the human
FSH� promoter. The precise role of FOXL2 in activin-stimulation of
these genes is not understood, but FOXL2 has been shown to inter-
act with SMAD 3 and these factors bind adjacent sites in the GnRH-R
and follistatin genes (Lamba et al., in press).

A requirement for other distinct SMAD-interacting proteins, that
differs across species due to sequence variations in the promoter,
might well be responsible for the varying responses to activin. The
activin response of the ovine promoter was seen to depend upon
a sequence (ACTGCGT; at −171 to −165) found 5′ to the ovine SBE
element (Fig. 1). This contains a possible binding site for Runx1 or
FAST-1, both of which can interact with SMAD proteins, although
the protein binding this sequence has yet to be identified (Su et al.,
2007). This sequence is not found in rodents, reinforcing the concept

that activin signaling pathways to FSH� gene promoters of differ-
ent species are not conserved, both regarding the transactivating
factors and the cis-binding elements.

The effect of activin on the rodent FSH� promoter activity was
seen to involve interactions with Pitx proteins. Pitx1 was reported
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o activate the rat FSH� gene promoter, through binding a sequence
ocated from −54 to −48 bp from the tss which is highly conserved
cross species and also binds Pitx2c (Zakaria et al., 2002; Lamba et
l., 2008a). The association of Pitx1 with the murine FSH� promoter
as confirmed by ChIP analysis (Lamba et al., 2008a).

The same sequence was also shown to bind Pitx2c in gel-shift
ssays, and DNA precipitation assays confirmed that at least three
itx2 isoforms could bind the labeled probe. The role of this prox-

mal Pitx-binding element was seen to be similar, although less
bvious, in the human FSH� gene (Lamba et al., 2008a). Moreover,
iRNA-mediated knock-down of Pitx2, or a Pitx2c dominant nega-
ive reduced the effect of activin and/or SMAD 3. Conversely, down
egulation of SMAD 3 reduced Pitx2c-activated promoter activity,
nd these proteins were also seen to co-precipitate (Zakaria et al.,
002; Suszko et al., 2003, 2008; Lamba et al., 2008a). As the siRNA
argeted all three isoforms of Pitx2 (a, b and c isoforms), and over-
xpression and Co-IP studies were carried out only for the Pitx2c
soform, functional interactions of SMAD 3 with other Pitx2 iso-
orms are not known. However all three isoforms can activate the

urine FSH� gene promoter and SMAD 3 was also seen to interact
ith Pitx2a in two-hybrid assays: the interaction of these proteins

s through the highly conserved Pitx homeodomain (Lamba et al.,
008b; Suszko et al., 2003, 2008).

The family of Pitx2 proteins is even more diverse than previously
hought, due to alternative promoter usage and various splicing
vents giving rise to protein isoforms with quite different charac-
eristics; for example Pitx2D, which has a truncated homeodomain
reventing its binding to DNA, causes it to act as a transcriptional
epressor. A recent report identified two more variants of Pitx2c
hich result from alternative translation initiation or alternative

plicing (Lamba et al., 2008b). Although both encode proteins that
an bind the DNA and activate the murine FSH� gene promoter, they
ikely form distinct protein–protein interactions and may be subject
o different post-translational modifications. The consequences of
roducing these isoforms form an interesting basis for regulating
heir activity on the FSH� and other Pitx2 target genes, and perhaps

oderating the effects of activin.

.2. Activin-activated SMADs interact with steroid receptors

Steroids are powerful determinants of gonadotropin levels and
xert direct and indirect effects at both the hypothalamus and the
ituitary to alter gonadotropin gene expression. The murine FSH�
ene has been shown to be regulated by androgens, progestins and
lucocorticoids whose receptors were found at its promoter in L�T2
ells and, based on gel-shift assays, appear able to bind a num-
er of binding sites (Thackray et al., 2006). These steroid receptors
xert synergistic effects together with activin and/or SMAD 3 on
he murine and/or ovine promoters (Spady et al., 2004; McGillivray
t al., 2007; Thackray and Mellon, 2008). All three steroid recep-
ors interact and/or co-precipitate with SMAD proteins, indicating

direct cross-talk between activin- and steroid-mediated activa-
ion at these gene promoters (Melamed et al., 2006a; McGillivray
t al., 2007; Thackray and Mellon, 2008). Although a number
f sites on the murine and ovine FSH� promoters have been
emonstrated to be able to bind these steroid receptors (Fig. 1),
he site at −381 bp on the murine FSH� promoter appears the

ost crucial for the steroid receptor-mediated activation and its
ynergy with activin (Thackray et al., 2006; McGillivray et al.,
007; Thackray and Mellon, 2008). The synergy was shown to be
MAD-dependent and likely involves SMADs binding directly to

he DNA, in the same complex as the steroid receptors (Thackray
nd Mellon, 2008). Interestingly, the binding of the progesterone
eceptor to this site is induced by GnRH treatment, possibly as a
esult of its GnRH-stimulated phosphorylation via PKC (An et al.,
009).
docrinology 314 (2010) 204–212 209

We have shown an inhibitory effect of ER� on activin-stimulated
murine FSH� transcription, which appears to occur as a result
of ER� competing with SMAD 3 for interaction with SMAD 4
(Melamed et al., 2006a). Although the physiological relevance
of this interaction is not known, estradiol treatment was seen
to reduce FSH� primary transcript levels in male castrated rats,
although lower doses did not have the same effect in females
(Burger et al., 2004, 2007). Unlike the LH� and �GSU gene pro-
moters, the murine FSH� gene promoter does not appear to be
associated with the ER�, so any effects of estrogen exposure on
murine FSH� transcription are likely indirect (Luo et al., 2005 and
unpublished).

Some of the synergistic effects of the steroids have been
attributed to their ability to alter levels of transcription or phos-
phorylation of the SMAD proteins and/or to affect production of
the activin antagonist, follistatin (Burger et al., 2004, 2007). Most
notably, a 6–10-fold increase was seen in pSMAD 2 levels in cul-
tured male rat primary pituitary cells after testosterone treatment,
that correlated with a 2–3-fold increase in FSH� primary transcript
levels (Burger et al., 2007). However, studies have shown that the
steroid–activin synergy on activation of the murine FSH� gene is
not due to global effects, as other genes such as the GnRH-R and
LH� were not affected (Thackray and Mellon, 2008). Moreover,
although follistatin was shown to reduce the synergy by reducing
amount of available activin, it did not completely block gonadal
steroid induction, neither did inhibition of SMAD signaling with a
chemical inhibitor or through over-expression of SMAD 7. These
findings indicate that the effect of the steroids is not dependent
on the autocrine effects of activin, although the synergy is clearly
SMAD-dependent (Thackray and Mellon, 2008).

It was proposed that the ability of steroids to interact
synergistically with activin signaling towards FSH� promoter acti-
vation provides an additional means of differential regulation of
gonadotropin hormones production. More specifically, it was sug-
gested that the second peak in FSH levels during the ovulatory cycle,
which occurs independently of GnRH and without accompanying
increases in LH, relates to increased FSH� transcription as a result
of higher levels of available activin and a rise in steroids, partic-
ularly progestins and androgens (Thackray and Mellon, 2008 and
references therein).

3.3. Activin also promotes FSHˇ splicing

An additional aspect of activin regulation of murine FSH� gene
expression that we have reported, but has not been studied in detail,
is its ability to affect processing of the mRNA. Activin treatment of
L�T2 cells was seen to increase the ratio of spliced to non-spliced
murine FSH� transcript, which was accompanied by an increase
in expression levels of the splice factor, eiF4A3. Given that we also
found that over-expression of eif4A3 induces splicing of the murine
FSH� gene and its siRNA-mediated knock-down has the opposite
effect, it seems likely that the ability of activin to increase splicing
of the murine FSH� transcript involves eiF4A3 (Feng et al., 2008).
Eif4A3 is a DEAD (Asp-Glu-Ala-Asp)-box RNA helicase and a core
member of the exon–exon junction complex that associates with
the mRNA and directs or moderates downstream RNA processing.
Although it was shown to play a role in nonsense mediated decay
of mRNAs, it clearly recruits other RNA binding proteins and/or
anchors them to the RNA (Palacios et al., 2004; Ferraiuolo et al.,
2004).

Mechanisms regulating alternative splicing are poorly under-

stood, but splicing clearly can be regulated through extracellular
signaling, and is mediated through phosphorylation by various
kinases (Shin and Manley, 2004; Stamm, 2008). Moreover, other
TGF� family members have previously been reported to regulate
splicing: during cartilage development, TGF�-regulated splicing
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f the fibronectin gene correlates with the alternative splicing of
Rp40, which appears to regulate this splicing event (Han et al.,
007). Interestingly, in Xenopus, the TGF� family member, bone
orphophogenic protein (BMP) was shown specifically to up-

egulate eif4A3, which induces differentiation to epidermis of cells
therwise destined to a neural fate, mimicking the effects of BMP-4
Weinstein et al., 1997). This field of hormonal regulation of alter-
ative spicing is in its infancy and clearly warrants further study.

. GnRH–activin interactions

Microarray analysis of L�T2 cells treated with activin and/or
nRH have demonstrated that the combination of treatments
ffects expression of a number of genes in either a synergistic or
ntagonistic manner (Mazhawidza et al., 2006; Zhang et al., 2006).
he consequence of such combined treatments on the expression
f FSH� in various species has shown conflicting results. In sev-
ral studies, chronic GnRH treatment (more than 4–6 h continuous
xposure) was seen to reduce activin-stimulated murine and ovine
SH promoter activity (e.g. Melamed et al., 2006a; Shafiee-Kermani
t al., 2007). It was proposed that this GnRH inhibitory effect on
he activin-stimulated FSH� transcription reflects the physiologi-
al dramatic and prolonged (12–20 h) increase in GnRH levels that
s seen just prior to ovulation in sheep, which is accompanied by a
rop in FSH� mRNA levels (Shafiee-Kermani et al., 2007). Given that
he GnRH-induced inhibition of the activin effect was mimicked by
onstitutively active CREB and reversed by ICERII (a CREB inhibitor),
t was proposed that CREB is involved, although the exact mecha-
isms have not been elucidated (Shafiee-Kermani et al., 2007).

It was also suggested that some of the repressive effects of GnRH
n stimulation by activin are through GnRH up-regulation of follis-
atin (Fujii et al., 2002; Burger et al., 2002). However, GnRH-induced
hanges in follistatin transcript levels were not always detected
n conditions in which GnRH inhibited the stimulation by activin,

hile the quantities of endogenous follistatin are unlikely able to
vercome the large amount of administered activin in these exper-

ments (Shafiee-Kermani et al., 2007). Furthermore, this does not
xplain the lack of antagonism of GnRH on activin stimulation of
he LH� gene (Melamed et al., 2006a).

We have also seen that activin reduces the GnRH effect on
urine FSH� gene expression which is mimicked by SMAD 4 over-

xpression, while siRNA targeted knock-down of SMAD 4 had the
pposite effect (Melamed et al., 2006a). This likely results from the
bility of SMAD 4 to interact with a number of transcription fac-
ors and compete with them for the same coactivators, as shown
n other systems (Verrecchia et al., 2000; Melamed et al., 2006a).
hese antagonistic effects may be partially due to activin inhibition
f ERK activation, which is an immediate response to GnRH and may
e down-regulated by 24 h, during which time additional responses
ould be implemented. Indeed microarray analysis of the effect of

ctivin pre-treatment on the responsiveness of L�T2 cells to acute
r chronic GnRH exposure, revealed that the genes affected by the
ctivin pre-treatment after GnRH for 24 h were markedly differ-
nt from those affected after more acute exposure, and included
hose encoding proteins involved in secretion and processing of
xtracellular proteins (Zhang et al., 2006).

Other reports have shown additive or even synergistic interac-
ions of activin and GnRH on human and rodent FSH� expression,
fter 4–6 h GnRH treatment (e.g. Gregory et al., 2005; Coss et al.,
007; Wang et al., 2008). This synergy appears to occur via SMAD

ignaling, as SMAD 7 which acts as a dominant negative SMAD, abol-
shed the stimulatory effect of activin on GnRH-induced promoter
ctivity (Coss et al., 2007). The AP-1 binding sites at −76 bp on the
urine FSH� promoter and at −117 on the human FSH� promoter
ere implicated in the synergistic effects (Coss et al., 2007; Wang et
docrinology 314 (2010) 204–212

al., 2008). Furthermore, activin was seen to increase the AP-1 effect
on the human FSH� promoter activity, although it did not increase
GnRH-induced binding of AP-1 factors to the promoter at this site;
these effects were mimicked by SMAD 2 (Wang et al., 2008).

One interpretation of these conflicting reports is that chronic
and acute GnRH treatments exert opposing effects on the
expression of FSH�, and perhaps on activin signaling pathways
(Shafiee-Kermani et al., 2007). This may be further complicated
by species-dependent kinetics and pathways in activin signaling:
the acute activin effects seen in rodents appear to be dependent
on SMAD-dependent signaling, but chronic stimulation, as seen
in human FSH� gene was proposed to be less SMAD-dependent
(Lamba et al., 2006). Although the molecular pathways responsi-
ble for these different outcomes have not been elucidated, it seems
likely that the nature of the GnRH response determines the outcome
of the combined treatment, and this may be dependent on the GnRH
administration or other factors affecting the behavior of the murine
cell lines. The basal levels of FSH� gene expression do vary in these
cells, without any intentional or apparent perturbation. From here
we can conclude that the outcome of the cross-talk between GnRH
and activin signaling pathways is likely highly dependent on the
physiology of the animal which determines the basal activity of the
gonadotrope cells and the levels of FSH� transcription.

5. Conclusions

Although much is known about the GnRH- and activin-
stimulated signaling in the gonadotropes, the pathways specifically
targeting expression of the FSH� gene are still somewhat contro-
versial. While some of this may be due to technical reasons, there
appears to be a degree of redundancy in the GnRH-induced sig-
naling that activates transcription of this gene, whereby diverse
GnRH-activated transcription factors can bind various sequences on
the promoter to activate transcription. It seems clear also, based on
the divergence of sequence in functional regions of the promoters
from different species, that there is some species-specificity in the
nature of the response to these regulatory hormones. This is partic-
ularly obvious for the full consensus SMAD binding element which
is present only in rodents. Given that SMAD proteins usually dimer-
ize, the implication is that the interacting protein partners will also
not be conserved across species. While work published in the past
few years has clarified some of these ambiguities, more work is
required to elucidate the molecules that mediate the hormonal
activation of FSH� genes in different species and under various
physiological settings, and not just those than can bind and acti-
vate transcription in vitro. This will inevitably require greater use
of primary cells and transgenic animals.
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