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Abstract
FSH is critical for normal reproductive function in both males and females. Activin, a member of
the TGFβ family of growth factors, is an important regulator of FSH expression, but little is known
about the molecular mechanisms through which it acts. We used transient transfections into the
immortalized gonadotrope cell line LβT2 to identify three regions (at −973/−962, −167, and −134)
of the ovine FSH β-subunit gene that are required for full activin response. All three regions contain
homology to consensus binding sites for Smad proteins, the intracellular mediators of TGFβ family
signaling. Mutation of the distal site reduces activin responsiveness, whereas mutation of either
proximal site profoundly disrupts activin regulation of the FSHβ gene. These sites specifically bind
LβT2 nuclear proteins in EMSAs, and the −973/−962 site binds Smad4 protein. Interestingly, the
protein complex binding to the −134 site contains Smad4 in association with the homeodomain
proteins Pbx1 and Prep1. Using glutathione S-transferase interaction assays, we demonstrate that
Pbx1 and Prep1 interact with Smads 2 and 3 as well. The two proximal activin response elements
are well conserved across species, and Pbx1 and Prep1 proteins bind to the mouse gene in vivo.
Furthermore, mutation of either proximal site abrogates activin responsiveness of a mouse FSHβ
reporter gene as well, confirming their functional conservation. Our studies provide a basis for
understanding activin regulation of FSHβ gene expression and identify Pbx1 and Prep1 as Smad
partners and novel mediators of activin action.

FSH IS SECRETED by the anterior pituitary gonadotrope and acts on the gonad to regulate
ovulation and spermatogenesis. This glycoprotein hormone is a member of the family that also
includes LH, TSH, and chorionic gonadotropin. Each of these hormones is a heterodimer,
comprised of a common α-subunit and a unique β-subunit that confers biological specificity.
The peptide hormone activin, a TGFβ family member that is produced in the gonad and the
anterior pituitary as well as other tissues, is a key regulator of FSH that activates transcription
of the FSH β-subunit gene and stimulates FSH secretion (1-3). Activin’s essential role in
regulating FSH is demonstrated by targeted disruption of activin signaling in the mouse, which
suppresses FSH levels and causes defects in spermatogenesis and decreased testis size in males
and impaired ovarian follicle development leading to infertility in females (4). Like all
TGFβ family members, activin signals through receptor serine/threonine kinases, which, in
turn, phosphorylate intracellular receptor-specific Smad proteins, in the case of activin, either
Smad2 or 3 (5). Upon phosphorylation, these Smad proteins associate with a common partner,
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Smad4, and translocate to the nucleus. Consensus DNA-binding sequences for Smad2/4 and
Smad3/4 complexes have been identified, which contain the palindrome GTCTAGAC, half-
sites of this sequence, or CAGA motifs (6-9). Smad3/4 complexes are capable of binding DNA
alone, but do so with low affinity, and their interaction with additional transcription factors,
including AP-1 family members c-Jun/c-Fos (8-11), and the helix-loop-helix protein TFE3
(12), is required for target gene regulation. Smad2/4 complexes require interaction with other
transcription factors, including the forkhead/winged helix family members Fast-1 (13) and
Fast-3 (14), and the paired-like homeodomain proteins Mixer and Milk (15), to bind to DNA.

Although the importance of activin regulation of FSH β-subunit gene expression is well
established, little is known about the molecular mechanisms by which it occurs. Until recently,
investigation of the transcriptional regulation of FSHβ was hampered by the lack of an FSH-
expressing gonadotrope cell culture model. Studies were instead performed in ovine mixed
pituitary cultures, heterologous cell culture models, or in transgenic mice carrying the 5′-
regulatory region of the ovine (o)FSHβ gene targeting luciferase reporter gene expression to
the gonadotrope. These experiments identified cis-acting elements that mediate responsiveness
of the ovine gene to other important regulators of FSHβ expression, including gonadal steroid
hormones (16) and hypothalamic GnRH (17). However, the region(s) of the oFSH-β gene
important for activin responsiveness and the proteins that mediate this response have not been
identified. Recently, a Smad-binding element (SBE) was identified in the rat FSH β-subunit
gene that is required for full activin responsiveness (18). Interestingly, whereas this site is
conserved in the mouse gene, it is not present in the ovine, bovine, porcine, or human genes,
suggesting that important species-specific differences exist in activin regulation of FSHβ gene
expression. Because this regulation is crucial for normal FSH expression, gaining insight into
the molecular mechanisms governing this process is central to our understanding of
reproductive function.

We have previously shown that FSH is expressed endogenously in the immortalized mouse
gonadotrope cell line LβT2, and that its expression is stimulated by activin treatment, making
this cell line an appropriate model system in which to study activin regulation of FSHβ gene
transcription (19). In this report, we used transient transfections in LβT2 cells to identify
activin-responsive regions in the oFSHβ gene. We find that three regions are required for full
activin response, with consensus SBEs present in all three. Further, we find that one of these
elements is bound by a complex containing the TALE homeodomain proteins, Pbx1 and Prep1,
along with Smad4. These studies extend our understanding of activin regulation of the FSHβ
gene and identify Pbx1 and Prep1 as Smad partners and important mediators of activin action.

RESULTS
Full Activin Responsiveness of the FSHβ Reporter Gene Requires Two Regions between
−985 and −108

To identify the regions of the oFSHβ gene that mediate activin responsiveness, transient
transfections were performed in the immortalized gonadotrope LβT2 cell line. Like pituitary
gonadotropes in vivo, these cells not only express FSH, but activin, activin receptors, inhibin,
and follistatin as well, forming an autocrine activin loop within the cell culture (19). To reduce
the level of endogenous activin, cells were placed in serum-free media after transfection for
16 h before addition of activin. The oFSHβ-Luc reporter plasmid, which contains the −4741
to +750 regulatory region (relative to the start site of transcription) of the oFSHβ gene
controlling luciferase reporter gene expression, responds to 24-h activin stimulation, yielding
luciferase expression 2.5- to 4-fold higher than that of vehicle-treated controls (Fig. 1A).
Deletion of the gene-regulatory region from −4741 to −985 bp has no statistically significant
effect on activin responsiveness of the reporter gene, indicating that the elements necessary
for mediating activin action reside within the −985 to +750 bp region of the gene.
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Progressive 5′-deletions were created to identify activin response elements within this region.
Truncation of the region from −985 to −751 results in a 22% decrease in activin responsiveness,
whereas further truncation of the region from −751 to −401 has no statistically significant effect
on activin responsiveness of the reporter gene (Fig. 1B). The remaining activin response is lost
upon deletion of the promoter region between −401 and −108. Thus, full activin responsiveness
is retained within the −985/+750 region of the oFSHβ gene and requires one upstream region
between −985 and −751 and a promoter proximal region between −401 and −108.

Mutation of Putative SBEs within the −985 Region Disrupts Activin Responsiveness of the
FSHβ Gene

Sequence analysis of the −985 to −108 region identified several putative SBEs based on
homology to the previously reported consensus (Fig. 2A). Two consensus AGAC sequences
are present at −973 and −962. Another exists at −453, with an adjacent site present at −442,
and another at −421. Further downstream, a 7 of 8 bp match to the 8-bp consensus, with an
intact AGAC sequence, is present at −167, and a 6 of 8 bp match, including a GTCT sequence,
exists at −134.

To determine whether any of these putative SBEs contribute to activin responsiveness of the
FSHβ gene, mutations were made in these sites in the context of the −985-Luc reporter plasmid.
These mutant plasmids were then tested for activin responsiveness in transient transfections in
LβT2 cells. Double mutation of the adjacent sites at −973 and −962 causes an approximate
20% decrease in fold induction by activin as compared with the −985-Luc reporter, whereas
mutation of the Smad-homology regions at −453/−442 or −421 has no statistically significant
effect on activin response (Fig. 2B). A reporter plasmid containing mutations in all of these
distal sites exhibits a decrease in activin responsiveness equivalent to that of the M973/962
mutant (data not shown).

Mutation of either of the two putative SBEs closest to the transcriptional start site profoundly
disrupts activin responsiveness of the −985 promoter region. Mutation of the −167 site
abrogates activin regulation of the reporter entirely, whereas mutation of the −134 site results
in an approximate 75% decrease in activin response, implicating these two promoter proximal
sites as critical mediators of activin regulation of the FSHβ gene. These results are consistent
with the reduction in activin responsiveness observed upon deletion of the gene regions
containing these sites in the previous experiment. Mutation of either of the two proximal
elements results in a modest decrease in basal expression of the FSHβ reporter gene; however,
this decrease is not statistically significant (data not shown). These data demonstrate that activin
regulation of the oFSHβ gene requires several distinct 5′-regulatory regions containing
homology to consensus SBEs, and that the two promoter proximal sites, at −167 and −134, are
particularly important for activin stimulation of the FSHβ gene.

Smad4 Binds to the −973/−962 and −453/−442 Regions of the oFSHβ Gene
LβT2 cells express components of the activin signaling system including Smad2, −3, −4, and
−7 (20). To determine whether nuclear proteins from LβT2 cells, and in particular Smad
proteins, bind to the putative SBEs identified in the oFSHβ gene, EMSAs were performed. An
oligonucleotide encompassing the −973/−962 region of the gene was end labeled with 32P and
used in EMSA with nuclear extracts from LβT2 cells. Specific protein complexes bind to the
labeled oligonucleotides (Fig. 3A, arrows). Detection of these complexes requires an
autoradiographic exposure time of 1 wk, relatively long compared with the overnight exposures
that we usually find sufficient for the detection of protein complexes in EMSA. Binding of
these complexes is competed by the addition of excess unlabeled oligonucleotide (lane 2), but
not by competitor containing the same 2-bp mutation (lane 3) in the putative SBEs that disrupts
activin responsiveness in transient transfection experiments (Table 1). Inclusion of an antibody
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directed against Smad4 results in a marked supershift (arrowhead, lane 4), whereas inclusion
of a normal IgG negative control has no effect. Radiolabeled mutant oligonucleotide is not
capable of binding these specific protein complexes (lane 6), and inclusion of excess unlabeled
mutant competitor in the reaction has no effect (lane 7).

Mutation of the −453/−442 and −421 sites decreases activin responsiveness of the −985
oFSHβ-Luc reporter gene slightly, but this decrease is not statistically significant (Fig. 2).
However, because two other TGFβ family members, bone morphogenetic protein 7 (BMP-7)
and BMP-15, also activate expression of the FSHβ gene (21,22), these SBE homology regions
were also tested for their ability to bind Smad protein. EMSA using an oligonucleotide probe
that encompasses the −421 site did not detect any specific protein binding to that region under
any conditions tested (data not shown). In contrast, LβT2 nuclear proteins do bind to an
oligonucleotide probe that encompasses the −453/−442 region (Fig. 3B, arrows). Binding of
these proteins is specific and is competed by excess unlabeled wild-type oligonucleotide (lane
2) but not by excess mutant oligonucleotide. Inclusion of an antibody to Smad4 again results
in a marked supershift of these complexes (lane 4, arrowhead), whereas the control IgG has
no effect (lane 5). Labeled mutant oligonucleotide is not capable of binding these specific
protein complexes (lane 6), and inclusion of excess unlabeled mutant competitor in the reaction
has no effect (lane 7). As with the −973/−962 oligonucleotide probe, detection of these
complexes requires relatively long autoradiographic exposures. Although Smad2, Smad3, and
Smad4 are all expressed in LβT2 cells (20), antibodies directed against Smads 2 and 3 had no
effect on protein binding to any of the EMSA oligonucleotide probes tested (data not shown).
However, these commercial antibodies also had no effect on proteins binding to Smad2/4 and
Smad3/4 consensus oligonucleotides obtained from the antibody manufacturer. The question
of which of these activin receptor-specific Smads is partnered with Smad4 in the complexes
binding to the −973/−962 and −453/−442 oligonucleotides remains unresolved. Taken
together, these data indicate that the regions at −973/−962 and −453/−442 are true SBEs, and
that the SBEs at −973/−962 are required for full activin response of the FSHβ reporter gene.

Specific LβT2 Nuclear Proteins Bind to the −167 Region of the FSHβ Promoter
When an oligonucleotide encompassing the −167 region of the oFSHβ promoter is used in
EMSA, specific protein complexes bind to the probe (Fig. 4, arrows). Inclusion of excess
unlabeled oligonucleotide successfully competes with the labeled probe for protein binding
(lane 2), whereas excess oligonucleotide containing the 2-bp mutation efficiently competes
only the lower band (lane 3). Neither an antibody directed against Smad4 protein nor normal
IgG has any effect on these protein complexes. Labeled mutant oligonucleotide (Table 1) is
not capable of binding these proteins (lane 6), and inclusion of excess unlabeled mutant
competitor with the labeled mutant probe in the reaction has no effect (lane 7). No additional
slower mobility complexes similar to the ones observed using the −973/−962 and −453/−442
regions as probes were observed with the −167 oligonucleotide on longer autoradiographic
exposure. Thus, nuclear proteins from LβT2 cells specifically interact with the −167 site, but
under these in vitro conditions Smad4 protein does not.

A Complex Containing Smad4 and the Homeodomain Proteins Pbx1 and Prep1 Binds to the
−134 Region of the FSHβ Gene

When an oligonucleotide encompassing the −134 site is used in EMSA with nuclear extract
from LβT2 cells, a highly specific and distinctive doublet of bands is observed (Fig. 5A,
arrows, lane 1). Unlabeled oligonucleotide successfully competes with the labeled probe for
protein binding (lane 2), but oligonucleotide containing the 2-bp mutation (Table 1) that
disrupts activin response of the reporter does not (lane 3). Labeled mutant oligonucleotide
binds a different, faster migrating complex (lane 4), which is competed by inclusion of excess
unlabeled mutant competitor (lane 5). Under these conditions, an antibody directed against
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Smad4 protein has no effect on the observed bands (lane 6). Other studies in our laboratory
focusing on the transcriptional regulation of the GnRH gene identified an identical doublet of
bands in EMSA using a region of the GnRH promoter as labeled probe (Rave-Harel, N., and
P. L. Mellon, manuscript in preparation). The proteins binding to this probe have been
identified as complexes containing the TALE homeodomain proteins Pbx1a and 1b, which are
alternatively spliced transcripts from a single gene, and their cofactor Prep1. These proteins
(and their homologs in other species) have been shown to interact with, and modulate the
function of, homeotic Hox proteins to regulate cell-specific gene transcription and diverse
developmental pathways. However, involvement of these proteins in the regulation of TGFβ
family target genes has not previously been described.

To determine whether Pbx1 and Prep1 proteins are also present in the distinctive complexes
binding the −134 activin response element, EMSA was performed using nuclear extract from
LβT2 cells and Pbx and Prep1 antibodies (Fig. 5A). Inclusion of an antibody that recognizes
Pbx1a, −2, or −3, but not Pbx1b (lane 7), reduces the upper band of the doublet, whereas an
antibody that specifically interacts with Pbx1b in EMSA results in a diminution of the lower
band (lane 8). Inclusion of an antibody to Prep1 abolishes both bands of the doublet (lane 9).
EMSA using the −973/−962 and −167 oligonucleotide probes and antibodies to Pbx1 and Prep1
did not detect the presence of these proteins in complexes binding to those activin response
elements (data not shown). EMSA performed with each of the oligonucleotide probes and
nuclear extracts from either vehicle or activin-treated LβT2 cells detected no difference in
protein binding (data not shown). These data confirm that the −134 activin response element
binds protein complexes containing Pbx1a and Prep1, and Pbx1b and Prep1. Furthermore, the
same mutation that abolishes Pbx1/Prep1 binding also markedly disrupts activin
responsiveness, implicating Pbx1 and Prep1 as novel mediators of activin regulation of
FSHβ expression.

Pbx1 and Prep1 protein complexes have been shown to interact with equal affinity to both
TGACAG and TGATTGAT consensus binding sites (23). Examination of the −134 region for
homology to these consensus sequences reveals two overlapping regions of homology to the
shorter sequence, a 5′-region between −136 and −131 that matches 5 of 6 bp of the consensus
sequence, and a 3′-region between −132 and −127 that matches 4 of 6 bp (Fig. 5B, bold and
underscored, respectively, in wild-type sequence). In addition, a 5 of 8 bp match to the longer
consensus sequence can also be identified between −134 and −127 (overscored in wild-type
sequence) that is encompassed by the two shorter potential sites. The 2-bp mutation (−134M
in Table 1 and indicated in lower case letters in the M4 sequence in Fig. 5B), made with the
original intention of disrupting the putative SBE, resides within all of these potential Pbx1/
Prep1 binding sites and thus is not informative as to the bases required for Pbx1/Prep1 binding.

To further investigate the binding requirements of the Pbx1/Prep1 complex at this region,
EMSA was performed using the wild-type −134 probe and competitor oligonucleotides
containing 2-bp mutations that scan the sites (Fig. 5B, indicated in bold lower case letters in
sequence). Inclusion of excess unlabeled wild-type oligonucleotide efficiently competes both
bands of the doublet (lane 2). An oligonucleotide containing mutation M1 competes for protein
binding only slightly less than the wild type (lane 3). Oligonucleotides with mutations M2–
M5 are completely unable to compete with the labeled probe for protein binding (lanes 4–7),
whereas the oligonucleotides containing mutations M6 and M7 are able to compete, but less
well than the wild type (lanes 8 and 9). Thus, nucleotides that are critical for Pbx1 and Prep1
binding reside between −136 and −125 in the ovine gene.

Under our standard conditions using the −134 probe and 2 μg LβT2 nuclear proteins in the
reaction mix, we observed no effect on the EMSA bands upon inclusion of an antibody to
Smad4 protein. Because the Pbx1/Prep1 complex has been shown to be very stable and to bind
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DNA with high affinity (24), we suspected that if a higher order Smad/Pbx1/Prep1 complex
was formed, it would be comparatively unstable, and detectable in EMSA only with high
concentrations of nuclear proteins present. To test this, we performed EMSA using the labeled
−134 oligonucleotide probe and increasing amounts of LβT2 nuclear extract. No difference in
the banding pattern is observed when we increase the amount of nuclear proteins to 8 or 14
μg (Fig. 6, lanes 1 and 2). However, when 20 μg of nuclear proteins are included in the reaction
mix, a higher-order complex (arrow) is formed in addition to those containing Pbx1a/Prep1
and Pbx1b/Prep1 (lane 3). This higher-order complex is disrupted by inclusion of antibodies
to Prep1 and Pbx1 (lanes 4 and 5). Significantly, this complex is abolished by inclusion of an
antibody to Smad4 as well (lane 6), thus confirming that a complex containing Smad4, Pbx1,
and Prep1 binds to this activin response element in the FSHβ gene.

Pbx1 and Prep1 Physically Interact with Smad2, Smad3, and Smad4
We have shown that Pbx1, Prep1, and Smad4 form a DNA-binding complex in EMSA.
However, as described earlier, for technical reasons we were unable to identify either Smad2
or Smad3 as partners in the complex. To assess whether Pbx1 and Prep1 can physically interact
with Smads 2 and 3, in addition to Smad4, we performed glutathione-S-transferase (GST)
interaction assays. Bacterially expressed Smad2-GST, Smad3-GST, and Smad4-GST fusion
proteins all are capable of interacting with in vitro translated Pbx1a (Fig. 7, lanes 3, 7, and 11)
and Prep1 (lanes 4, 8, and 12), as well as with the positive control Smad4 (lanes 2, 6, and 10).
None of these GST-fusion proteins interacts with the negative control green fluorescent protein
(GFP) (lanes 1, 5, and 9), nor does the GST tag alone interact with any of the in vitro translated
proteins (lanes 16, 17, and 18). These data suggest that the TALE/Smad complexes that bind
to the −134 activin response element may contain Smad2 or Smad3 in addition to Smad4, Pbx1,
and Prep1.

The Proximal Activin Response Elements Are Well Conserved across Species and Are Also
Required for Activin Responsiveness of the Mouse Gene

Recently, an SBE was identified in the rat FSHβ gene that is required for full activin response
(18). Comparison of this region and the corresponding regions of the ovine, porcine, bovine,
mouse, and human FSHβ genes reveals that although this site is conserved in the mouse
sequence, it is not present in any of the other species (Fig. 8A, boxed sequence at −268 in the
rat sequence). Examination of the gene regions that correspond to the activin-responsive SBEs
that we identified at −973/−962 in the ovine gene reveals that the −962 site is not conserved,
and the −973 SBE is conserved only in the bovine and porcine FSHβ genes, but not in the
mouse, rat, or human genes. Similarly, the SBEs we identified at −453/−442, which are not
required for activin response, show limited conservation in the bovine and human genes, but
not in the other species examined.

In contrast, comparison of the region of the oFSHβ gene that encompasses the two most
proximal activin response elements with corresponding gene regions in the other species
reveals that significant conservation exists over the entire promoter proximal region (Fig. 8A).
The AGAC sequence at −163 is completely conserved, and the bases required for Pbx1/Prep1
binding (Fig. 8A, boxed sequences) are well conserved across species. This significant level
of homology suggests that these activin responsive regions may be important for FSHβ
regulation across species. Indeed, in EMSA using an oligonucleotide probe from the mouse
gene that corresponds to the Pbx1/Prep1 binding site and nuclear extract from LβT2 cells,
protein complexes form that are identical to those that bind to the ovine probe (Fig. 5).
Competition experiments with oligonucleotides containing scanning block mutations identify
the region containing homology to the Pbx1/Prep1 binding site as critical for the protein
complex binding to the mouse oligonucleotide as well (data not shown).
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To determine whether these conserved proximal sites are also required for activin regulation
of the mouse gene, we performed transient transfections in LβT2 cells with a mouse (m)
FSHβ-Luc plasmid, which contains 1000 bp of the mouse gene 5′-regulatory region driving
luciferase expression. Expression of this reporter gene is stimulated approximately 3.5-fold by
activin treatment compared with vehicle-treated samples (Fig. 8B). Mutations (2 bp) were made
in the mouse reporter gene regions that correspond to the −167 and −134 activin response
elements in the ovine gene, resulting in the M153 and M120 plasmids, respectively (Table 1).
Both of these mutations profoundly disrupt activin responsiveness of the mFSHβ gene as well,
resulting in levels of expression with activin treatment that are not significantly different from
the vehicle-treated controls. These data confirm that the two proximal activin response
elements identified in the ovine gene are functionally conserved in the mFSHβ gene as well.

Pbx1 and Prep1 Bind to the mFSHβ-Subunit Gene in Vivo
To verify that the interaction between Pbx1/Prep1 complexes and the −134 oligonucleotide
observed in EMSA accurately represents in vivo interaction of these proteins with the
endogenous mouse gene, chromatin immunoprecipitation assays were used to confirm Pbx1
and Prep1 binding to the regulatory region of the mFSHβ gene. Antibodies specific for Pbx1a/
1b and Prep1 are capable of immunoprecipitating the cross-linked protein/DNA region that
encompasses the Pbx1/Prep1 binding site in the mouse gene as revealed by subsequent PCR
amplification of the precipitated DNA fragment (Fig. 9). These data indicate that Pbx1/Prep1
complexes interact with the FSHβ gene, both in EMSA and in vivo, and implicate these
homeodomain proteins as important regulators of FSHβ expression across species.

DISCUSSION
Activin regulation of FSH expression is critical for normal reproductive function in both males
and females across mammalian species. Previously, however, little was known about the
molecular details of this regulation. Our characterization of the activin response elements in
the oFSHβ gene and identification of Pbx1 and Prep1 as mediators of activin action contribute
significantly to the understanding of this important physiological process at the molecular level.

A recent report identified an SBE at −268 in the rat FSHβ gene that is required for activin
responsiveness. The sequence of this Smad-binding site is conserved in the mouse gene, but
is absent from the other species we examined, including the oFSHβ gene. Instead, we find that
activin regulation of oFSHβ-subunit gene expression involves three distinct regulatory regions.
We identified two promoter proximal activin response elements at −167 and −134 in the ovine
gene that are not only highly conserved across all species examined but are required for activin
responsiveness of the mouse gene as well. Another, more distal, element containing two
consensus Smad-binding sequences was identified at −973/−962. This site shows significant
sequence conservation only in the bovine and porcine genes. In general, the regulation of the
reproduction axis in mammalian species is similar and relies on complex feedback interactions
of the same peptide and steroidal hormones. However, important species-specific differences
exist in the timing of reproductive behavior and ovulation in mammals, ranging from the
seasonally restricted reproductive pattern that occurs in many species, to the year-round
recurring estrous cycles observed in rodents and menstrual cycles found in many primates,
including humans. Our report provides insight into species-specific distinctions in the
molecular mechanisms of activin regulation of FSH expression that may play a role in these
differences.

The requirement of multiple promoter elements for full response has been reported for several
other TGFβ superfamily target genes. TGFβ induction of the PAI1 gene depends on Smad3/4
binding to distal CAGA elements and Smad interaction with Sp1 protein at promoter proximal
sites (25), and BMP2 activation of the basic helix-loop-helix gene Id1 in muscle is dependent
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on two overlapping Smad 1/5-specific GC boxes as well as three separate consensus Smad4
binding sites (26). It has been argued that the presence of multiple SBEs allows cooperative
association between Smad proteins, thus overcoming their low DNA-binding affinity. In light
of that, it is interesting to note that in the FSHβ gene, the distal activin response region has two
Smad sites spaced 11 bp apart at −973 and −962. In addition, the SBE at −453/−442, which
might play a role in the regulation of the FSHβ gene by other TGFβ family members, also
consists of two Smad sites separated by 11 bp. It is possible that these adjacent sites allow
Smads to physically interact and bind with higher affinity to the FSHβ gene as well.

Nuclear proteins in LβT2 nuclear extract bind strongly and specifically to the −167 site in
EMSA; however, these proteins remain unidentified. Because mutation of this site abolishes
activin response entirely in both the mouse and ovine genes, it is clearly a critical component
in activin regulation of the FSHβ gene. However, although it contains significant homology to
a consensus SBE, we were unable to demonstrate Smad-binding to this site in EMSA, using
either LβT2 nuclear extracts (Fig. 4), or whole-cell extracts from Cos-1 cells in which Smad2
and −4 or Smad3 and −4 had been overexpressed (data not shown). It is possible that Smad
protein interaction with this site is of very low affinity or occurs as part of a relatively unstable
larger complex. Alternatively, activin regulation through this element may occur independently
of Smad signaling. Although Smads are required for the regulation of nearly all TGFβ
superfamily target genes identified to date, TGFβ is also capable of activating Rho family
GTPases, MAPKs, and protein kinase B, leading to target gene regulation that is Smad
independent (5,27). Further characterization of the −167 site, and identification of the proteins
binding there, are required to determine whether it truly represents a Smad-independent activin
response element.

Mutation of the −134 site similarly results in a profound disruption in activin responsiveness
of both the ovine and mouse FSHβ genes. We identified the proteins binding to this site as
complexes containing Smad4 and the TALE homeodomain proteins Pbx1 and Prep1.
Mammalian Pbx1 was identified initially as an oncogenic Pbx/E2A fusion protein (28). Pbx1,
and its homolog in Drosophila, Extradenticle, play important roles during development as
partners of homeotic selector Hox proteins (29). More recently, Pbx1/Prep1 regulation of
various genes, including the glucagon and somatostatin genes, has been described (30). Our
characterization of Pbx1 and Prep1 as transcriptional regulators of the GnRH gene in the
hypothalamus (Rave-Harel, N., and P. L. Mellon, manuscript in preparation), and the FSHβ
gene in pituitary gonadotropes, identifies them as key modulators of the reproductive axis as
well.

We showed that Pbx1 and Prep1 physically interact with the activin receptor-specific Smad2
and −3, in addition to Smad4. The cooperative association of Pbx1 and Prep1 with Hox proteins
both increases the DNA binding affinity of the Hox proteins and modulates their target site
selection (29). It is possible that Pbx1 and Prep1 function similarly in their association with
Smad proteins at the −134 site of the FSHβ gene. We observed no changes in Pbx1/Prep1
binding in response to activin treatment in EMSA. Likewise, we detected no statistically
significant difference in the densitometric measure of Pbx1 or Prep1 binding in the chromatin
immunoprecipitation assays. However, because the LβT2 cells secrete activin, it is possible
that this apparent constitutive binding is the result of the presence of an autocrine activin
signaling loop within the LβT2 cell culture. Alternatively, Pbx1 and Prep1 may be capable of
binding in the absence of stimulation and may act to recruit Smad proteins and/or stabilize their
binding to the promoter after Smad nuclear translocation in response to activin signaling.
Transcriptional regulation of the osteoprotegrin gene by a complex of Smads and the
homeodomain protein Hoxc-8, a Pbx1 partner, in response to BMP signaling has been
described (31). Our studies reporting the interaction of Pbx1 and Prep1 with Smad proteins in
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the mediation of activin signaling suggest that a broader involvement of Smad proteins in target
gene regulation by Pbx1/Prep1 and/or Hox complexes may exist.

A number of other homeodomain proteins have been implicated in transcriptional regulation
by TGFβ family members. Activin regulation of the Xenopus goosecoid gene requires Smad2
and −4β (a Xenopus Smad4 homolog) in association with the paired-like homeodomain proteins
Mixer and Milk. Interaction of these two proteins (as well as the winged-helix proteins
Xenopus Fast-1, human Fast-1, and mouse Fast-2) with Smad2 depends on a C-terminal,
proline-rich Smad-interaction motif. Proteins with this motif are also found in Smad3/4
complexes (15). Examination of the Pbx1 protein sequence revealed no homology to the Smad-
interaction motif. However, we have identified a region in the N terminus of Prep1 that contains
homology to this motif, with significant conservation of critical amino acid residues.
Interestingly, this region is directly adjacent to the HR1 domain of Prep1, which has been
shown to be required for its interaction with Pbx1 (23).

In summary, we have demonstrated that activin regulation of the oFSHβ gene is complex,
requiring both distal Smad-binding sites and evolutionarily conserved promoter-proximal
elements. In addition, we identify the homeodomain proteins Pbx1 and Prep1 as novel Smad
partners and mediators of activin signaling and as important regulators of reproductive function
at both the hypothalamic and pituitary levels of the reproductive axis. These studies provide
important insight into the transcriptional regulation of FSH expression by activin and how this
regulation converges and diverges across species.

MATERIALS AND METHODS
Plasmids

The ovine reporter plasmids oFSHβ-Luc and −985 oFSHβ-Luc have been previously described
(32,33). All of the oFSHβ reporter plasmids contain the indicated 5′-region in addition to the
first intron and a portion of the first exon of the gene, with the endogenous AUG start codon
mutated to allow the initiation of translation at the luciferase gene start codon. The −750
oFSHβ-Luc, −562 oFSHβ-Luc, and −108 oFSHβ-Luc plasmids were made by cloning the
SacI/SalI, NdeI (Kle-nowed)/BglII, and HindIII fragments from −985-Luc into the SacI/XhoI,
SmaI/BglII, and HindIII sites, respectively, of the pGL3 Basic plasmid (Promega Corp.,
Madison, WI). The −401-Luc plasmid was made by PCR amplification of the −401 to +759
fragment from −985 oFSHβ-Luc, which was then cloned into the SmaI site of pGL3 Basic.
The mouse reporter plasmid mFSHβ-Luc (kindly provided by Dr. Varykina G. Thackray) was
made by PCR amplification of the 1000-bp 5′-regulatory region from a mouse genomic clone,
which was then ligated into the KpnI and HindIII restriction sites of pGL3. The 2-bp point
mutations (lower case letters in the primer sequences) in the ovine and mouse FSHβ reporter
genes were made using the primers listed in Table 1 and their reverse complements, and the
QuikChange Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufacturer’s
protocol. All deletions and mutations were verified by sequencing.

Transient Transfections and Luciferase and β-Galactosidase Assays
LβT2 cells were cultured as previously described (19). The day before transfection, cells were
divided onto six-well plates at a dilution of one confluent 10-cm plate per 18 wells. FuGENE
6 transfection reagent (Roche Molecular Biochemicals, Indianapolis, IN) was used according
to the manufacturer’s protocol. Each well was transfected with 0.5 μg of the luciferase reporter
plasmid along with 0.1 μg of a plasmid containing a β-galactosidase reporter gene regulated
by the Rous sarcoma virus promoter (RSV-βGal) as a control for transfection efficiency.
Twelve hours after transfection, the cells were transferred to serum-free DMEM supplemented
with 0.1% BSA, 5 mg/liter transferrin, and 50 nM sodium selenite. Sixteen hours later, either
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activin A (Calbiochem, San Diego, CA) or vehicle alone was administered to the cells, with
the final concentration of activin 10 ng/ml. After 24 h of treatment, cell extracts were prepared
and assayed for luciferase and β-galactosidase activity as described previously (34).
Transfections performed with the mFSHβ-Luc plasmids, wild type and with the mutations
M153 and M120, followed the same protocol with the following exceptions: cells were divided
onto 24-well plates and transfected with 0.2 μg of reporter and 0.1 μg of a control plasmid
containing the β-galactosidase gene regulated by the thymidine kinase reporter (TK-βGal). All
experiments were performed in triplicate, and results represent at least three independent
experiments performed in at least two different thawed batches of LβT2 cells. The means of
the ratios of luciferase to β-galactosidase for each plasmid and treatment were compared using
ANOVA and the Tukey-Kramer honestly significant difference post hoc test. P values <0.05
were considered statistically significant.

EMSA
Nuclear extracts were prepared from LβT2 cells, and EMSA binding reactions were carried
out with 2 μg of nuclear protein (except as indicated in Fig. 8) and 1 fmol of 32P-labeled
oligonucleotide (sequences of forward strands only are listed in Table 1) as previously
described (34). In competition assays, 100 fmol of unlabeled oligonucleotide competitor and
the labeled probe were added to the binding reaction at the same time. In supershift assays, 2
μg of Smad2, Smad3, Smad4, Prep1, Pbx1/2/3, Pbx1, or normal rabbit IgG antibodies (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) were preincubated with the nuclear proteins in
binding buffer at room temperature for 10 min before the addition of the probe. After probe
addition, binding reactions were incubated an additional 5 min at room temperature before
electrophoresis on a 5% nondenaturing polyacrylamide gel.

GST Interaction Assay
The Smad2-GST and Smad4-GST plasmids were provided by Dr. Masayuki Funaba, and the
Smad3-GST plasmid was obtained from Dr. Rik Derynck. The Pbx1 and Prep1 expression
plasmids were provided by Dr. Mark Kamps. The Smad4 and GFP expression plasmids were
obtained from Dr. Rik Derynck and Dr. Douglass Forbes, respectively. 35S-labeled proteins
were produced in vitro using the TnT Coupled Reticulocyte Lysate System (Promega Corp.).
Bacteria transformed with the GST plasmids were grown to an OD of 0.5, and then induced
with 0.2 mM isopropyl-β-D-thiogalactoside overnight at room temperature. Bacterial pellets
were sonicated in 0.1% Triton X-100, 5 mM EDTA in 1× PBS, and centrifuged, and the
supernatant was bound to glutathione sepharose 4B resin (Amersham Pharmacia Biotech,
Piscataway, NJ). The interaction assay was performed as previously described (35).

Chromatin Immunoprecipitation Assay
LβT2 proteins were cross-linked to genomic DNA by addition of formaldehyde directly to the
cell medium to a final concentration of 1%. After the nuclear fraction was obtained, chromatin
was sonicated to fractions of 1 kb average length in sonication buffer (50 mM HEPES, pH 7.9;
140 mM NaCl; 1 mM EDTA; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% sodium
dodecyl sulfate). After preclearing with protein A beads, protein-DNA complexes were
incubated overnight with Pbx1 or Prep1 antibodies and then precipitated with protein A beads
(Amersham Pharmacia Biotech). After extensive washing [two times each with sonication
buffer, high-salt sonication buffer (500 mM NaCl with other components as defined above),
lithium chloride buffer (20 mM Tris, pH 8; 250 mM LiCl; 1 mM EDTA; 0.1% Nonidet P-40; 0.1%
NaDOC), and Tris-EDTA buffer], cross-linking was reversed by addition of 300 mM NaCl and
incubation at 65 C, and proteins were digested by incubation with Proteinase K. DNA was
phenol-chloroform extracted, and ethanol precipitated, and the sequence of interest was then
amplified by PCR. Primers sequences are listed in Table 1 and flank the 280-bp sequence in
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the mFSHβ gene from −223 to +57. For quantification, [α32P]dATP was included in the
reaction mix. The PCR product was then electrophoresed on a 5% acrylamide gel in 0.5× Tris-
borate-EDTA, the gels were dried and subjected to autoradiography, and band intensity was
quantified using a PhosphorImager Optical Scanner Storm 860 (Molecular Dynamics Inc.,
Sunnyvale, CA) and the ImageQuant program (Molecular Dynamics, Inc.).
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Fig. 1.
Full Activin Responsiveness of the FSHβ Gene Requires Regions between −985 and −751,
and between −401 and −108
Transient transfections were performed in LβT2 cells with reporter plasmids containing the
indicated gene regions controlling luciferase expression. A Rous sarcoma virus-βGal plasmid
was cotransfected, and luciferase activity was normalized to β-galactosidase activity to control
for transfection efficiency. For each reporter, relative light unit (RLU) values for activin-treated
samples were divided by vehicle-treated controls to yield fold activation. Data are the means
± SEM of three independent experiments, each performed in triplicate. *, Activin-treated values
that differ significantly from vehicle-treated controls; #, fold activation that differs significantly
from that of the previous truncation. A, Activin responsiveness of reporter plasmids containing
either the full-length −4741/+759 region of the oFSHβ gene or a 5′-deletion to −985 was
assayed. B, Activin responsiveness of reporter plasmids containing either the −985/+759 region
or the indicated 5′-deletions was assayed. To control for differences in activin stimulation
between different batches of LβT2 cells, fold activation for each reporter was normalized to
that of the −985 oFSHβ-Luc plasmid, which was set at 1.
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Fig. 2.
Mutation of Putative SBEs Disrupts Activin Responsiveness of the FSHβ Gene
A, Sites in the −985 regulatory region with homology to the SBE consensus sequence.
Nucleotides in bold indicate bases mutated for use in subsequent transfection and EMSA
experiments (base changes are shown in lowercase letters in sequences listed in Table 1). B,
Activin responsiveness of reporter plasmids containing either the wild-type −985 region of the
oFSHβ gene or the indicated point mutations was assayed in transiently transfected LβT2 cells.
Data are the means ± SEM of three independent experiments, each performed in triplicate, and
were normalized as described in Fig. 1. *, Values that differ significantly from vehicle-treated
control; #, fold activation with activin treatment that differs significantly from fold activation
of the wild-type −985 reporter. RLU, Relative light units.
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Fig. 3.
Smad4 Binds to the −973/−962 and −453/−442 Regions of the FSHβ Gene
EMSA was performed using LβT2 nuclear extract and wild-type (WT) or mutant −973/−962
oligonucleotide probes (panel A) or wild-type or mutant −453/−442 oligonucleotide probes
(panel B). Wild-type or mutant competitor oligonucleotides and antibodies (Ab) were included
in the reactions as indicated. Specific protein complexes are indicated by arrows, and shifted
complexes induced by inclusion of an antibody to Smad4 are indicated by arrowheads.
Detection of the specific complexes required a week-long autoradiographic exposure, which
resulted in overexposure of the free probe bands. To enable comparison of the specific activity
of the individual probes, the free probe panels are from an overnight exposure of the same gels.
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Fig. 4.
Specific LβT2 Nuclear Proteins Bind to the −167 Region of the FSHβ Gene
EMSA was performed using LβT2 nuclear extract and either the wild-type (WT) or mutant
−167 oligonucleotide probe. Wild-type or mutant competitor oligonucleotides and antibodies
(Ab) were included in the reactions as indicated. Specific protein complexes are indicated by
arrows, and the complex disrupted by the mutation is indicated by an arrowhead.
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Fig. 5.
Pbx1 and Prep1 Bind to the −134 Region of the FSHβ Gene
EMSA was performed using LβT2 nuclear extract and either the wild-type (WT) or mutant
−134 oligonucleotide probe. A, Wild-type or mutant competitor oligonucleotides and
antibodies (Ab) were included in the reactions as indicated. Pbx1a/Prep1 and Pbx1b/Prep1
complexes are indicated by arrows. B, Oligonucleotide sequences used to characterize the
Pbx1/Prep1 binding site. Three distinct regions with homology to the Pbx1/Prep1 consensus
are indicated in the wild-type sequence in bold, underscored and overscored. Mutations in the
competitor oligonucleotides are indicated in bold lowercase letters. The 2-bp mutation that
disrupts activin responsiveness in transfections is equivalent to the M4 sequence.
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Fig. 6.
A Complex Containing Pbx1, Prep1, and Smad4 Binds to the −134 Region of the FSHβ Gene
EMSA was performed using the wild-type −134 oligonucleotide probe and the indicated
amounts of LβT2 nuclear extract. Antibodies (Ab) were included in the reactions as noted. A
higher order complex containing Pbx1, Prep1, and Smad4 is indicated by an arrow. At this
high concentration of extract, the Pbx1 antibody is only capable of reducing the intensity of
the Pbx1/Prep1 doublet, not eliminating it.
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Fig. 7.
Pbx1 and Prep1 Interact with Smad2, Smad3, and Smad4
GST interaction assays were performed using the indicated bacterially expressed Smad-GST
fusion proteins and 35S-labeled in vitro translated GFP, Pbx1a, Prep1, and Smad4. One tenth
of the protein input and the GST tag-alone negative control are shown in lanes 13–19.
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Fig. 8.
The Evolutionarily Conserved Proximal Activin Response Elements Are Also Required for
Activin Regulation of the mFSHβ Gene
A, Sequence comparison of activin response elements and SBEs in the ovine, bovine, porcine,
human, rat, and mouse FSHβ genes. Homology is indicated by the boxed regions. B, Reporter
plasmids containing either the wild-type (WT) −1000 region of the mFSHβ gene or the
indicated 2-bp mutations corresponding to those made in the −167 and −134 sites of the ovine
gene were transiently transfected in LβT2 cells and activin responsiveness was assayed. Data
are the means ± SEM of three independent experiments, each performed in triplicate, and were
normalized as described in Fig. 1. *, Values that differ significantly from vehicle-treated
control; #, fold activation with activin treatment that differs significantly from fold activation
of the wild-type reporter. RLU, Relative light units.
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Fig. 9.
Pbx1 and Prep1 Bind to the mFSHβ Gene in Vivo
Chromatin immunoprecipitation was performed using cross-linked protein/chromatin from
LβT2 cells and antibodies directed against Pbx1 and Prep1 proteins. PCR primers
complementary to the mFSHβ 5′-regulatory region flanking the Pbx1/Prep1 binding site were
used to detect precipitation of the genomic DNA. A, Representative gel of radioactively labeled
PCR products amplified from control chromatin sample and chromatin precipitated with Pbx1
and Prep1 antibodies is shown. PCR products from reactions using input chromatin at 10-fold,
50-fold, and 500-fold dilutions are shown. B, Densitometry quantification of PCR products
was performed. Data are the means ± SEM from three independently prepared chromatin
samples, each performed in triplicate. *, Mean densitometry values that differ significantly
from no-antibody control.
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