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Follistatin is a transcriptional target and a modulator of
activin action. Through an autocrine/paracrine loop, activin
controls follistatin levels and thus regulates its own bioavail-
ability. In gonadotropic aT3-1 cells, activin induces follista-
tin transcription primarily through the action of Smad3 at an
intronic Smad-binding element (SBE1). Using a proteomics
approach, we searched for endogenous aT3-1 proteins that
participate in SBE1-mediated transcription. We identified
FoxL2, a member of the forkhead family, as a candidate mod-
ulator of SBE1 function. Mutations of FoxL2 are associated
with the blepharophimosis/ptosis/epicanthus inversus syn-
drome characterized with craniofacial defects and premature
ovarian failure. FoxL2 localizes to a-glycoprotein subunit-
and follicle-stimulating hormone B-positive cells of the adult
mouse pituitary and is present in «T3-1 and LBT2 cells, but
its pituitary actions remain largely unknown. We have deter-
mined that FoxL2 binds to a forkhead-binding element
(FKHB) located just downstream of the SBE1 site of the fol-
listatin gene and functions as a Smad3 partner to drive SBE1-
mediated transcription in aT3-1 cells treated with activin.
Chromatin immunoprecipitation assays confirm that endog-
enous FoxL2 and Smad3 are recruited to the intronic
enhancer of the follistatin gene where the SBE1 and FKHB
sites are located. Exogenous FoxL2 enhances SBE1-mediated
transcription, and short hairpin RNA-mediated knockdown
of endogenous FoxL2 protein compromises this effect in
aT3-1 cells. FoxL2 directly associates with Smad3 but not
Smad?2 or Smad4. This association between Smad3 and FoxL2
is mediated by the MH2 domain of Smad3 and is dependent
on an intact forkhead domain in FoxL2. Altogether, these
observations highlight a novel role for FoxL2 and suggest that
it may function as a transcriptional regulator and a coordina-
tor of Smad3 targets.
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The TGF-B° family is represented by a group of evolutionar-
ily conserved secreted proteins that control a broad spectrum of
biological functions of embryonic and adult tissues (1, 2).
Activin A and B comprising homodimers of the structurally
related inhibin BA and 3B subunits, respectively, are members
of the TGF-B family (1). As such, they are present in most tis-
sues, and both forms of activin are known to participate in the
local control of a variety of essential developmental and homeo-
static processes, including those involved in the control of
reproduction (1, 3, 4). The varied actions of activins are in turn
fine-tuned by cell-specific and context-dependent mechanisms
of inactivation via binding proteins such as follistatin and
FSTL3 (5, 6), receptor antagonists such as inhibin (7), or intra-
cellular mechanisms that limit further signaling (2, 8, 9).

Follistatin is a single chain glycoprotein that binds activin
with high affinity at a 2:1 molar ratio and interferes with its
access to cell-surface receptors (10—12). Follistatin also binds
and modulates the actions of several other members of the
TGEF-B family such as myostatin and certain bone morphoge-
netic proteins (13). First characterized as a product of the
gonads with feedback FSH inhibitory actions on the pituitary,
many studies have since demonstrated that follistatin is expressed
and secreted locally by pituitary cells, as it is by many other tissues
and organs (14—19). Genetic inactivation of the Fst in mice is asso-
ciated with extensive defects and death soon after birth, reflecting
the broad physiological importance of follistatin and its ability to
target multiple TGF- family ligands at relevant sites (20). The
global overexpression of follistatin, on the other hand, is associated
with reduced FSH levels, gonadal defects, and abnormalities of the
skin and hair (21). The highly conserved human and rodent fol-
listatin genes comprising six introns and exons produce two
mRNA transcripts and the corresponding C-terminally extended
FS315 or truncated FS288 proteins that are presumed to serve
distinct physiological functions (22, 23).

Activin and follistatin have emerged as key players of the
autocrine/paracrine milieu of the anterior pituitary involved in
the control of the reproductive axis in rodents and primates
(24). Activin B and follistatin expressed and secreted by pitui-

3 The abbreviations used are: TGF-B, transforming growth factor 8; SBET,
Smad-binding element; FSH, follicle-stimulating hormone; FKHB, fork-
head-binding site; ChIP, chromatin immunoprecipitation; shRNA, short
hairpin RNA; hSmad, human Smad; DMEM, Dulbecco’s modified Eagle’s
medium; FBS, fetal bovine serum; BPES, blepharophimosis/ptosis/epican-
thus inversus syndrome; mAb, monoclonal antibody; MOPS, 4-morpho-
linepropanesulfonic acid; FACS, fluorescence-activated cell sorting; GFP,
green fluorescent protein; LH, luteinizing hormone; ESI-LC/MS/MS, elec-
trospray ionization-liquid chromatography/tandem mass spectrometry;
aGSU, a-glycoprotein subunit; MH2, Mad homology 2; GnRH, gonado-
tropin-releasing hormone.
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tary gonadotropes exert local control on FSHS and LHf3 sub-
unit expression in these cells and, working in conjunction with
GnRH, inhibin, and steroid hormones, promote the cyclic vari-
ations of FSH/LH ratios required for normal reproduction (25).
Intra-pituitary activin B exerts positive effects on FSH secretion
from gonadotropes, and this local action of activin B is in turn
controlled by the local “buffering” capacity of follistatin (26—
29). Follistatin itself is a downstream target of activin signaling
in pituitary gonadotropes, and the activin-induced rise in fol-
listatin expression contributes to the local feedback control and
preserves the critical level of activin signaling (27, 28, 30-35).
Similar mechanisms are also critical for maintaining the func-
tional integrity of other tissues, and associations between dis-
rupted follistatin tone and altered proliferative, tumorigenic, or
metastatic potential of differentiated endocrine and non-endo-
crine cells have been reported (36 —39). Despite the established
importance of this interplay between follistatin and activin,
activin-dependent mechanisms that control follistatin expres-
sion in the pituitary or other tissues remain largely unknown.

Activin signals are transmitted by type II (ActRII or ActRIIB)
and type I (ALK4) serine/threonine kinase receptors and the
ALK4-dependent phosphorylation of the downstream Smad2
and/or Smad3 transcriptional effectors (2, 40). The phospho-
rylation of Smad2/3 at their C-terminal SSXS motifs enables
them to form partnerships with Smad4/DPC4 and other co-
factors and mediate transcriptional effects by binding to spe-
cific promoter elements on target genes and assembling co-
activators and co-repressors (2, 8, 9). The interactions of Smads
with co-factors are fundamental to their function, and the dif-
ferential partnerships between P-Smad2 or P-Smad3 and cell-
specific factors allows activin to generate a diverse set of tran-
scriptional programs in many different cell types under
different physiological conditions (2, 9).

We previously reported that Smad-mediated transcription of
the rat Fst in activin-treated «T3-1 cells is dependent on a con-
served Smad-binding element (SBE1) that localizes to an
activin-responsive region of intron 1 (35). This SBE1 element
preferentially binds Smad3 and mediates downstream effects of
activin A. Luciferase reporter constructs that incorporate up to
2.86 kb of the upstream promoter of the rat Fst, but lack the
intronic SBE1 enhancer, are unresponsive to activin signaling
in either aT3-1 or LBT2 cells (29, 35, 41). By contrast, the same
reporters display both basal and Smad-dependent inducible
activity when transfected into HepG2 or HEK293T cells, indi-
cating that the function of SBEI is dispensable in these cell
types. Similarly, the upstream promoter region of the human
FSTis sufficient for Smad-dependent activation in HepG2 cells
treated with either activin or TGF- (42). These observations
raised the possibility that the differential modes of Smad-de-
pendent regulation of follistatin expression are dictated
through partnerships between Smads and other factors that are
differentially expressed in a cell type-dependent fashion. We
evaluated this hypothesis by searching for factors that cooper-
ate with Smad3 at the intronic SBE1 site of the rat follistatin
gene and mediate activin effects in «T3-1 cells. Using an oligo-
nucleotide pulldown approach, we enriched endogenous
aT3-1 proteins that assemble at or near the intronic SBEI site
and analyzed them by mass spectrometry. One of the proteins
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enriched by this strategy was FoxL2, a member of the forkhead
family of transcription factors. In this study, we identify FoxL2
asakey Smad3 partnerand evaluateitsrolein facilitatingactivin-
dependent transcription of the follistatin gene in gonadotrope-
derived aT3-1 cells.

EXPERIMENTAL PROCEDURES

Cell Lines—The mouse gonadotrope-derived aT3-1 (43) and
the human embryonic kidney (HEK) 293T cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS and 2 mm glutamine.

Plasmids and Reagents—The N-terminally Myc-tagged
human (h) Smad2, -3, and -4 were subcloned into the pCS2™
expression vector as described previously (35). The hSmad2
and -3 cDNAs were provided by Dr. Rik Derynck, University of
California, San Francisco, and the hSmad4/DPC4 cDNA was
obtained from Dr. Scott Kern, The Johns Hopkins University
School of Medicine, Baltimore. The myc-hSmad3-MH1
domain corresponding to amino acids 1-145 of hSmad3 was
generated by PCR amplification using the myc-hSmad3 plas-
mid as a template (forward T7 primer, 5'-AATACGACTCAC-
TATAGG; reverse primer, 5'-ACGTTCTAGATTACGTGT-
GGCGTGGCACQ). The full-length myc-hSmad3 was also used
as a template to generate myc-hSmad3-MH2 encompassing
amino acids 220 —425 of hSmad3 (forward primer incorporat-
ing the Myc tag, 5'-ACGTGGATCCACCATGGGAGAACA-
GAAACTGATCTCTGAAGAAGACCTGATGGACCTGCA-
GCCAGTTACCG; reverse SP6 primer, 5'-ATTTAGGTGACA-
CTATA). Both fragments were digested and directionally
subcloned into the BamHI and Xbal sites of pCS2 ™ and verified
by sequence analysis. The human FoxL2 cDNA clone was
obtained from Open Biosystems (Huntsville, AL), and the
entire coding region (Ascl/Sphl fragment) was subcloned into
the pCS2™ expression vector at the Stul site. To obtain the
mouse FoxL2, total RNA extracted from oT3-1 was reverse-
transcribed, and a cDNA encoding mFoxL2 was amplified and
subcloned into the BamHI/EcoRI sites of pCS2* (forward
primer, 5'-GGATCCACCATGATGGCCAGCTACCCCGA-
GCCCG; reverse primer, 5'-GAATTCTCAGAGATCCAGAC-
GCGAGTG). An N-terminal FLAG tag was then added by
using an upstream primer that incorporates the corresponding
nucleotides (forward primer, 5'-GGATCCACCATGGACTA-
CAAAGACGACGACGACAAAATGATGGCCAGCTACCC-
CGAGCCCQ). C-terminally truncated forms of FoxL2 were gen-
erated using a PCR approach with upstream primers that
incorporate the FLAG tag, as shown in Table 1.

The luciferase reporter plasmids that incorporate fragments
of the rat Fst just upstream of the coding region of luciferase in
the pGL2 basic vector (Promega, Madison, WI) have been char-
acterized previously (35). The rFS(2.9)-luc and the rFS(0.3)-
luc reporter plasmids incorporate the —2864/+136 and
—312/+136 fragments of rat follistatin, respectively. In the
rFS(2.9i)-luc or the rFS(0.3i)-luc plasmid, the entire first intron
(+227/+2097) of the rat Fst is ligated to the 3" end of either the
—2864/+136 or the —312/+136 fragment via an engineered
Spel site. The rFS(0.3ex45)-luc reporter retains only the
+1784/+1912 fragment of intron 1 of the rat follistatin gene
just downstream of the —312/+136 fragment in rFS(0.3)-luc.
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TABLE 1
Primers used to generate truncated forms of FLAG-tagged mFoxL2

FoxL2 and Smad3 Actions on the Follistatin Gene

Forward primer for all C-terminal truncations”

5'-CGTTGGATCCACCATGGACTACAAAGACGACGACGACAAAATGATGGCCAGCTACCCCGAGCCC

Reverse primers
FoxL2-(A268-375)
FoxL2-(A234-375)
FoxL2-(A215-375)
FoxL2-(A161-375)
FoxL2-(A133-375)

5'-CGTTGAATTCTCACACGACGCCCGGAGGCAGCGC
5'-CGTTGAATTCTCAGCCCGGGCCGGCGGCTGCAGC
5'-CGTTGAATTCTCAGCAGGAGGCGTAGGGCATGGG
5'-CGTTGAATTCTCACTTGCCGGGCTGGAAGTG

5'-CGTTGAATTCTCAGTCCTCGCAGGCCGGGTCGAG

Forward primers”
FoxL2-(A1-44)

5'-CGTTGGATCCACCATGGACTACAAAGACGACGACGACAAACCAGACCCCGCGCAGAAGCCCCCG

Reverse primer
FoxL2-(A1-44)

5'-CGTTGAATTCTCAGAGATCCAGACGCGAGTG

“ Forward primers incorporate the sequence corresponding to the FLAG tag, and all primers include BamHI and EcoRI restriction sites for ligation into the pCS2" mammalian

expression vector.

The SBE1 mutant form of the rFS(0.3ex45)-luc reporter was
generated by using a PCR approach (wild type, 5" .. . TTGT ...
3’; SBE1 mutant, 5" ... TTGTaatTGGGTCA... 3), as
described previously (35). Mutations of the forkhead-binding
site (FKHB) were also generated by a similar PCR approach to
introduce those substitutions shown in Fig. 9. Recombinant
human activin A was purified from the conditioned medium of
stably transfected Chinese hamster ovary cells (Salk Institute,
La Jolla, CA).

Transfections and Luciferase Reporter Assays—For transient
transfection experiments, the oT3-1 cells were seeded in poly-
L-lysine-coated 12-well tissue culture plates at a density of 3 X
10° cells/well in 2 ml of complete medium (DMEM, 10% FBS
and 2 mm glutamine). The oT3-1 cells were transfected with the
indicated plasmids for 6 h using the Superfect transfection rea-
gent (Qiagen, Hilden, Germany). The cells were subsequently
treated with vehicle or activin A in DMEM supplemented with
2% FBS and 2 mm glutamine. Luciferase reporter activity was
measured 15 h later, as described (35). Where indicated, vary-
ing amounts of expression plasmids encoding Myc-tagged
Smads, FLAG-tagged mFoxL2, or empty pCS2™ vector were
co-transfected along with the reporter plasmids. Luciferase
reporter activity of cell lysates was measured using p-lucife-
rin luciferase substrate (Biosynth, Naperville, IL) with a
Lumimark microplate luminometer (Bio-Rad) and internally
normalized to the activity of the co-transfected cytomegalo-
virus-B-galactosidase plasmid, as described (35). Reported
data correspond to luciferase/B-galactosidase ratios of each
plasmid relative to the activity of the pGL2 basic vector.
HEK293T cells were transiently transfected by plating 10°
cells/well on poly-L-lysine-coated 24-well tissue culture
plates in complete DMEM 24 h prior to transfection. The
cells were transfected overnight with 200 ng of the appropri-
ate reporter plasmid, 10 ng of B-galactosidase, and other
plasmids, as indicated, using polyethyleneimine as the trans-
fection reagent. The cells were washed 16-18 h later and
treated for 18 h with either vehicle or activin A in complete
DMEM. Luciferase reporter activity was measured as
described above. The data were subjected to analysis of vari-
ance and Tukey’s post hoc test.

Oligonucleotide Precipitation Assays—The oligonucleotide
precipitation experiments were essentially as described previ-
ously (35). Briefly, aT3-1 cells (5 X 107/15-cm dish) were
treated for 30 min with 1 nM activin A or vehicle in freshly
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supplemented growth medium. Samples were prepared by
brief sonication in lysis buffer followed by a 10-min centrif-
ugation at 12,000 X gat4 °C. The supernatant obtained from
the equivalent of 5 X 107 cells (~4 mg) was incubated for 2 h
at 4 °C with 2 ug of biotinylated double-stranded oligonu-
cleotides, pre-coupled to streptavidin-agarose beads
(Pierce), in the presence of 30 g of poly(dI-dC) (Sigma). The
agarose beads were washed three times by centrifugation,
and endogenous aT3-1 proteins enriched by this method
were recovered and subjected to Western analysis or pro-
cessed for analysis by mass spectrometry. For Western anal-
yses, the samples were resolved under reducing conditions
by one-dimensional gel electrophoresis (4-12% SDS-
NuPAGE gels, Invitrogen) with MOPS as the running buffer
and then transferred to nitrocellulose membranes. Endoge-
nous proteins corresponding to Smad2/3 or FoxL2 were
detected using rabbit anti-hSmad2/3, as described previ-
ously (35), and a commercially available goat anti-m/hFoxL2
(Imgenex, San Diego), respectively, and the appropriate
horseradish peroxidase-conjugated secondary antibodies
(donkey anti-rabbit or rabbit anti-goat; Pierce). Immune
complexes were visualized with SuperSignal West Pico
chemiluminescence substrate (Pierce). The double-stranded
biotinylated wild type or the equivalent mutant probe har-
boring a mutated SBE1 site corresponds to the SBE1-con-
taining region of intron 1 of the rat Fst (35).

Identification of SBEI-associated Proteins by Mass Spec-
trometry—Proteins enriched by the oligonucleotide precipita-
tion assays described above were processed and analyzed by
two approaches. In one strategy, bound proteins were recov-
ered off the biotinylated probes pre-coupled to streptavidin-
agarose beads by boiling with sample loading buffer under
reducing conditions. Proteins that co-purified with the wild
type or mutant SBE1 oligonucleotides were separated by one-
dimensional gel electrophoresis and visualized with Coomassie
Blue. Mass-specific bands were excised from the stained gel.
Gel slices were de-stained by treatment with 40% n-propyl alco-
hol and 50% acetonitrile and digested over 16 h at 37 °C with
100 ng of trypsin added in 10 ul of ammonium bicarbonate
solution (20 mm). Peptides were extracted and dried down
completely and then re-dissolved in 0.1% formic acid for ESI-
MS/MS analysis on a Bruker Daltonics Esquire 3000 Plus mass
spectrometer (Billerica, MA). MS analysis data were analyzed
using the Mascot algorithm (Matrix Science, London, UK) on a
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local Mascot server (version 2.1.0) and searched against the
latest NCBI nr protein data base. Peptides were required to be
fully tryptic with one missed cleavage allowed. Results were
filtered, combined, sorted, and displayed using Scaffold (Pro-
teome Software, Portland, OR) to validate protein identifica-
tions derived from MS/MS sequencing results. Scaffold can
verify peptide identifications assigned by Mascot using the
X!Tandem data base searching program (44, 45). Scaffold then
probabilistically validates these peptide identifications and
derives corresponding protein probabilities using Protein-
Prophet (44, 45). Only protein hits that met the Mascot algo-
rithm dynamic significance threshold were considered. Alter-
natively, proteins were subjected to MudPIT analysis (46). For
this strategy, protein complexes bound to the streptavidin-aga-
rose coupled biotinylated oligonucleotides were washed in 400
ml of ammonium bicarbonate (20 mm) and then directly
digested by the addition of 50 ul of ammonium bicarbonate
buffer (20 mMm) containing 2.5 ug of trypsin. Digestion was
allowed to progress at 37 °C for 16 h. Supernatants containing
peptides that resulted from the tryptic digests were recovered
and lyophilized. The samples were then brought up in 0.1%
formic acid for ESI-MS/MS analysis. Multidimensional protein
identification technology (MudPIT) was performed on a
Bruker Daltonics Esquire 3000 Plus mass spectrometer (Bil-
lerica, MA). A tandem capillary column packed with strong ion
exchange and C18 reversed-phase material was developed
using a 10-step pH gradient from 2.5 to 8, followed by a 40-min
acetonitrile gradient (5-45%) for direct identification of pro-
teins. Each experiment was performed three times using a gel-
based LC/MS/MS approach or twice using the multidimen-
sional protein identification technique (MudPIT) (46).
Identified proteins had to be present in two of three individual
experiments to be considered.

Chromatin Immunoprecipitation (ChIP)—Activin A or vehi-
cle-treated aT3-1 cells were subjected to ChIP analyses as
described previously (35). Briefly, following cross-linking with
1% formaldehyde, the nuclear fractions recovered from cell
lysates were sonicated on ice (Misonix XL200 ultrasonic cell
disruptor) and pre-cleared by incubation with protein
A-Sepharose, salmon sperm DNA, 0.05% bovine serum albu-
min, and 0.3% normal rabbit or goat serum followed by centrif-
ugation. Half of the material recovered from ~10” «T3-1 cells
was incubated overnight at 4 °C with 5 ul of normal rabbit IgG
or protein A-purified rabbit anti-hSmad2/3 and protein-A-
Sepharose, as described previously (35). Parallel samples were
incubated with either normal goat IgG or goat anti-FoxL2
directed to a peptide at the C terminus of the protein (Imgenex,
San Diego) and protein-A-Sepharose. After thoroughly wash-
ing the beads, the specifically bound complexes were eluted
from the protein-A-Sepharose beads with 1% SDS, and cross-
linking was reversed by an overnight incubation at 65 °C. The
purified DNA samples obtained from QIAquick spin columns
(Qiagen Inc., Valencia, CA) were then analyzed by real time
PCR using the SYBR GREEN PCR master mix and the ABI
PRISM 7700 sequence detector (PerkinElmer Life Sciences).
Primer sets that surround the intronic SBE1 site were used to
determine the abundance of the intervening fragment of the
endogenous mouse follistatin gene (forward, 5'-AACAGTCT-
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AGTAAAAGTCAATGCAAGCT, and reverse, 5'-TGCGCC-
CCAGCCATAT) relative to a fragment ~5 kb upstream of the
transcription start site (forward, 5'-AGATAGAGATCCCAC-
CACAGAACAA, and reverse, 5'-GGATGGACTTGGGTGG-
TATCTGTA). The relative abundance of the amplified frag-
ments in the treated and untreated samples was analyzed using
the AACt method.

ShRNA-mediated Knockdown of FoxL2—The strategy used to
achieve shRNA-mediated knockdown was essentially as
described previously (35). Several potential shRNA targets of
the mouse FoxL2 were identified using the sfold software (47,
48). Of four shRNAs analyzed, the shRNA (5'-CCATGATG-
CATTGCTCATA) targeted to the coding region of the single-
exon mouse FoxL2 was validated for its ability to knockdown
FLAG-tagged mFoxL2 in transfected HEK293T cells and the
endogenous FoxL2 protein expressed in aT3-1 cells. The
shRNA cassettes were generated by PCR amplification from
pSuper (Oligoengine, Seattle, WA) using a forward T3 primer
and a reverse primer that incorporates an intervening nine-
nucleotide hairpin loop (5'-TCTCTTGAA) between the sense
and antisense target sequence (5'-CTGTCTAGACAAAAA
(sense target) TCTCTTGAA (antisense target) GGGGATCT-
GTGGTCTCATACA-3'), in addition to the human H1 RNA
polymerase III promoter sequence, as described (49). The
resulting shRNA cassettes were inserted into the compatible
Nhel site in the 3'-long terminal repeat of the lentiviral internal
ribosome entry site vector, p156RRLSINpptCMVGFPPRE, that
incorporates cytomegalovirus-driven GFP as a marker (gener-
ously provided by Dr. Inder Verma, Salk Institute). The empty
lentiviral internal ribosome entry site vector expressing only
GFP and/or one that incorporates a scrambled sequence (5'-
GGCATTACAGTATCGATCAGA) was used as control. The
extent and specificity of FoxL2 knockdown by each shRNA
were evaluated in HEK293T cells co-transfected with the
FLAG-mFoxL2 expression plasmid. Cell extracts prepared 72 h
after transfection were subjected to Western blot analysis using
mAb anti-FLAG. To achieve shRNA-mediated knockdown of
endogenous FoxL2 in aT3-1 cells, viral particles harboring
FoxL2-targeted shRNA cassettes or the control vector were
prepared using HEK293T as described previously (35). The
aT3-1 cells were infected in the presence of 4 ug/ml Polybrene,
and 3 days later, the extent of knockdown of endogenous
mouse FoxL2 protein was assessed by Western blot analysis
using goat anti-FoxL2 IgG, compared with actin levels
detected by a mAb anti-actin. To achieve uniformity of
knockdown for functional studies, aT3-1 cells were trans-
duced similarly with lentivirus and then expanded under
normal growth conditions. Approximately 10” cells express-
ing either GFP or scrambled shRNA as control or FoxL2
shRNA were subjected to fluorescence-activated cell sorting
(FACS) on a FACSVantage SE DiVa (BD Biosciences)
equipped with a 488-nm argon laser. Initial gating was based
on forward scatter and side scatter to maximize recovery of
live single cells. According to the fluorescence intensity his-
togram of each population of infected «T3-1 cells, the top 5%
of GFP™ cells were sorted and collected for further analysis.
Initial experiments had indicated that cells sorted based on
GEFP intensity, GFPlow, GFPmid, or GFPhigh, did not exhibit
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significant differences. The sorted GFP* aT3-1 expressing
either of the two control shRNAs or FoxL2-specific ShRNA
were expanded and evaluated for FoxL2 expression by West-
ern blots and for activin responsiveness of the rFS(0.3ex45)-
luc reporter.

Immunohistochemistry—Wild type mice were perfused with
4% paraformaldehyde, and the pituitary was removed and then
frozen in embedding medium. Twenty wm sections were cut on
a cryostat and mounted on slides. Slides were washed three
times in KPBS and incubated overnight at 4 °C in KPBS con-
taining 0.4% Triton X-100 and 2% normal donkey serum, along
with primary antibodies at recommended dilutions as follows:
goat anti-FoxL2 (1:500; Imgenex), rabbit anti-aGSU (1:1000;
National Hormone and Peptide Program of NIDDK, National
Institutes of Health), guinea pig anti-FSH (1:5000; National
Hormone and Peptide Program) and rabbit anti-S100 (1:500;
Sigma). After primary antibody incubation, slides were washed
three times and exposed for 1 h at room temperature to the
appropriate species-specific secondary antibodies conju-
gated to fluorophores. Donkey anti-goat antibodies were
conjugated to Alexa-488 (Invitrogen). Donkey anti-guinea
pig antibodies were conjugated to Cy3 (Jackson Immuno-
Research). Donkey anti-rabbit antibodies were conjugated to
Cy3 (Jackson ImmunoResearch). All secondary antibodies
were used at a dilution of 1:600. Slides were washed three
times in KPBS and mounted with Vectashield mounting
medium containing 4’,6-diamidino-2-phenylindole to visu-
alize nuclei (Vector Laboratories, Burlingame, CA). Sections
were imaged using a Leica TCS SP2 AOBS confocal micro-
scope (Leica Microsystems, Inc, Bannockburn, IL).

RESULTS

Activin Regulation of Follistatin Transcription Is Dependent
on Cell Type-specific Mechanisms—We previously reported
that an intronic Smad-binding element, SBEL, is required for
the action of activin A on follistatin transcription in gonado-
trope-derived aT3-1 cells (35). This conserved SBE1 site pref-
erentially recruits Smad3 and mediates ALK4-dependent
activin effects (35). An equivalent SBEL1 site is conserved in the
human FST, but its activity seems to be dispensable for activin
or TGF-B action in HepG2 cells (42). To verify that these obser-
vations do not reflect species-specific mechanisms, we evalu-
ated fragments of the rat Fst in «T3-1, HEK293T, and HepG2
cells. Consistent with our previous data, the rFS(2.9)-luc
reporter lacking intron 1 was not activated in aT3-1 cells
treated with activin A and was only slightly induced by co-
transfected Smad3/4 but not the combination of Smad2/4 and
FoxH1 (Fig. 1, upper panel). FoxH1 had no effect on reporter
activity whether co-transfected with or without Smad2/4 (data
not shown). Although Smad4 was routinely included in the
transfection DNA mixture, it did not appreciably contribute to
the effect of Smad3 alone, as we reported previously (35). In
contrast to these results, the rFS(2.9i)-luc reporter that incor-
porates intron 1 was induced 9.5-fold in response to activin A in
aT3-1 cells, and this activity was further enhanced by co-trans-
fected Smad3/4 but not Smad2/4 (Fig. 1, upper panel). In
HEK293T, activin A induced the two reporters to the same
extent, and both were further activated by Smad3/4 and, to a
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FIGURE 1. The upstream promoter region or downstream regulatory ele-
ments of the rat Fst differentially mediate activin A (1 nm) effects in
HEK293T or HepG2 cells compared with gonadotrope-derived aT3-1
cells. The indicated cell types were transiently co-transfected with either the
rFS(2.9)-luc or rFS(2.9i)-luc reporter plasmid and cytomegalovirus-B-galacto-
sidase as an internal control for transfection efficiency, along with a combi-
nation of FoxH1/Smad2/Smad4, Smad3/Smad4 or empty vector. The trans-
fections were performed using the Superfect reagent for aT3-1 and HepG2
cells and polyethyleneimine for HEK293T cells. Following the 6-h («T3-1 or
HepG2) or the 18-h (HEK293T) incubation period with the mix of DNA and
transfection reagent, the cells were supplemented with fresh complete
medium and treated for 15 h with vehicle or activin A. The cells were har-
vested 16-18 h after treatment, and the luciferase activity (arbitrary light
units) of each sample was internally normalized to that of B-galactosidase.
The data are reported as the ratio of these normalized luciferase values rela-
tive (Rel) to that of the empty pGL2 vector under identical conditions. The
experiments were performed in triplicate, and the reported mean = S.E. val-
ues are from a representative experiment with each cell line (**, p < 0.001
relative to the corresponding untreated basal; #, p < 0.05; ##, p < 0.001 rela-
tive to basal of the group).

lesser extent, by Smad2/4/FoxH1 (Fig. 1, middle panel). The
inducible activity of these two reporter plasmids, rFS(2.9)-luc
and rFS(2.9i)-luc, in HepG2 cells was more in line with those of
HEK293T cells except that a maximum concentration of activin
A (1 nm) produced a much more modest response (Fig. 1, bot-
tom panel). To further assess the differential importance of the
intronic SBE1, the activity of the rFS(0.3ex45)-luc reporter,
which retains only 312 bp of the upstream promoter region and
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the 129 bp activin-responsive fragment of intron 1 that incor-
porates SBE1, was evaluated in oT3-1 and HEK293T cells. As
expected, this reporter plasmid was responsive to activin A and
Smad3/4 in «T3-1 but not in HEK293T cells (Fig. 2).

Mass Spectrometric Identification of Smad2/3 and FoxL2 as
SBE1-associated Transcription Factors—To evaluate the mech-
anism underlying SBE1-mediated activation of the follistatin
gene in «T3-1 cells and to identify endogenous proteins that,
along with Smad3, participate in mediating this effect of activin,
we employed biotinylated probes harboring wild type or
mutant SBE1 and enriched associated proteins by an oligonu-
cleotide pulldown strategy. We used lysates of aT3-1 cells
treated or untreated with activin A and analyzed the proteins
associated with the probes under basal and stimulated condi-
tions by subjecting them to ESI-LC/MS/MS analysis. Initially,
we focused on proteins migrating on SDS-PAGE in the
expected mobility range for Smad2, -3, or -4 (45— 65 kDa) and
analyzed them following in-gel trypsin digestion. One set of
tryptic peptides derived from proteins of ~50-kDa mobility
corresponded to endogenous Smad2/3 of mouse aT3-1 cells.
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FIGURE 2. A luciferase reporter plasmid, rFS(0.3ex45)-luc, that incorpo-
rates the Smad-binding element of intron 1 but not the region upstream
of —312 of the rat Fst is activated in response to activin A (1 nm) in aT3-1
but not HEK293T cells. The transfection conditions were the same as those
described for Fig. 1. FoxH1 plasmid was included along with Smad2/4. The
reported data (arbitrary light units) reflect luciferase activity normalized to
B-galactosidase and then calculated relative (Rel) to pGL2 activity obtained
from cells treated under the same conditions. The experiments were per-
formed in triplicate, and the reported mean = S.E. values are from a repre-
sentative experiment with each cell line (**, p < 0.001 relative to the corre-
sponding untreated basal; #, p < 0.05 relative to basal of the group).

TABLE 2

These peptides were significant by Mascot criteria, and the pro-
tein identification was consistent across all experimental sets.
As shown in Table 2, these Smad2/3-derived peptides were
recovered exclusively in activin-treated samples incubated with
the wild type but not the corresponding SBE1 mutant oligonu-
cleotide probe, consistent with our previous data on the role of
SBEL1 in recruiting Smad3 and mediating activin effects (35).
The analysis of equivalent samples by MudPIT yielded similar
results and led to the same conclusions regarding the pattern of
Smad2/3 association with the SBE1 probes (Table 2). These
observations confirmed the specificity of the interactions with
wild type versus mutant probe and validated our strategy. Fur-
ther analysis of the samples identified yet another protein
migrating with an apparent mobility of ~45 kDa. This protein
was identified as FoxL2 (also known as PFrk) (50). Unlike
Smad2/3, mass spectrometric analysis of tryptic peptides from
gel slices suggested that FoxL2 interacted with both wild type
and mutant probes in a manner largely independent of activin
A, whereas MudPIT data suggested that FoxL2 binding was
dependent on an intact SBE1 site (Table 2). We resolved this
issue through a series of biochemical and functional assays, and
as shown in this study, we determined that FoxL2 action on the
follistatin gene in aT3-1 cells is indeed dependent on a func-
tionally intact SBEL.

FoxL2 Is Present in aGSU- and FSHp-positive Pituitary Cells—
The identification of FoxL2 from cellular extracts of aT3-1
cells suggested that it participates in the regulation of fol-
listatin expression in anterior pituitary gonadotropes. FoxL2
is a member of the winged-helix forkhead family of tran-
scription factors (51). It is one of the earliest known markers
of ovarian differentiation in mammals and is essential for the
maintenance of ovarian follicles in the adult (52). Deficien-
cies of FoxL2 cause the disorder known as blepharophimo-
sis/ptosis/epicanthus inversus syndrome (BPES) associated
with eyelid problems and varying degrees of premature ovar-
ian failure (53, 54). Consistent with the BPES phenotype,
FoxL2 is expressed in ovarian follicles and the developing
eyelid (53). FoxL2 (initially named PFrk) is also present in the
developing pituitary around el0-10.5 (55). Moreover,
FoxL2 expression persists in the adult pituitary and localizes
mostly to cells positive for the glycoprotein « subunit
(aGSU) shared by LH, FSH, and thyroid-stimulating hor-
mone (TSH) (56). To further validate that FoxL2 co-localizes
with markers of gonadotropes, we performed immunohisto-
chemical studies using pituitary tissue from adult male mice.
These analyses confirmed that FoxL2 immunoreactivity is

Identification by mass spectrometry of Smad2/3 and FoxL2 from aT3-1 lysates following oligonucleotide pulldown with biotinylated probes

that incorporate a wild type or a mutant SBE1

Gel slices” MudPIT?
Wild type Mutant Wild type Mutant
Basal Activin A Basal Activin A Basal Activin A Basal Activin A
Smad2/3 79-99¢ 99-201 ND“ ND
FoxL2 77-109 83-97 72-87 78-84 159-205 202-253 ND ND

“ Three independent experiments were performed.
> Two independent experiments were performed.

¢ Individual ion scores of peptides >42 indicate identity or extensive homology (p < 0.05) to the identified protein.

4 ND, not determined.
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FIGURE 3. FoxL2 immunofluorescence in pituitary tissue of an adult mouse co-localizes with «GSU and
FSHp. Confocal images of double-immunolabeled pituitary sections (20 um) from an adult wild type mouse
show nuclear FoxL2 staining in a sub-set of cells that are positive for «GSU or FSHp. FoxL2 expression (g, d, and
g) was evaluated using goat anti-FoxL2. For co-localization studies, rabbit anti-aGSU (b), guinea pig anti-FSHRB
(e), or rabbit anti-S100 (h) were used. FoxL2 immunoreactivity was detected with donkey anti-goat IgG conju-
gated to Alexa-488 (green), GSU, and S100 with donkey anti-rabbit IgG conjugated to Cy3 (red) and FSHB with
donkey anti-guinea pig IgG conjugated to Cy3 (red). Cell nuclei were labeled with 4’,6’-diamidino-2-phenylin-
dole (DAPI) (blue). Merged confocal images of FoxL2 and aGSU (c) or FoxL2 and FSHP (f) show that FoxL2
co-localizes with both pituitary markers. Merged images of FoxL2 and S100 show lack of co-localization (i).
Arrows in ¢, f, and i denote representative FoxL2-positive cells that also display cytoplasmic aGSU or FSH but

not S100. Scale bar, 10 um.

present in a sub-set of pituitary cells (Fig. 3, 4, d, and g). The
majority of FoxL2 immunoreactivity was restricted to the
population of anterior pituitary cells immunopositive for
aGSU (Fig. 3, a—c). A sub-set of FoxL2 immunopositive cells
also express FSHB, a marker of gonadotropes (Fig. 3, d—f).
These observations confirmed that FoxL2 expression indeed
persists in the adult pituitary and localizes primarily to gona-
dotropes and thyrotropes. Interestingly, FoxL2 immunore-
activity was excluded from the population of S100-positive
folliculostellate cells previously established to be a major
source of pituitary-derived follistatin (Fig. 3, g—i). A screen of
a number of pituitary- and non-pituitary-derived cell lines
by Western blot analysis confirmed the restricted pattern of
FoxL2 expression. These experiments demonstrated that a
protein of ~45 kDa recognized by anti-FoxL2 IgG was
detectable only in the extracts of aT3-1 and LBT2 cells, two
gonadotrope-derived cell lines, and not in other cell types
that were tested (Fig. 4).
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FoxL2 and Smad3 Recruitment to
the Follistatin Gene Is Dependent on
an Intact SBEI in Intron 1—To val-
idate the mass spectrometric identi-
fication of Smad2/3 and FoxL2 as
SBE1-binding proteins expressed in
aT3-1 cells, we carried out oligonu-
cleotide precipitation experiments
with the same biotinylated oligonu-
cleotides followed by Western anal-
ysis of specifically bound proteins.
Consistent with the mass spectro-
metric analyses and our recent work
(35), this experiment confirmed
that activin A signaling in oT3-1
cells induces the association of
endogenous Smad2/3 to the biotin-
ylated SBE1 oligonucleotide probe
and that this association is depend-
ent on an intact SBEL1 site (Fig. 54,
left panel). In parallel oligonucleo-
tide precipitation experiments, we
confirmed that FoxL2 is also
recruited to the wild type biotiny-
lated SBE1 oligonucleotide probe
(Fig. 5a, right panel). In contrast to
Smad3, FoxL2 binding to the wild
type probe was largely constitutive
and only marginally sensitive to
activin A (Fig. 5a, right panel). Sim-
ilar to Smad3, FoxL2 binding was
compromised to the equivalent
probe that incorporates a mutant
SBE1 site (Fig. 5a, right panel). We
also performed ChIP experiments
to further evaluate the functional
importance of endogenous FoxL2
and determine whether it is indeed
recruited to the intronic enhancer
of the endogenous Fst in aT3-1
cells. As we reported previously (35), Smad2/3 recruitment to
this region was induced 5-fold in cells treated with 1 nm activin
A compared with vehicle (Fig. 50). FoxL2 recruitment to the
same intronic enhancer region was also induced, albeit to a
lesser extent, in cells treated with activin A (Fig. 50). The spec-
ificity of the goat FoxL2 antibody was validated by testing it
against recombinant mouse and human FoxL2 and FLAG-
tagged mFoxL2 (Fig. 5¢). The results of this series of experi-
ments suggest that follistatin transcription in «T3-1 cells is reg-
ulated by the concerted actions of constitutively bound FoxL2
and activin-dependent recruitment of Smad2/3 to SBEI.

FoxL2 Is a Smad3 Partner—The results thus far raise the
possibility that FoxL2 interacts and forms a complex with
Smad2/3. We tested this possibility by performing co-immuno-
precipitation experiments using Myc-tagged hSmad2, -3, or -4
and FLAG-tagged mFoxL2 transiently expressed in HEK293T
cells. These co-immunoprecipitation experiments conclusively
demonstrated that FoxL2 associates with only Smad3 but not
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FIGURE 4. FoxL2 protein is detectable by Western blot in gonadotrope-
derived aT3-1 and LBT2 cells. Protein extracts prepared from the indicated
cell lines were analyzed by SDS-PAGE (150 ug of protein/lane), and endoge-
nous FoxL2 was detected using goat anti-FoxL2 (upper panel). The blots were
probed with a mAb anti-actin to assess differences in loading (lower panel).
The cell lines evaluated were as follows: mouse embryonal carcinoma P19,
mouse pituitary corticotropic AtT20, mouse pituitary gonadotropic aT3-1
and LBT2, human embryonic kidney HEK293T, human hepatocellular carci-
noma HepG2, rat pituitary folliculostellate FS/D1h. Protein bands were visu-
alized by ECL. /B, immunoblot.

Smad2 or Smad4 (Fig. 6a). The association of FoxL2 and Smad3
was marginally induced by activin treatment and was largely
independent of activin signaling (Fig. 6a). Equivalent results
were observed when the duration of activin treatment was var-
ied from 5 min to as long as 1 h (data not shown). Further
analysis using Myc-tagged MH1 or MH2 domains of Smad3
confirmed that the MH2 domain of Smad3 mediates complex
formation between FoxL2 and Smad3 (Fig. 6b). We also gener-
ated N- and C-terminally truncated FLAG-tagged mFoxL2
variants to map the Smad3-interacting domain within FoxL2.
Serial C-terminal truncations of mFoxL2 that ultimately
remove the entire C terminus following the forkhead domain,
amino acids 161-375, did not significantly disrupt Smad3 bind-
ing (Fig.7). A further truncation that removes 28 more residues,
including the second wing-like loop region of the forkhead
domain, significantly disrupted the ability of this recombinant
mutant form of FoxL2 (FoxL2(A133-375)) to bind Smad3 (Fig.
7b). These observations suggest that an intact forkhead domain
in FoxL2 is necessary for Smad3 binding. Consistently,
FoxL2(A1-44), which incorporates an intact forkhead domain
and the entire C terminus, retains full Smad3 binding (Fig. 7b).

FoxL2 Participates in SBEI-mediated Activation of Follista-
tin Transcription in aT3-1 Cells—Having demonstrated that
FoxL2 and Smad3 form a complex and that the intronic
enhancer of the follistatin gene engages both Smad3 and FoxL2,
we sought to evaluate FoxL2 effects on Smad3-dependent,
SBE1-mediated transcription. We first tested the effects of
FoxL2 overexpression in «T3-1 cells even though they express
ample levels of endogenous FoxL2. Consistent with our previ-
ous findings, the rFS(0.3ex45)-luc reporter was activated by the
individual and combined actions of activin A and co-trans-
fected Smad3/4 but not Smad2/4 (Fig. 8a). In cells co-trans-
fected with a FoxL2 expression plasmid, the rFS(0.3ex45)-luc
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reporter displayed ~1.5-fold greater basal activity, which was
further amplified in cells treated with 1 nm activin A and/or
co-transfected with Smad3/4 (Fig. 8a). FoxL2 had a marginal
effect on the same reporter when co-transfected with Smad2/4
(Fig. 8a). Smad4 alone or in combination with Smad2, Smad3,
FoxL2, or combinations thereof did not have a significant effect
(data not shown). Next, we determined if the functional effects
of FoxL2/Smad3 on the rFS(0.3ex45)-luc reporter are depend-
ent on an intact SBE1. Consistent with the results shown in Fig.
8a, Smad3/4 and, to a much greater extent Smad3/4+FoxL2,
augmented the effects of activin A on the wild type
rFS(0.3ex45)-luc reporter (Fig. 8)). The same reporter harbor-
ing a mutant SBE1 site, however, was totally unresponsive to
activin A in aT3-1 cells transfected with FoxL2, Smad3/4, or
both (Fig. 8b). These data suggest that FoxL2-dependent tran-
scriptional activation of follistatin is facilitated by the recruit-
ment of Smad3 to the SBEL1 site.

FoxL?2 Effects Are Mediated by a Regulatory Element Located
Just Downstream of the SBEI Site—A putative inverted FoxL2-
binding site (lower strand, 5'-ATCAATGT-3’) is located just
downstream of SBE1, within the intronic enhancer of the fol-
listatin gene (shown in Fig. 5a). This site is quite similar to
the recently characterized FoxL2-binding site (5'-GT(c/
2)AAGG(g/t)-3") (57). We tested the functional importance of
this motif by mutating the site within the context of the
rFS(0.3ex45)-luc reporter plasmid. All five of the mutants we
tested displayed varying degrees of compromised responsive-
ness to activin A (Fig. 94). FKHBmut#2 and FKHB#3 did not
show a statistically significant response to co-transfected
mFoxL2 (Fig. 9a). FKHBmut#4 was fully responsive to mFoxL2,
whereas #1 and #5 displayed attenuated responses (Fig. 9a). We
further tested the activities of FKHBmut#2 and FKHBmut#5
and determined that although both retained a marginal
response to activin A or Smad3 alone, they were essentially
unresponsive to mFoxL2 with or without Smad3 (Fig. 9b).
These results highlighted the importance of this motif as a
mediator of FoxL2 effects.

FoxL2 Enables SBE1-mediated Follistatin Transcription in a
Heterologous Cell Type—Next we determined if heterologous
expression of FoxL2 confers activin responsiveness from the
intronic SBE1 in an otherwise FoxL2-deficient cell type. We
utilized HEK293T cells because they lack detectable levels of
endogenous FoxL2 (as shown in Fig. 4). Consistent with the
data shown in Fig. 2, the rFS(0.3ex45)-luc reporter was not
responsive to activin A when transiently transfected and eval-
uated in HEK293T cells (Fig. 10a). However, activin respon-
siveness of rFS(0.3ex45)-luc was enabled by co-transfecting
HEK293T cells with an expression plasmid encoding either
FLAG-mFoxL2 (data not shown) or hFoxL2 (Fig. 10a). Given
our observation that FoxL2 forms a complex with Smad3 and
that SBE1-mediated transcription of follistatin in «T3-1 cells is
dependent on the partnership of Smad3/FoxL2, we hypothe-
sized that activin-dependent activation of rFS(0.3ex45)-luc in
HEK293T cells expressing FoxL2 is also mediated by Smad3.
We tested this possibility by individually knocking down
Smad2 or Smad3 with specific lentiviral ShARNA vectors (S2#4
ShRNA or S3#4 shRNA) under optimized conditions, as shown
(Fig. 100 and ¢) and as reported previously (35). These experi-
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FIGURE 5. Activin A induces the recruitment of Smad2/3 and FoxL2 to the
intronic SBE1 of follistatin. g, oligonucleotide precipitation experiments
utilized extracts of aT3-1 cells treated with vehicle or 1 nmactivin A for 30 min.
The cell extracts were precipitated with wild type (wt) or mutant (mutSBET)
SBE1 double-stranded biotinylated probes and subjected to Western blot
analysis with either rabbit anti-Smad2/3 (left panel) or goat anti-FoxL2 (right
panel) 1gGs. The numbers to the left of the immunoblots (/B) correspond to
protein size markers (kDa). The nucleotide sequence corresponds to the dou-
ble-stranded biotinylated probe used for these experiments. The sequence
shows the wild type SBE1 site (boxed) and the corresponding mutant form
(indicated by lowercase letters) as well as the FKHB (marked by a line above and
an arrow below the sequence). b, aT3-1 cells were treated with vehicle or
activin A (1 nm for 30 min) and subjected to ChIP analysis using rabbit anti-
Smad2/3, goat anti-FoxL2, or the corresponding normal rabbit or goat IgGs.
The samples were then analyzed by real time PCR using a primer set sur-
rounding the intronic SBET site of the endogenous mouse Fst or a primer set
that amplifies a fragment located 5 kb upstream of the follistatin tran-
scription start site. Real time PCR results (mean = S.E. of triplicate deter-
minations) of a representative experiment were calculated using the AACt
method (**, p < 0.001 relative to the corresponding basal). ¢, protein
extracts prepared from «aT3-1 cells transfected with appropriate plasmids
to express human FoxL2 (hFoxL2), mouse FoxL2 (mFoxL2), FLAG-tagged
mFoxL2, or vector only were directly resolved by SDS-PAGE and subjected
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ments illustrated that in FoxL2-transfected HEK293T cells,
transcriptional activation of the rFS(0.3ex45)-luc reporter is
largely dependent on Smad3, although knockdown of Smad2
has no appreciable effect, knockdown of Smad3 blunts the
effect at all doses of activin tested (Fig. 10b).

ShRNA Knockdown of FoxL2 Attenuates SBEI-mediated Fol-
listatin Transcription in Response to Activin Signaling in aT3-1
Cells—To further confirm the functional importance and par-
ticipation of endogenous FoxL2 in mediating SBE1-dependent
activation of the follistatin gene, we performed knockdown
studies using a FoxL2-targeted shRNA selected for its effective-
ness. Lentivirus-mediated delivery of this SaRNA produced sig-
nificant knockdown of FLAG-tagged mFoxL2 in transfected
HEK293T cells (Fig. 11a). Endogenous mouse FoxL2 levels of
FACS-sorted GFP" aT3-1 cells expressing the FoxL2 shRNA
was also significantly lower than FoxL2 levels of cells expressing
the GFP or the scrambled control shRNA (Fig. 115). Impor-
tantly, in sorted GFP* aT3-1 expressing FoxL2 shRNA, the
response of rFS(0.3ex45)-luc to all doses of activin A tested was
significantly blunted compared with the response in cells
expressing either of the control vectors (Fig. 11c). The latter was
not because of compromised activin signaling because activin-
dependent P-Smad2 accumulation in sorted GFP* cells
expressing FoxL2 shRNA was indistinguishable from those
expressing a control vector (Fig. 11d).

DISCUSSION

Follistatin plays a critical role in many tissues as a local mod-
ulator of activin and several other members of the TGF- fam-
ily (6). Using gonadotrope-derived aT3-1 cells, we recently
demonstrated that follistatin is a transcriptional target of
activin and that this action is primarily mediated by Smad3 via
SBE1 within an activin-responsive region of intron 1 (35).
Unexpectedly, further evaluation of this conserved SBE1 ele-
ment in various cell lines suggested that it is not obligatory for
activin/TGEF- effects on follistatin expression in all cell types
and that it might rather be involved in mediating cell type-
specific actions of activin on the follistatin gene. This possibility
was revealed by our observations that follistatin-luciferase
reporters that incorporate the upstream promoter region of the
rat follistatin gene but not SBE1 are responsive to activin A (Fig.
1) or TGF-B (data not shown) in HepG2 and HEK293T cells.
Studies of the human FST in HepG2 cells previously led to sim-
ilar conclusions (42). We sought to understand the mechanism
underlying these observations and postulated that they reflect
differential utilization of factors and the existence of cell type-
specific mechanisms for the control of follistatin expression in
response to activin signaling.

Our analysis has identified FoxL2 as an endogenous protein
of aT3-1 that participates in Smad3-dependent transcription of
follistatin via the intronic SBE1. FoxL2 is a member of the fork-
head family of transcription factors that share a conserved

to Western blot analysis (15 wg/lane; left panel). Alternatively, FLAG-mFoxL2
was firstimmunoprecipitated (/P) from aT3-1 extracts (200 ng) by incubation
with either goat anti-FoxL2 (middle panel) or agarose-coupled mAb anti-FLAG
(right panel) and then subjected to Western blot analysis using goat
anti-FoxL2.
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DNA-binding domain that, in most
cases, recognizes a core consensus
sequence (51). Forkhead proteins
mostly act as transcriptional activa-
tors but are known to also mediate
trans-repression (51). Members of
this large family have key regulatory
roles in developmental processes
and are implicated in the control of
cellular functions ranging from
metabolism, cell proliferation, and
survival that often reflect tissue-re-
stricted expression and actions.
consistent with their
restricted expression pattern, muta-
tions of individual forkhead pro-
teins are known to be associated

FIGURE 6. FoxL2 associates with the MH2 domain of Smad3. g, HEK293T cells were transfected with vectors for
co-expression of FLAG-mFoxL2 with myc-Smad2, myc-Smad3, or myc-Smad4. After 3 days of protein expression,
the cells were treated with vehicle or 1 nm activin A for 30 min. Cell lysates were immunoprecipitated (IP) by incu-
bation with agarose-coupled mAb anti-FLAG, and immunoprecipitates were analyzed by Western blots using mAb
anti-Myc. Inputs of Myc-tagged Smads (middle panel) and FLAG-mFoxL2 (bottom panel) were validated by Western
blot, as shown. IB, immunoblot. b, HEK293T cells were transfected with FLAG-mFoxL2, myc-Smad3-MH1, or myc-
Smad3-MH2. Cell lysates containing mFoxL2 were combined with equivalent amounts of those expressing myc-

Smad3-MH1 or myc-Smad3-MH2 and then immunoprecipitated by incubation with agarose-coupled mAb anti-

with certain human anomalies and,
in some cases, the equivalent mouse
phenotype with null mutations of
the orthologous genes (51). Loss of
function mutations of FoxL2 are

FLAG and subjected to Western blot analysis using mAb anti-Myc. Inputs of myc-Smad3-MH1 or myc-Smad3-MH2
(middle panel) and FLAG-mFoxL2 (bottom panel) were validated by Western blot, as shown.
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FIGURE 7. An intact forkhead binding domain in FoxL2 is necessary for Smad3 binding. a and b, HEK293T cells were transfected with vectors for
co-expression of full-length FLAG-mFoxL2, the indicated truncations of N-terminally FLAG-tagged FoxL2, or full-length myc-Smad3. After 2-3 days of protein
expression, cell lysates were prepared and used for co-immunoprecipitation studies with agarose-coupled mAb anti-FLAG. Immunoprecipitates (IP) were
analyzed by Western blots using mAb anti-Myc. Inputs of FLAG-mFoxL2 or truncated forms (middle panel) and myc-Smad3 (bottom panel) were validated by
Western blot, as shown. IB, immunoblot. ¢, schematic representation of the truncated FoxL2 forms tested in a and b.
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FIGURE 8. FoxL2 and Smad3 transactivate the rFS(0.3ex45)-luc plasmid
that incorporates a wild type SBET1 site. g, to evaluate the effects of FoxL2,
aT3-1 cells were co-transfected with the rFS(0.3ex45)-luc plasmid along with
the indicated expression plasmids (Smad2/4, Smad3/4, with or without
FoxL2). FoxH1 was substituted for FoxL2 to test Smad2/4 effects. b, functional
importance of the intronic SBE1 site in transactivation by activin A, FoxL2, and
Smad3 was evaluated by comparing the wild type (wt) rFS(0.3ex45)-luc plas-
mid to the equivalent one in which the SBE1 is mutated. In all experiments,
pGL2 luciferase reporter was measured in parallel to assess nonspecific
effects. The transfected cells were treated with vehicle or 1 nm activin A and
harvested 16-18 h later. Luciferase activity (arbitrary light units) was inter-
nally normalized to that of B-galactosidase and then calculated relative (Rel)
to the activity of the pGL2 vector under identical conditions. The inset panels
show only the basal activity of the reporter. The reported results (mean * S.E.)
are from a representative experiment performed in triplicate (**, p < 0.001
relative to the corresponding untreated basal; #, p < 0.05; ##, p < 0.001 rela-
tive to basal of the group).

eyelids and premature ovarian failure in type I but not type II
BPES patients (53, 54). FoxL2 knock-out mice exhibit the
equivalent characteristics of craniofacial defects and female
infertility because of disruptions of granulosa cell differentia-
tion and failure of oocyte growth (58, 59). These defects are in
line with the relatively restricted pattern of FoxL2 expression in
the eyelid and ovary.

The pituitary is yet another site of FoxL2 expression (55, 56).
The exact role of this forkhead protein in the pituitary, how-
ever, has not been extensively explored. FoxL2 (also designated
PFrk) was first identified in the embryonic pituitary at e10.5 as
a potential player in pituitary organogenesis (55). A more
recent report has extended these initial observations by dem-
onstrating that FoxL2 expression from ell.5 becomes
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FIGURE 9. FoxL2 effects on the follistatin gene are mediated via a regula-
tory element just downstream of SBE1. g, functional importance of a puta-
tive FKHB located just downstream of SBE1 was evaluated by mutating the
indicated nucleotides within the context of the rF5(0.3ex45)-luc plasmid and
comparing the activities of these mutant reporters to that of the wild type in
aT3-1 cells co-transfected with mFoxL2 or vector and treated with vehicle or
1 nm activin A. b, FKHB mut#2 and mut#5 were further tested to determine
their activities in aT3-1 cells co-transfected with mFoxL2 or Smad3 individu-
ally or together. Luciferase activity was measured as described above. Each
panel shows a representative experiment performed in triplicate (@, p < 0.05
or @@, p < 0.001 in the presence or absence of co-transfected mFoxL2 or
Smad3).

restricted largely to a population of quiescent cells that are
aGSU-positive, consistent with the possibility that it has a role
in regulating the cellular processes or promoting the differen-
tiation of gonadotropes and thyrotropes (56). Indeed, of the
very few mammalian FoxL2 targets identified to date, two are
expressed in the pituitary (56, 60 — 62). It has been reported that
the glycoprotein « subunit shared by LH and FSH in gonado-
tropes and TSH in thyrotropes is a transcriptional target of
FoxL2 (56). Furthermore, in gonadotrope-derived aT3-1 cells,
it has been shown that FoxL2 participates in activin-dependent
regulation of the GnRH receptor gene via a composite regula-
tory element known as GRAS (GnRH Activating Sequence)

JOURNAL OF BIOLOGICAL CHEMISTRY 7641



FoxL2 and Smad3 Actions on the Follistatin Gene

a b T

*k

C
ShRNA_- GFP S2#4

R ad I-Smad2

11 basal (IB: anti-myc)

|l Activin A

Ny Actin

shRNA - GFP S3#4

* @ FoxL2+GFP shRNA

O FoxL2+S2#4 shRNA

O FoxL2+S3#4 shRNA

. T T T

0 -1 -10 -9
Activin A (M)

FIGURE 10. FoxL2 transfected into HEK293T facilitates activin-mediated transactivation of rFS(0.3ex45)-
luc through a Smad3-dependent mechanism. g, HEK293T cells were co-transfected with rFS(0.3ex45)-luc
along with either FLAG-mFoxL2 or vector and then treated with 1 nm activin A or vehicle for 16-18 h.
b, HEK293T cells expressing control GFP-expressing shRNA vector, Smad2 targeted shRNA (S2#4), or Smad3
targeted shRNA (53#4) were co-transfected with rFS(0.3ex45)-luc and B-galactosidase plasmids and then eval-
uated for activin-dependent transactivation of this luciferase reporter. ¢, Western analysis showing the effec-
tiveness of Smad2 (52#4) or Smad3 (S3#4) shRNA to knock down transfected myc-Smad2 or -Smad3 levels in
HEK293T cells expressing the corresponding shRNA or the control GFP-expressing lentiviral vector. The
reported luciferase values (mean = S.E.) are from representative experiments each performed in triplicate (¥,
p < 0.05; **, p < 0.001 relative to GFP shRNA). /B, immunoblot.

|-Smad3
(IB: anti-myc)

Rel Luciferase Activity
N
l

— e——e— A Ctin

¢ Rel Luciferase Activity
N

N

1

a Flag-mFoxL2 (ng) o
_.il
12 4
Yo ¥
QL R
ShRNA -- ¢ K¢ =
?__ g
64— &
@
51— | g 6 *s
e AR — | F x| 2 k] "
(1B: anti-Flag) S
39— | o | 34 o GFP
o b m scramble
o e  FoxL2 shRNA
Wiy vy oy w | 1IN o
HEK293T o -1 -10 -9
Activin A (M)
b d
lysate o= o [ SER s .
shRMNA GFP FoxL2 scramble
64— ActivinA(nM) - 02 1 - 02 1
51—
— — — S — FoxL2 51 — w——— | P-Smad2

(I1B: anti-FoxL2)

39—

- ———— Smad2/3

——— ——

aT3-1

FIGURE 11. shRNA knockdown of endogenous FoxL2 compromises transactivation of the rFS(0.3ex45)-
luc plasmid in response to activin A in aT3-1 cells. g, Western analysis of FLAG-mFoxL2 levels in HEK293T
cells expressing control GFP or FoxL2 shRNA. Increasing amounts of HEK293T cell lysates were analyzed by
SDS-PAGE, and FLAG-mFoxL2 was detected with mAb anti-FLAG. /B, immunoblot. b, Western analysis of
endogenous FoxL2 levels in FACS-sorted GFP ™" aT3-1 cells infected with lentivirus for delivery of FoxL2 shRNA,
control GFP, or a scrambled control shRNA. Varying amounts of aT3-1 lysate were resolved by SDS-PAGE, and
endogenous FoxL2 was detected using goat anti-FoxL2 IgG. ¢, transactivation of rFS(0.3ex45)-luc by activin A
in FACS-sorted GFP+ «T3-1, corresponding to those shown in b. The cells were treated with the indicated
concentrations of activin A or vehicle for 16-18 h then harvested for evaluation of luciferase activity relative
(Rel) to B-galactosidase. Normalized luciferase values (arbitrary light units, mean = S.E.) from a representative
experiment are reported relative to that of pGL2 measured under identical conditions (**, p < 0.001 relative to
scramble or GFP shRNA). d, Western analysis of P-Smad2 accumulation in response to the indicated concen-
trations of activin A in the FACS-sorted GFP" aT3-1 cells expressing control GFP or FoxL2 shRNA. A rabbit
anti-P-Smad2 IgG was used to detect phosphorylated Smad2 (P-Smad2, upper panel), and rabbit anti-Smad2/3
IgG was used to detect total Smad2/3 input.

o e = |actin 51 =)

that also recruits Smad3/4 and AP-1 (60). The identification of
follistatin as yet another FoxL2 target of gonadotropes further sup-
ports the argument that it has regulatory roles in this cell type.

HEK293T
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By employing oligonucleotide
pulldown assays coupled with mass
spectrometry, our strategy has iden-
tified FoxL2 as an endogenous pro-
tein of aT3-1 cells and elucidated a
novel role for this forkhead protein
in mediating Smad3-dependent
regulation of follistatin in gonado-
tropes. We present several lines of
evidence to support our conclu-
sion for a key role of FoxL2 in the
regulation of the follistatin gene
in gonadotropes. Immunohisto-
chemical studies localized FoxL2
to FSHB-positive gonadotropes of
the adult pituitary. A previous
study also localized FoxL2 to LHf3-
positive cells of the embryonic
pituitary (56). These findings high-
light the likelihood that FoxL2 and
follistatin co-localize, given that
gonadotropes also express follista-
tin (24, 30). The evaluation of sev-
eral pituitary cell lines further dem-
onstrated the restricted pattern of
FoxL2 expression in gonadotrope-
derived aT3-1 and LBT2 cells but
not in those representative of sev-
eral other pituitary lineages. A series
of functional studies confirmed that
endogenous FoxL2 indeed has arole
in regulating follistatin expression
in aT3-1 gonadotropes. Notably,
shRNA-mediated knockdown of
FoxL2 expression in aT3-1 cells
significantly ~compromised the
transcriptional activation of the
rFS(0.3ex45)-luc reporter in res-
ponse to activin A.

The function of FoxL2 was largely
dependent on Smad3 binding to
SBEL. As we reported previously (35),
compared with the equivalent wild
type version, the modified
rFS(0.3ex45)-luc luciferase reporter
that incorporates a mutant SBE1
site was not responsive to activin
and/or Smad3. Similarly, activin/
Smad3 failed to activate the mutant
rFS(0.3ex45)-luc plasmid even in
aT3-1 cells overexpressing FoxL2.
Experiments with HEK293T cells
devoid of detectable FoxL2 further
substantiated the obligatory role of
FoxL2 in mediating activin/Smad3

effects via the intronic SBE1 site. FoxL2 overexpression in
conferred activin/Smad3
rFS(0.3ex45)-luc plasmid. Similarly, it is likely that ectopic

sensitivity to the
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FoxL2 expression in FS/D1h folliculostellate cells, which lack
FoxL2 and fail to show activin-dependent regulation of follista-
tin (26 —29), would also enable SBE1-dependent follistatin tran-
scription. These observations suggest that, whereas Smad3 is
the essential mediator of activin via SBE1, FoxL2 must some-
how be functionally or physically engaged with Smad3 to facil-
itate the actions of activin/Smad3 within the context of this
intronic regulatory region of the follistatin gene. Within this
fragment, SBE1 is the primary Smad3-binding site and an
FKHB is located just downstream of it. Mutagenesis studies
outlined in Fig. 9 demonstrated that a functional FKHB is
indeed required for the ability of FoxL2 to partner with Smad3
and activate follistatin transcription in response to activin A.
This intronic FKHB site differs from the recently characterized
core FoxL2-binding element at only two positions and incorpo-
rates the two central amino acids suggested to be critical for
FoxL2 binding and function (57).

Through co-immunoprecipitation studies we have clearly
established that FoxL2 discriminates between the two down-
stream mediators of activin, namely Smad2 and Smad3, and
specifically associates with Smad3. Consistent with our func-
tional data, these experiments did not provide evidence of a
direct association between Smad4 and FoxL2, although the
possibility of a trimeric complex involving FoxL2-Smad3-
Smad4 cannot be ruled out at this time. Smad4 is a component
of the transcriptionally active complex of two analogous part-
nerships, Smad2-FoxH1 and Smad3-FoxO factors (63—67). In
the case of Smad2-FoxH1, receptor-mediated phosphorylation
promotes Smad4 binding and facilitates recruitment to pro-
moter elements of targets such as Xenopus Mix2 downstream of
activin/nodal signals (64 — 66). The regulation of TGF-f targets
such as p21 Cip1, on the other hand, seems to involve the induc-
ible formation of a transcriptionally active Smad3-Smad4 com-
plex that recruits FoxO proteins for targeting to specific DNA
elements (67). Under the conditions we employed involving
HEK293T cells, the association of Smad3 with FoxL2 was only
marginally induced by activin when evaluated at time points
ranging from 5 to 60 min. These experiments were optimized
for protein overexpression in HEK293T cells, and it is possible
that more robust activin-inducible association indeed does
occur under conditions when protein levels are more limiting.
Alternatively, activin mainly provides the signal for Smad3 acti-
vation/nuclear translocation rather than assembly of the
FoxL2-Smad3 complexes.

The N-terminal MH1 and C-terminal MH2 domains of
Smad2 and Smad3 have both been shown to mediate protein-
protein interactions with their respective partners (2, 9). Our
experiments demonstrate that the FoxL2-Smad3 association is
mediated by the C-terminal MH2 domain of Smad3. A yeast
two-hybrid strategy has previously suggested a similar mode of
association (60). The MH2 domain of Smad2 also mediates its
interactions with FoxH1, whereas FoxO proteins bind to
Smad3 and Smad4 via their MH1 domains (9, 67). Two Smad
interaction motifs in FoxH1 mediate binding to Smad2 (68).
These studies have suggested that the highly proline-rich Smad
interaction motif, similar to that found in SARA, is involved in
the recognition of both phosphorylated and unphosphorylated
Smad2, whereas the Fast-FoxH1 interaction motif recognizes
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only active Smad2-Smad 4 complexes (68). To gain further
insight into the mode of complex formation between FoxL2 and
Smad3, we performed co-immunoprecipitation studies with
truncated forms of FoxL2. These experiments indicated that an
intact forkhead domain in FoxL2 is necessary for Smad3 bind-
ing. Although these studies also suggested that the C- and
N-terminal regions flanking the forkhead domain are not
required for this interaction, they do not rule out the possibility
that residues within these domains contribute to or modulate
complex formation between these two partners. For example, it
is possible that the proline-rich stretches at the C terminus of
both the human and mouse FoxL2 proteins contribute to
Smad3 binding (50). Similarly, it would be of interest to deter-
mine whether the conserved polyalanine tract found at the C
terminus influences Smad3 binding because this region seems
to be a “hot spot” of FoxL2 mutations in BPES and is implicated
in FoxL2 target selection and sensitivity (57, 69, 70). Within the
forkhead domain, a number of point mutations that cause BPES
have recently been characterized to also influence target selec-
tion and differential transactivating function of hFoxL2 (71).
Whether some of the same mutations also disrupt Smad3 bind-
ing and thus alter FoxL2 function remains a question for future
studies.

Our data on follistatin and those of others on «GSU and
GnRH receptor lend support to the possibility that FoxL2
may have a central role in regulating Smad-dependent
actions of activin on key targets and for the generation of cell
type-specific responses to the activin signal. For example,
the differential pattern of FoxL2 expression in aGSU-posi-
tive pituitary cells but not in S100-positive folliculostellate
cells (26-29), which also express follistatin, may serve to
safeguard against excessive follistatin secretion and limit the
self-modulating actions of activin. Preliminary data from
gonadotrope-derived LBT2 cells reveal that FSHf is yet
another target of FoxL2 in this cell lineage®* and highlight the
possibility that FoxL2 has a central role in coordinating the
dynamic expression of those targets of gonadotropes with
critical roles in the control of the reproductive axis. Whether
pituitary level disruptions of FoxL2 contribute to the infer-
tility or the ovarian defects in BPES is not known but is a
worthwhile question for future studies. Developmental stud-
ies of the pituitary have previously shown that FoxL2 expres-
sion precedes that of signals required for the expression of
gonadotrope-specific markers and suggested that FoxL2
may be involved in the differentiation of this lineage (55, 56).
During this process, FoxL2-dependent activation of the fol-
listatin gene might provide a mechanism for the modulation
of Smad signaling and thereby contribute to the develop-
mental program of this lineage. The restricted pattern of
FoxL2 expression and the differential partnership it forms
with Smad3 collectively point to a role for this forkhead pro-
tein in mediating cell-restricted and target-selective actions
of activin and possibly other ligands such as TGF- that also
signal via Smad3.

4 A.L.Blount, W. W. Vale, and L. M. Bilezikjian, unpublished observations, and
D. J. Bernard, personal communication.
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