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Background: The mechanisms underlying differential regulation of gonadotropin subunit genes are not fully elucidated.
Results: Gonadotrope growth differentiation factor 9 (GDF9) expression, which is suppressed by GnRH, stimulates FSH�

expression.
Conclusion: Autocrine secretion of GDF9 contributes to FSH biosynthesis.
Significance: Regulation of FSH by GDF9 may contribute to gonadotrope function.

Gonadotropin-releasing hormone (GnRH) is secreted in brief
pulses from the hypothalamus and regulates follicle-stimulating
hormone �-subunit (FSH�) gene expression in pituitary
gonadotropes in a frequency-sensitive manner. The mecha-
nisms underlying its preferential and paradoxical induction of
FSH� by low frequency GnRH pulses are incompletely under-
stood. Here, we identify growth differentiation factor 9 (GDF9)
as a GnRH-suppressed autocrine inducer of FSH� gene expres-
sion. GDF9 gene transcription and expression were preferen-
tially decreased by high frequency GnRH pulses. GnRH regula-
tion of GDF9 was concentration-dependent and involved ERK
and PKA. GDF9 knockdown or immunoneutralization reduced
FSH� mRNA expression. Conversely, exogenous GDF9 induced
FSH� expression in immortalized gonadotropes and in
mouse primary pituitary cells. GDF9 exposure increased FSH
secretion in rat primary pituitary cells. GDF9 induced
Smad2/3 phosphorylation, which was impeded by ALK5
knockdown and by activin receptor-like kinase (ALK) recep-
tor inhibitor SB-505124, which also suppressed FSH� expres-
sion. Smad2/3 knockdown indicated that FSH� induction by
GDF9 involved Smad2 and Smad3. FSH� mRNA induction by
GDF9 and GnRH was synergistic. We hypothesized that GDF9
contributes to a regulatory loop that tunes the GnRH frequency-
response characteristics of the FSH� gene. To test this, we
determined the effects of GDF9 knockdown on FSH� induction
at different GnRH pulse frequencies using a parallel perifusion
system. Reduction of GDF9 shifted the characteristic pattern of
GnRH pulse frequency sensitivity. These results identify GDF9
as contributing to an incoherent feed-forward loop, comprising

both intracellular and secreted components, that regulates
FSH� expression in response to activation of cell surface GnRH
receptors.

Gonadotropin-releasing hormone (GnRH)2 plays an essen-
tial role in the regulation of mammalian reproductive function.
Following release into the hypophyseal portal system in discrete
pulses, GnRH complexes with its cell surface receptor on the
anterior pituitary gonadotrope cells, where it stimulates the
synthesis and secretion of the gonadotropins, luteinizing hor-
mone (LH) and FSH. The gonadotropins regulate gonadal func-
tion, including sex steroid hormone synthesis, follicular growth
and ovulation. LH and FSH have a common � subunit (CGA)
and a specific � subunit (LH� or FSH�). Changes in the fre-
quency of GnRH pulse secretion occur at various stages of the
reproductive cycle (1). A high GnRH pulse frequency favors LH
secretion during the late follicular phase of the menstrual cycle,
whereas a low GnRH pulse frequency contributes to increased
FSH secretion in the late luteal phase (2, 3). Unlike LH, which is
stored and has a highly regulated secretion, FSH is largely con-
stitutively secreted, and the major mechanism controlling its
level is regulation of FSH� gene expression (4).

FSH regulation shows a remarkable pattern of GnRH fre-
quency sensitivity. In mouse gonadotropes, FSH� gene expres-
sion is preferentially increased by brief, low concentration
pulses of GnRH every 2 h. Paradoxically, doubling the amount
of GnRH stimulation by increasing the pulse frequency to one
pulse/hour leads to lower levels of FSH� mRNA (5). This fre-
quency-response pattern contributes to normal reproductive
physiology. Alterations of GnRH frequency patterns are asso-
ciated with reproductive disorders, such as polycystic ovary* This work was supported, in whole or in part, by National Institutes of Health
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syndrome, and underlie the pharmacological treatment of
gonadal hormone-dependent diseases, such as endometriosis
and prostate cancer. Because of its biological and medical
importance, the frequency system underlying gonadotropin
regulation has been an area of study for decades, and several
factors have been proposed to contribute to FSH� frequency
sensitivity (2, 5–11).

The major information processing properties of molecular
signaling networks are largely determined by simple network
motifs, and specific feedback or feed-forward circuits are nec-
essary to create a robust low frequency detector (12–14). The
components and network motifs underlying the paradoxical
preferential induction of FSH� by low frequency GnRH pulses
are not well understood.

Most studies of the signaling pathways connecting the cell
surface GnRH receptor and the nuclear FSH� gene have been
directed at intracellular signaling components and transcrip-
tional regulators. We recently identified inhibin �, a secreted
extracellular autocrine factor, as contributing to FSH� regula-
tion in the gonadotrope (5). This finding suggested that impor-
tant regulatory network motifs might be constructed from
intracellular pathways and extracellular secreted regulatory
factors. The identification of novel secreted FSH� regulators
might help elucidate the fundamental mechanisms underlying
frequency sensitivity. Growth differentiation factor 9 (GDF9), a
member of the transforming growth factor � (TGF�) super-
family that is expressed in primary pituitary cultures and
gonadotrope cell lines (15), was one candidate selected for
study. We found that GDF9 is a strong autocrine inducer of
FSH� that is suppressed by GnRH and forms a network motif
contributing to the GnRH frequency sensitivity of FSH�
regulation.

EXPERIMENTAL PROCEDURES

Materials—Reagents were obtained from the following
sources: GnRH, Bachem (Torrance, CA); cholera toxin (CTX),
Calbiochem; ERK inhibitor U0126, JNK inhibitor SP600125,
p38 inhibitor SB203580, Src inhibitor PP2, and PKA inhibitor
H-89, Calbiochem; GDF9, ALK5, Smad2/3, and inhibin �
siRNAs, Dharmacon (On-Target plus siRNA SMARTpool,
Denver, CO); GDF9, R&D Systems; actinomycin D, Sigma;
anti-GDF9 (c-18) and GAPDH antibodies, Santa Cruz Biotech-
nology; anti-Smad2/3 and anti-phospho-Smad2/3 antibodies,
Cell Signaling Technology; anti-GDF9 antibody used in immu-
noneutralization experiments, Biorbyt (Cambridge, UK); activin A
human recombinant, VWR (Lutterworth, UK); SB-505124, Tocris
Bioscience (Bristol, UK).

Cell Culture—L�T2 cells were obtained from Professor Pam-
ela Mellon (University of California, San Diego, CA). Cells were
cultured as described previously (5).

Mouse pituitary glands were harvested from 13–15-week-
old CD-1 male mice. Male mice were used as a source of cells
because cells from randomly cycling female mice result in more
abundant multiresponsive and polyhormonal anterior pituitary
cells than males (16). Briefly, pituitaries were dispersed by enzy-
matic digestion with collagenase and pancreatin (5). Undi-
gested tissue and cell aggregates were filtered out using a
52-�m pore nylon mesh. Primary pituitary cells were then

seeded in 96-well tissue culture plates at 100,000 cells/well in
M-199 complete medium (Invitrogen) containing 10% FBS and
1% penicillin/Fungizone and incubated for 2 days at 37 °C in a
humidified air atmosphere of 5% CO2. Cells were then pre-
treated with follistatin overnight in serum-free medium to
antagonize the impact of endogenous activin on FSH� expres-
sion (17).

Rat pituitary glands were harvested from adult, female ovari-
ectomized rats and prepared for cell culture as described previ-
ously (18). Briefly, pituitaries were enzymatically dispersed with
a trypsin solution (19). Pituitary cells were plated in 48-well
tissue culture plates at 1.8 � 106cells/ml per well in minimal
essential medium (Invitrogen) containing 10% FBS that had
been charcoal-stripped to remove endogenous steroids, partic-
ularly glucocorticoids, estrogens, and progesterone present in
fetal serum. Cells were incubated for 2–3 h at 37 °C in a humid-
ified air atmosphere of 5% CO2.

siRNA Interference—L�T2 cells were transfected using the
Amaxa Cell Line Nucleofector Kit L (Lonza Walkersville,
Walkersville, MD), as described previously (5). Immediately
after transfection, cells were seeded in a cell culture plate con-
taining DMEM � 10% FBS and incubated at 37 °C for 24 h.
Next, culture medium was replaced with serum free-DMEM,
and cells were incubated overnight at 37 °C for serum starva-
tion. Cells were then stimulated with GnRH or GDF9, har-
vested by trypsinization, and pelleted by centrifugation.

Perifusion Experiment—The laminar flow microprocessor-
controlled parallel perifusion system was designed and built in
the laboratory, as reported previously (5). Cells were subjected
to 2 nM GnRH pulses of 5-min duration at varying frequencies
of GnRH stimulation for 8 h, then harvested 30 min after the
last pulse for RNA extraction.

Quantitative Real-time PCR—Quantitative real-time PCR
(qPCR) experiments were carried out as described previ-
ously (5). Primer sequences were as follows: GDF9/sense,
5�-CATGGGGGCCACTTCAACAA-3�; GDF9/Antisense, 5�-
TGGGGAGAAAGAGCTCTCCAA-3�; FSH�/Sense, 5�-TGG-
AGACTCTGGCATGATTG-3�; FSH�/Antisense, 5�-GAGT-
TGAGCAGCCTAACCTT-3�; LH�/Sense, 5�-TGTCCTAGC-
ATGGTCCGAGT-3�; LH�/Antisense, 5�-CCCCCACAGTC-
AGAGCTACT-3�; CGA/Sense, 5�-TAGGAGCCCCCATCT-
ACCAG-3�; CGA/Antisense, 5�-GCTACAGTGGCACTCCG-
TAT-3�; ALK5/Sense, 5�-GATCCATCACTAGATCGCCCTT-
3�; ALK5/Antisense, 5�-CCGACCTTTGCCAATGCTT-3�; in-
hibin �/Sense, 5�-TGCCATCGAGCTGCTCTCAA-3�; inhibin
�/Antisense, 5�-CACCAAAAACAGGGGCTGAA-3�; SMAD2/-
Sense, 5�-CTTGGCTGTCCTCATACACGAA-3�; SMAD2/
Antisense, 5�-CCGAGTCTCCTGTTCCCGTA-3�; SMAD3/
Sense, 5�-GAATTTGCTGCCCTCCTAGCTC-3�; SMAD3/
Antisense, 5�-CTCCCCAGCCTTTGACGAAG-3�; rps11/
Sense, 5�-CGTGACGAAGATGAAGATGC-3�; rps11/Anti-
sense, 5�-GCACATTGAATCGCACAGTC-3�. Primer sequ-
ences targeting GDF9 primary transcript were: GDF9_primary/
Sense, 5�-CACTTCCTGCTTTCTCTAGTTG-3� and GDF9_
primary/Antisense, 5�-CGGTCCAGGTTAAACAGC-3�.
Primer sequences targeting CGA primary transcript were: CGA_
primary/Sense, 5�-CTGTTAGAGTGAAAGCGAAC-3� and
CGA_primary/Antisense, 5�-GCTACAGTGGCACTCCGTAT-
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3�. GDF9 primary transcript was validated by sequencing at the
Mount Sinai Genomics Core Facility.

Illumina Array—Two million L�T2 cells were transfected
with scrambled siRNA for 48 h. RNA samples were snap-frozen
in dry ice and sent to the Keck Genomic Facility at Yale Univer-
sity for whole genome expression profiling analysis, using
MouseWG-6 v2.0 Expression BeadChip (Illumina, San Diego,
CA). There were three independent replicates. The microarray
data were deposited in Gene Expression Omnibus (GEO;
GSE52631).

RNA-Seq Assays—RNA-Seq assays and data analysis were
carried out as described previously (20). Briefly, L�T2 cells
were transfected with scrambled siRNA for 48 h. There were
four replicates, and total RNA (2.5 �g) from each replicate was
sequenced at the Mount Sinai Genomics Core Facility using an
Illumina platform (Illumina) and a HiSeq 2000 sequencing sys-
tem (100-nucleotide length, single read type, multiplexing
three samples per lane). The RNA-Seq data were deposited in
GEO (GSE42120).

Western Blot Analysis—Western blot analysis was described
previously (5).

Statistical Analysis—Statistical calculations were performed
using the GraphPad Prism statistical software package version 5
(GraphPad Inc., San Diego, CA). Data were analyzed for nor-
mality followed by calculation of ANOVA. Error bars in all fig-
ures represent S.E.

RESULTS

GnRH Suppresses GDF9 Gene Expression in a Pulse Frequency-
sensitive Manner—Because activation of G�s by GnRH or CTX
suppresses FSH� gene expression (5), we studied their effects
on GDF9. Either GnRH or CTX exposure greatly reduced the
expression of GDF9 mRNA in L�T2 gonadotrope cells (63 and
78%, respectively, compared with untreated cells at 10 h; Fig.
1A). Similarly, GnRH exposure resulted in a significant reduc-
tion in GDF9 mRNA in mouse primary pituitary cells (Fig. 1B).
In L�T2 cells, GDF9 expression decreased monotonically with
increasing duration of GnRH exposure (Fig. 1C).

FIGURE 1. GDF9 gene responsiveness to GnRH stimulation in gonadotrope cells. A, L�T2 cells were serum-starved overnight and stimulated with 5 �g/ml
CTX, 1 nM GnRH, or vehicle (control) for 10 h. One-way ANOVA was used. ***, p � 0.001; **, p � 0.01; *, p � 0.05. B, primary pituitary cells from adult mice were
stimulated with 5 nM GnRH or vehicle for 12 h. C, L�T2 cells were stimulated with 1 nM GnRH or vehicle for the indicated times and harvested 6 h after exposure
to GnRH. The data are shown on a log2 scale. D, L�T2 cells were stimulated with 2 nM GnRH for 8 h at either low pulse frequency (2-h interpulse intervals) or high
pulse frequency (30-min interpulse intervals). E, L�T2 cells were stimulated with increasing concentrations of GnRH ranging from 0.1 nM to 1 �M for 5 h. F, L�T2
cells were pretreated with various pharmacological inhibitors (JNK, p38, Src, PKA, and ERK inhibitors at 10 �M final concentration) for 30 min, and cotreated with
1 nM GnRH for 6 h. GDF9 and FSH� mRNA expression levels were determined by qPCR. One-way ANOVA with Bonferroni post-test corrections was used. ***, p �
0.001; **, p � 0.01; *, p � 0.05. The data shown are mean � S.E. (error bars) of triplicate samples from one experiment and are representative of three
independent experiments. A.U., arbitrary units.
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We next studied the response of GDF9 to different frequen-
cies of GnRH receptor stimulation. High pulse GnRH fre-
quency resulted in a marked decrease in GDF9 expression,
whereas low pulse frequency did not significantly alter GDF9
mRNA levels (Fig. 1D). Notably, FSH� gene expression was
most stimulated at low GnRH pulse frequency and was not
significantly regulated by high GnRH pulse frequency (Fig. 1D).
Hence, both GDF9 and FSH� mRNAs show lower levels of
expression at higher pulse frequency GnRH exposure.

GnRH Regulation of GDF9 Gene Expression Is Concentration-
dependent and Involves ERK and PKA—We sought to investi-
gate further the mechanisms involved in GDF9 gene response
to GnRH stimulation in L�T2 cells. Only high GnRH pulse
frequency caused a decrease in GDF9 mRNA expression. The
average GnRH concentration is proportional to frequency;
thus, an increase in frequency increases the average GnRH con-
centration. Therefore, we next determined the concentration
response of GDF9 suppression by GnRH. We found that GDF9
mRNA reduction by GnRH showed a marked concentration
dependence, with the IC50 � 0.1 nM GnRH and the maximal
effect achieved at 1 nM GnRH (Fig. 1E). These results are con-
sistent with the preferential suppression of GDF9 at high fre-
quency GnRH stimulation resulting from the higher average
GnRH concentration caused by this exposure.

To identify the signaling pathways involved in GDF9 gene
regulation by GnRH, GnRH-stimulated cells were pretreated
with pharmacological inhibitors of various kinases, i.e. JNK,
p38, Src, PKA, and ERK. The suppressive effects of GnRH on
GDF9 mRNA expression were completely abolished by ERK
inhibition and partially eliminated by PKA inhibition (Fig. 1F).
All other inhibitors either had no significant effects (JNK inhib-
itor) or they affected basal GDF9 mRNA expression (p38 and
Src inhibitors). Overall, these data indicate that the frequency
effect of GnRH on GDF9 mRNA expression likely reflects a
concentration effect and that the GnRH inhibitory effect on
GDF9 is significantly dependent on ERK and PKA pathways.
The involvement of PKA in mediating GDF9 mRNA suppres-
sion by GnRH is consistent with the inhibitory effect of CTX on
GDF9 expression (see Fig. 1A).

GnRH Decreases GDF9 Gene Transcription—We investi-
gated whether GnRH regulated GDF9 mRNA via transcrip-
tional or post-transcriptional mechanisms. To determine the
influence of GnRH exposure on GDF9 transcription rate, we
established an assay for GDF9 primary transcript levels using
qPCR to measure sequence-confirmed exon-intron junction
expression. GnRH decreased both GDF9 mRNA levels (Fig. 2A)
and GDF9 primary transcript concentrations (Fig. 2B). As a
control experiment, we showed that both CGA mRNA (Fig. 2A)
and CGA primary transcript (Fig. 2B) were increased by GnRH
stimulation. Thus, these data provide evidence that sustained
GnRH exposure suppresses GDF9 gene transcription.

We then assessed whether GnRH affected the stability of
GDF9 transcripts. New mRNA transcription was inhibited by
actinomycin D in cells stimulated with GnRH. We verified the
effectiveness of actinomycin D on the induction of the imme-
diate early gene c-jun by GnRH. As shown in Fig. 2C, actino-
mycin D treatment completely abolished the induction of c-jun
mRNA. We measured the decay of GDF9 mRNA over time

following the addition of actinomycin D. As shown in Fig. 2D,
the half-life of GDF9 mRNA (1.6 � 0.3 h) was not significantly
altered by GnRH (1.4 � 0.1 h). Thus, GnRH suppressed GDF9
transcription but did not alter the stability of GDF9 mRNA.

Both Basal and GnRH-induced FSH� Transcript Levels Are
GDF9-dependent—We studied the effect of GDF9 on FSH�
gene expression by siRNA-mediated knockdown. GDF9 pro-
tein levels were reduced by 50% by GDF9 knockdown (Fig. 3A).
Consistent with this, GDF9 transcript levels were reduced by
�66% compared with scrambled siRNA-transfected cells (Fig.
3B). GDF9 knockdown led to a significant attenuation of both
basal and GnRH-induced FSH� mRNA expression (49 and
43%, respectively; Fig. 3C). In contrast, LH� gene expression
was unaffected. To evaluate whether this effect was mediated
by secreted GDF9, we examined the influence of an extracellu-
lar anti-GDF9 antibody on FSH� mRNA expression. GDF9-
specific antibodies significantly decreased both basal and
GnRH-induced FSH� expression (Fig. 3D), whereas LH�
expression remained unchanged. Hence, these data indicate
that locally secreted GDF9 may contribute to both basal and
GnRH-stimulated FSH� mRNA expression.

GDF9 Stimulates FSH� Expression in Immortalized Gonado-
trope Cells and in Primary Pituitary Cultures—We studied
whether exogenous GDF9 protein altered FSH� mRNA expres-
sion. In L�T2 cells, we observed a significant concentration-de-
pendent induction of FSH� mRNA by GDF9 protein (Fig. 4A).
FSH� mRNA induction by exogenous GDF9 was significantly
reduced in the presence of GDF9-specific antibodies (Fig. 4B),
thus confirming the role of extracellular GDF9. In contrast,

FIGURE 2. Effect of GnRH on GDF9 mRNA synthesis rate and stability. A
and B, L�T2 cells were serum-starved overnight, stimulated with 1 nM GnRH,
and harvested at the indicated times. One-way ANOVA was used. C, L�T2 cells
were pretreated for 10 min with either 2 �g/ml actinomycin D (ActD; 1.6 �M)
or vehicle (control), stimulated with 5 nM GnRH or vehicle for 45 min. D, L�T2
cells were exposed to 2 �g/ml actinomycin D (1.6 �M) in either the presence
or absence of 5 nM GnRH and harvested at the indicated time points. CGA and
GDF9 mRNA (A and D, respectively) and their primary transcript levels (B), as
well as c-jun mRNA levels (C) were determined by qPCR. The data shown are
mean � S.E. (error bars) of triplicate samples from one experiment and are
representative of three independent experiments. Two-way ANOVA with
Bonferroni post test corrections was used. ***, p � 0.001. A.U., arbitrary units.
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LH� mRNA was unaffected by GDF9 exposure or by the pres-
ence of GDF9 antibody. Additionally, GDF9 increased basal
FSH� expression and enhanced GnRH-induced FSH� expres-
sion, thus showing a synergy between GnRH and GDF9 (Fig.
4C). In contrast, GDF9 had no effect on LH� mRNA expres-
sion. This result validated the specificity of GDF9 for regulation
of the FSH� gene.

To establish a physiological function for GDF9, we studied
the impact of exogenous GDF9 on FSH� expression in primary
pituitary cultures of both mouse and rat origins. Treatment
with GDF9 stimulated FSH� but not LH� mRNA expression in
mouse primary pituitary cells (Fig. 4D). Additionally, we ana-
lyzed the effect of GDF9 treatment on FSH protein secretion
using primary pituitary cultures from ovariectomized rats. The
stimulatory effect of activin on FSH secretion was used as a
positive control. Both GDF9 and activin stimulated FSH pro-
tein secretion in primary pituitary cells (Fig. 4E). Altogether,

our results support a physiological role for GDF9 as a positive
autocrine regulator of FSH�.

GDF9 Stimulation of FSH� Gene Expression Involves ALK5
and Smad2/3 Signaling Proteins—We subsequently studied the
mechanism by which GDF9 regulated FSH� mRNA. Whereas
GDF9 signaling is mediated by ALK5 receptor and downstream
Smad2 and Smad3 proteins in cultured ovarian granulosa cells
(21), it appears to be mediated by ALK4/7 in vivo in the mouse
ovary (22). We investigated the involvement of ALK and
Smad2/3 in the stimulatory effect of GDF9 on FSH� mRNA
expression in L�T2 gonadotrope cells. The specific ALK4/5/7
inhibitor SB-505124 abolished GDF9 induction of FSH�
expression (Fig. 5A). In contrast, LH� mRNA was unaffected.

To determine which ALK subtype was most likely involved in
this response, we interrogated L�T2 microarray datasets as well
as a high sensitivity deep sequencing RNA-Seq dataset (4 sam-
ples with 30,000,000 reads/sample (20)). ALK5 mRNA showed

FIGURE 3. Effect of GDF9 inactivation on gonadotropin subunit gene expression. A, knockdown efficiency of GDF9 siRNA at the protein level. Left, 2 days
after transfection, L�T2 whole cell lysates were subjected to a quantitative Western blot analysis using GDF9-specific antibodies. Right, Western blot densi-
tometry was quantified from three independent experiments and plotted as mean � S.E. (error bars). Two-tailed Student’s t test was used; n � 3. *, p � 0.05. B,
knockdown efficiency of GDF9 siRNA at the mRNA level. B and C, cells were transfected with either scrambled (control) or GDF9 siRNA on day 1. On day 2, cells
were serum-starved overnight. On day 3, cells were stimulated with 1 nM GnRH for 2 h, followed by 4 h without GnRH, or with vehicle. D, cells were serum-
starved overnight and treated with either 2 �g of control antibody (IgG) or 2 �g of GDF9 IgG for 8 h. After the first 2 h of antibody treatment, cells were exposed
to vehicle or to 1 nM GnRH for 2 h, followed by 4 h without GnRH. GDF9, FSH�, and LH� mRNA expression levels were determined by qPCR. Two-way ANOVA
with Bonferroni post test corrections was used. ***, p � 0.001; **, p � 0.01; *, p � 0.05. The data shown are representative of three independent experiments.
A.U., arbitrary units.
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elevated expression levels in the microarray experiment,
whereas ALK4 and 7 transcript levels were at the limits of
detection (Fig. 5B). The RNA-Seq data were similar, with ALK5
expression being high and very low levels of ALK4 transcript
also present (Fig. 5B). GDF9 exposure was found to increase
phospho-Smad2/3 protein levels by 2.7-fold, whereas total
Smad2/3 protein levels remained unchanged. The stimula-
tory effect of GDF9 on Smad2/3 phosphorylation was
blocked by ALK4/5/7 inhibitor SB-505124 (Fig. 5C). Further,
siRNA-mediated inactivation of ALK5, which showed a
knockdown efficiency of 55% (Fig. 5D), significantly reduced
the GDF9 stimulatory effect on Smad2/3 phosphorylation (by
37%; Fig. 5E) but not significantly affecting total Smad2/3 pro-
tein levels. Altogether, these data indicate that in gonadotrope
cells, GDF9 most likely activates Smad2/3 phosphorylation via
ALK5.

We next tested the effect of Smad2/3 knockdown on GDF9
regulation of FSH� gene expression. L�T2 cells were trans-
fected with siRNA for Smad2, Smad3, or both and then exposed
to GDF9. As shown in Fig. 5, F and G, Smad2 and Smad3
siRNAs were specific for their respective targets. Knockdown
efficiency at the mRNA level was 60% for Smad2 and 67% for
Smad3 (Fig. 5F). At the protein level, Smad2 knockdown led to
a marked decrease in Smad2 (55%), and Smad3 inactivation
resulted in 93% depletion of Smad3 (Fig. 5G). There was a sig-
nificant attenuation of GDF9-induced FSH� mRNA in the
presence of either Smad2 or Smad3 siRNA (35 and 32%, respec-
tively; Fig. 5H). The double knockdown suggested that the roles
of Smad2 and Smad3 were additive (Fig. 5H). Finally, we exam-
ined the role of Smad2/3 in the modulation of GnRH-induced
FSH� expression by GDF9. The effect of GDF9 on GnRH-in-
duced FSH� gene expression was significantly attenuated by

FIGURE 4. Effect of GDF9 treatment on gonadotropin subunit expression. A, L�T2 cells were serum-starved overnight and treated with increasing concen-
trations of GDF9 for 6 h. B, cells were serum-starved overnight and treated with either 2 �g of control antibody (IgG) or 2 �g of GDF9 IgG for 8 h. After 2 h of
antibody treatment, cells were exposed to vehicle or 100 ng/ml GDF9 for 6 h. C, cells were serum-starved overnight and stimulated with 1 nM GnRH for 2 h,
followed by 4 h without GnRH, or with vehicle. Cells were cotreated with GDF9 (10 ng/ml) for 6 h. D, primary pituitary cells from adult mice were pretreated with
follistatin (500 ng/ml) overnight and treated with either vehicle or GDF9 (200 ng/ml) for 6 h. E, primary pituitary cells from ovariectomized female rats were
pretreated with follistatin (500 ng/ml) overnight and treated with either vehicle, GDF9 (100 ng/ml), or activin (50 ng/ml; used as a positive control) for 6 h.
Conditioned medium was harvested and sent to the Ligand Assay and Analysis Core facility at the University of Virginia for protein measurement. A and E,
one-way ANOVA with Bonferroni post test corrections was used. B and C, two-way ANOVA with Bonferroni post test corrections was used. D, two-tailed
Student’s t test was used. ***, p � 0.001; **, p � 0.01; *, p � 0.05. The data shown are representative of three independent experiments. Error bars, S.E. A.U.,
arbitrary units.
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Smad knockdown (Fig. 5H). These findings indicate that in the
gonadotrope, GDF9 most likely stimulates FSH� expression
through ALK5 followed by Smad2 and Smad3 activation.

GDF9 Inactivation Impairs the GnRH Pulse Frequency
Dependence of FSH� Gene Expression—We previously identi-
fied inhibin � as a GnRH-regulated gonadotrope autocrine fac-
tor that might contribute to the frequency response character-
istics of FSH� induction (5). The present study identifies
another factor, GDF9, forming an autocrine circuit regulating
FSH�. To compare the roles of GDF9 and inhibin � in the
frequency tuning of the FSH� response to GnRH, we used a
custom programmable laminar flow parallel perifusion system.
As expected, the maximum levels of FSH� mRNA observed
were decreased by GDF9 knockdown (Fig. 6A) and increased by
inhibin � knockdown (Fig. 6C). However, the peak level of
FSH� gene expression occurred at the same frequency (2-h
interpulse interval) with both control cells and inhibin � knock-
down cells (Fig. 6C). The peak FSH� induction by a 2-h GnRH
interpulse interval is stable and reproducible, having been
observed repeatedly in independent experiments. Strikingly,
we found that GDF9 knockdown reproducibly and significantly
shifted the frequency, causing the maximum levels of FSH�
mRNA to occur at a 1-h instead of a 2-h GnRH interpulse inter-
val (Fig. 6, A and D). The effect of GDF9 was specific, as LH�
transcript levels were not significantly altered by GDF9 knock-
down and were highest at a 30-min interpulse interval (Fig. 6, B
and E). The possibility that GDF9 might regulate inhibin � or
vice versa was examined by knocking down one and measuring
mRNA expression of the other. GDF9 and inhibin � siRNAs
had knockdown efficiencies of 66% (see Fig. 3B) and 90% (5),
respectively. Inhibin � siRNA inactivation did not significantly
alter GDF9 mRNA expression; likewise, GDF9 knockdown did
not significantly affect inhibin � mRNA levels (Fig. 6F). These
results indicate that whereas inhibin � and GDF9 have oppos-
ing effects on the amplitude of FSH� expression, GDF9 is
essential for tuning the GnRH frequency response characteris-
tics of the system.

DISCUSSION

Our results identify GDF9 as an autocrine FSH�-inducing
factor that contributes to tuning the GnRH pulse frequency
preference of the FSH� gene. We show that GDF9 contributes

to basal FSH� expression both in immortalized gonadotrope
cells and in primary pituitary cultures. GDF9 and GnRH act
synergistically to induce FSH�. The suppression of GDF9 gene
transcription is dependent on the ERK and PKA pathways and
occurs preferentially at high frequency, thereby leading to
reduced FSH� gene expression as the GnRH pulse frequency
increases.

Studies of signaling networks, mostly performed in bacteria
and yeast, suggest that responses result from the behavior of
modular signaling motifs. A previous mathematical study of
possible gonadotrope signaling motifs identified topologies
referred to as incoherent feed-forward loops (FFL) as candi-
dates for mediating FSH� frequency decoding (13, 23, 24). In an
incoherent FFL, the overall effects of two regulation paths to
the target gene have opposing effects on the level of gene
expression. Notably, GDF9 contributes to the formation of an
incoherent FFL (see Fig. 6G), where GnRH activates FSH�, but
also inhibits FSH� through its suppression of GDF9, a stimula-
tory factor for FSH� expression. This structure is classified as a
type 4 incoherent FFL (23). To our knowledge, GDF9 forms the
first type 4 incoherent FFL identified in mammalian cells. An
incoherent FFL provides a motif that could allow FSH� to have
a preference for low frequency GnRH pulses if the inhibitory
limb is more robustly activated at higher frequency stimulation
and if this effect dominates. Thus, at lower frequencies the pos-
itive limb would dominate, but as the inhibitory limb becomes
more active at higher frequency the overall FSH� response
would be suppressed. The frequency sensing capacity of the
GDF9 motif is supported by the effects of GDF9 knockdown on
the GnRH pulse frequency response (see Fig. 6).

We have previously identified another gonadotrope auto-
crine factor, inhibin �, that also creates an incoherent FFL (Fig.
6 and Ref. 5). The inhibin � and GDF9 FFL motifs differ slightly
in their design in terms of the location of the inhibitory effect
(type 1 versus type 4 (23)). However, the overall functional
behaviors of the two FFL topologies are similar. Nevertheless,
we found that the role of the GDF9 incoherent FFL in contrib-
uting to the low frequency preference of the FSH� gene is more
important (see Fig. 6). Inhibin � knockdown altered the levels of
FSH�, but not the GnRH pulse frequency response curve. We
speculate that the differing effects of inhibin � and GDF9

FIGURE 5. Involvement of ALK5 and Smad2/3 in GDF9 activation of FSH� gene expression. A, L�T2 cells were serum-starved overnight, pretreated with
SB-505124 (100 nM) or control (0.01% dimethyl sulfoxide) for 30 min, and stimulated with either GDF9 (100 ng/ml) or vehicle for 6 h. Two-way ANOVA with
Bonferroni post test corrections was used. ***, p � 0.001; **, p � 0.01; *, p � 0.05. B, L�T2 cells were transfected with scrambled siRNA for 48 h. RNA samples were
subjected to whole genome expression profiling analysis (left y axis) and to RNA-Seq assays (right y axis), as described under “Experimental Procedures.” C, cells
were serum-starved overnight, pretreated with SB-505124 (100 nM) or control (0.01% dimethyl sulfoxide) for 30 min, and stimulated with either GDF9 (100
ng/ml) or vehicle for 1 h. Left, whole cell lysates were subjected to a quantitative Western blot analysis using total Smad2/3 (tSMAD2/3)- and phospho-Smad2/3
(pSMAD2/3)-specific antibodies. Right, quantification of Western blot densitometry from three independent experiments is plotted as mean � S.E. (error bars).
One-way ANOVA was used. n � 3; *, p � 0.05. D, cells were transfected with either scrambled (control) or ALK5 siRNA. Two days after transfection, cells were
harvested for qPCR measurement of ALK5 mRNA. E, cells were transfected with either scrambled (CON) or ALK5 siRNA on day 1. On day 2, cells were
serum-starved overnight. On day 3, cells were stimulated with either GDF9 (100 ng/ml) or vehicle for 1 h. Left, whole cell lysates were subjected to a quantitative
Western blot analysis using total Smad2/3 (tSMAD2/3)- and phospho-Smad2/3 (pSMAD2/3)-specific antibodies. Right, quantification of Western blot densi-
tometry from three independent experiments is plotted as mean � S.E. (error bars). Two-way ANOVA was used. n � 3; *, p � 0.05. F and G, knockdown
efficiencies of Smad2, Smad3, and Smad2/3 siRNAs in L�T2 cells. L�T2 cells were transfected with either scrambled or Smad2/3 siRNA. F, 2 days after
transfection, cells were harvested for qPCR measurement of Smad2 and Smad3 mRNA. One-way ANOVA with Bonferroni post test corrections was used. G, left,
2 days after transfection, whole cell lysates were subjected to a quantitative Western blot (IB) analysis using Smad2-, Smad3-, and Smad2/3-specific antibodies.
Middle and right, quantification of Western blot densitometry from three independent experiments, plotted as mean � S.E. (error bars). One-way ANOVA was
used. n � 3; *, p � 0.05. H, left, L�T2 cells were transfected with either scrambled or Smad2/3 siRNA for 48 h, serum-starved overnight, and stimulated with either
GDF9 (100 ng/ml) or vehicle for 6 h. Right, L�T2 cells were transfected with either scrambled or Smad2/3 siRNA for 48 h, serum-starved overnight, and
stimulated with either GDF9 (100 ng/ml) for 6 h, vehicle, GnRH (1 nM) for 2 h (followed by 4 h without GnRH), or both GDF9 and GnRH. Two-way ANOVA with
Bonferroni post test corrections was used. ***, p � 0.001; **, p � 0.01; *, p � 0.05. A.U., arbitrary units.
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knockdown do not result from differences in the two motif
structures and are more likely due to the weaker regulatory
effect of GnRH on inhibin � than on GDF9 ( Ref. 5 and Fig. 6).
The lack of effect of inhibin � on frequency response is consis-
tent with previous in vivo studies and models (25, 26). Our
results do not exclude a frequency tuning effect of inhibin �,
especially in concert with other regulatory factors such as
GDF9.

Other potential mechanisms may contribute to GnRH fre-
quency-dependent regulation of the FSH� gene, including
induction of distinct transcription factors by frequency-sensi-
tive signaling pathways, post-translational modifications of
these transcription factors, or epigenetic events like chromatin
remodeling (27). As a member of the G protein-coupled recep-
tor family (28), the GnRH receptor can activate both G�q/11
(29 –31) and G�s (32, 33) in response to a GnRH stimulus. The

G�q pathway was reported to be subject to desensitization in
response to pulse stimulation, whereas the G�s-cAMP-PKA-
dependent pathway was more sensitive to high GnRH pulse
frequency (33). Conversely, recent work has revealed that at low
pulse frequency the PKA-dependent pathway mediates GnRH
activation of the cAMP response element-binding protein
(CREB), which results in stimulation of FSH� transcription
(11). cAMP early repressor is thought to abrogate the preferen-
tial stimulation of FSH� gene expression at high GnRH pulse
frequency by reducing CREB occupation of the rat FSH� pro-
moter (6). In contrast, differential expression of AP1 factors
and corepressors SKIL and TGIF1 was proposed to mediate
GnRH pulse sensitivity of FSH� expression (9). In another
study, at low pulse frequency, GnRH induced c-Fos phosphor-
ylation, which extended c-Fos half-life and augmented its tran-
scriptional activity, thereby resulting in higher FSH� induction

FIGURE 6. Influence of GDF9 and inhibin � on the GnRH pulse frequency pattern of FSH� gene expression. On day 2 after transfection, L�T2 cells were
stimulated with various GnRH (2 nM) pulse frequencies for 8 h. A and B, impact of GDF9 siRNA knockdown on FSH� (A) and LH� (B) gene expression in
GnRH-stimulated cells. C, impact of inhibin � siRNA knockdown on FSH� gene expression in GnRH-stimulated cells. Data were normalized to the levels of
expression obtained in unstimulated cells with control siRNA and either GDF9 siRNA (A and B) or inhibin � (	
��) siRNA (C) in at least four independent
experiments. The data shown are representative of at least three independent experiments. D and E, ratios of FSH� (D) and LH� (E) gene expression between
1-h and 2-h interpulse intervals of GnRH stimulation. To calculate the gene expression ratio, the average RNA expression level obtained at the 1-h pulse interval
was divided by the average RNA expression level at the 2-h pulse interval. *, p � 0.05 two-tailed t test. KD, knockdown. F, L�T2 cells transfected with either
control, inhibin �, or GDF9 siRNA. Two days later, mRNA levels of inhibin � and GDF9 were determined by quantitative real time-PCR. The data shown are
mean � S.E. (error bars) of triplicate samples from one experiment and are representative of three independent experiments. G, schematic of the regulation of
FSH� expression by GnRH and locally produced GDF9 and inhibin �. Exposure of the gonadotrope to fast GnRH pulses induces INHA expression but suppresses
GDF9 expression. Whereas inhibin � represses FSH� expression, GDF9 most likely stimulates FSH� gene transcription via ALK5 and Smad2/3 protein activation.
Highlighted in gray is the incoherent FFL formed by GnRH, GDF9 (and its downstream effectors), and FSH�. An incoherent FFL provides a motif that potentially
could allow FSH� to have a preference for low frequency GnRH pulses if the inhibitory limb is better activated at higher frequency stimulation and if this effect
is dominant. A.U., arbitrary units.
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(10). Additional studies have proposed that differences in ERK
phosphorylation pattern in response to distinct GnRH pulse
regimes are related to different expression patterns of MAPK
phosphatase MKP1; this phenomenon may participate in the
differential control of gonadotropin subunit expression.
Kanasaki et al. initially observed that slow GnRH pulses trig-
gered a more rapid and sustained phosphorylation of ERK1/2
than fast pulses (8). Subsequently, the feedback activity of
MKP1, which inactivates MAPK via dephosphorylation, was
found to modulate GnRH-induced ERK activation and gonad-
otropin response to GnRH (34, 35). Finally, MKP1 expression
was shown to be predominant under high GnRH frequency
compared with low GnRH frequency (36). The relationship and
relative importance of these various loci which have been impli-
cated in frequency decoding remain to be determined. Our data
suggest that GDF9 serves a major role in GnRH pulse frequency
decoding.

Besides the studies performed using L�T2 cells, specific
induction of FSH� mRNA and of FSH protein secretion by
GDF9 exposure were shown using primary pituitary cell cul-
tures. Additionally, we demonstrated that GDF9 mRNA is
expressed in primary pituitary cells and that it is decreased
by GnRH exposure. Further investigation will be required to
ascertain the role of GDF9 in FSH� regulation in vivo. Pre-
vious studies showed that GDF9 treatment promotes the
growth of human ovarian follicles in vitro (37) and of rat
ovarian follicles in vivo (38). However, according to a recent in
vitro study, human GDF9:BMP15 heterodimers but not GDF9
homodimers are biopotent regulators of ovarian granulosa cell
function; in contrast, both GDF9 homodimers and GDF9:
BMP15 heterodimers are bioactive in mouse (39). Thus, there
might be species-specific differences in the role of GDF9. More-
over, GDF9-deficient mice do not have fully developed follicles
and are infertile, indicating that GDF9 is crucial for folliculo-
genesis and female fertility (40). According to that knock-out
model, ovarian GDF9 has a major influence on both LH and
FSH serum levels, which does not preclude a distinct autocrine/
paracrine role of GDF9 in the pituitary. Overall, whereas the
role of GDF9 in the ovary is clearly established, our work and
the previous detection of GDF9 expression in rat primary pitu-
itary cultures and L�T2 gonadotropes (15) and in the human
(41) (GEO accession GDS3834 (42)), (GEO accession GDS1096
(43)), and bovine pituitary (44) support the view that GDF9 has
an important functional role in the pituitary.

A striking aspect of our results is that the signaling network
controlling a nuclear gene, FSH�, by activation of a cell surface
receptor, the GnRH receptor, involves regulatory loops that are
extracellular. Of these extracellular loops, GDF9 contributes to
both amplitude and frequency tuning and inhibin � predomi-
nantly to amplitude of the response. Together with previous
reports of local gonadotrope regulatory factors, the view that
cell signaling is distributed both intracellularly and extracellu-
larly begins to emerge. These findings provide important new
avenues for studying gene control mechanisms in the gonado-
trope and potentially in other cell types. Additional local regu-
lators of FSH, such as activin, follistatin, pituitary adenylate
cyclase-activating polypeptide (PACAP), and bone morphoge-
netic proteins (BMPs), may play a part in the differential regu-

lation of gonadotropin subunit expression (for review, see Ref.
4). For instance, follistatin is locally produced by the gonado-
tropes (45) and reduces FSH� gene expression via the inactiva-
tion of activin (46). Because follistatin gene expression is
increased by high frequency GnRH pulses, it may be linked to
the repression of FSH� transcription at that pulse frequency
(47– 49). PACAP potentiates GnRH action on gonadotropin
release locally in the pituitary (50) and modulates gonadotropin
subunit expression in gonadotrope-derived cell lines (51–53).
GnRH induces PACAP expression in the gonadotropes, and the
increase in PACAP transcripts is significantly more prominent
at a lower pulse frequency (54). Evidence suggests that PACAP
may be involved in GnRH pulse frequency-dependent stimula-
tion of FSH� expression in L�T2 cells (55). These extracellular
factors constitute a complex regulatory network, which our
results suggest need to be considered as an integral extension of
intracellular signal processing in controlling gonadotrope
responses.
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