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Reproductive function is controlled by the pulsatile release of
hypothalamic gonadotropin-releasing hormone (GnRH), which
regulates the expression of the gonadotropins luteinizing hor-
mone and FSH in pituitary gonadotropes. Paradoxically, Fshb
gene expression is maximally induced at lower frequency GnRH
pulses, which provide a very low average concentration of GnRH
stimulation. We studied the role of secreted factors in modulat-
ing gonadotropin gene expression. Inhibition of secretion spe-
cifically disrupted gonadotropin subunit gene regulation but
left early gene induction intact. We characterized the gonado-
trope secretoproteome and global mRNA expression at baseline
and after G�s knockdown, which has been found to increase
Fshb gene expression (1). We identified 1077 secreted proteins
or peptides, 19 of which showed mRNA regulation by GnRH
or/and G�s knockdown. Among several novel secreted factors
implicated in Fshb gene regulation, we focused on the neurose-
cretory protein VGF. Vgf mRNA, whose gene has been impli-
cated in fertility (2), exhibited high induction by GnRH and
depended on G�s. In contrast with Fshb induction, Vgf induc-
tion occurred preferentially at high GnRH pulse frequency.
We hypothesized that a VGF-derived peptide might regulate
Fshb gene induction. siRNA knockdown or extracellular
immunoneutralization of VGF augmented Fshb mRNA
induction by GnRH. GnRH stimulated the secretion of the
VGF-derived peptide NERP1. NERP1 caused a concen-
tration-dependent decrease in Fshb gene induction. These
findings implicate a VGF-derived peptide in selective regula-
tion of the Fshb gene. Our results support the concept that
signaling specificity from the cell membrane GnRH receptor

to the nuclear Fshb gene involves integration of intracellular
signaling and exosignaling regulatory motifs.

GnRH3 is a hypothalamic neuropeptide that plays a central
role in the regulation of mammalian reproductive functions.
Secreted in a pulsatile manner, GnRH stimulates the synthesis
and release of the gonadotropins luteinizing hormone (LH) and
FSH, which in turn regulate gonadal function and growth. The
frequency of GnRH pulses differs at various stages of reproduc-
tive development and of the reproductive cycle. During
puberty, there is an increase in GnRH pulse frequency, causing
a dramatic increase in gonadotropin secretion, resulting in sex-
ual maturation (3). In the mid- to late follicular phase of the
female menstrual cycle, an increase in GnRH pulse frequency
leads to greater LH synthesis and secretion. Conversely, in the
late luteal phase, low GnRH pulse frequency favors FSH pro-
duction. FSH promotes the development of the ovarian follicle,
whereas LH stimulates the secretion of gonadal steroids (4).
The sequential and differential release of gonadotropins is
important for reproductive physiology.

GnRH analogs are utilized to treat reproductive disorders
and hormone-sensitive cancers. GnRH agonists are used to
trigger oocyte maturation for in vitro fertilization (5). Idio-
pathic hypogonadotropic hypogonadism and Kallmann syn-
drome are reproductive disorders characterized by absent or
delayed puberty with low gonadotropin and sex steroid levels.
Associated with GnRH deficiency, these syndromes are treated
with pulses of GnRH agonist to restore gonadotropin response
(for a review, see Ref. 6). Conversely, continuous administra-
tion of GnRH agonists and antagonists represents an effective
therapy for hormone-dependent cancers like prostate cancer as
it causes a decrease in gonadotropin levels and subsequently in
sex steroid levels (Ref. 7; for a review, see Ref. 8). GnRH agonists
are also used in the treatment of advanced breast cancer in
premenopausal women (Ref. 9; for a review, see Ref. 10).
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LH and FSH contain a common �-glycoprotein subunit
(CGA) and a specific � subunit, namely LH� and FSH� (11).
Understanding Fshb gene control is particularly important
because the major mechanism controlling FSH levels, unlike
LH, is biosynthetic and not secretory (12). Furthermore, Fshb
gene control shows a paradoxical low GnRH pulse frequency
dependence. Lower average GnRH stimulation, which occurs
with lower frequency GnRH exposure, causes higher levels of
gene induction and FSH secretion (Ref. 13; for a review, see Ref.
12). A widely used experimental model for studying gonadotro-
pin gene regulation is the L�T2 gonadotrope cell line. Mellon
and co-workers (14, 15) developed this mature murine gonado-
trope cell line using targeted oncogenesis in transgenic mice.
The L�T2 cell line, which was isolated from pituitary tumors
that developed in these mice, has characteristics of late devel-
opmental stage gonadotropes, expressing mRNA for the GnRH
receptor, the CGA, and the specific � subunits of LH and FSH
(16, 17). In a 10-h experiment using L�T2 cells, for example,
exposure to only four brief low concentration GnRH pulses
(one every 2 h) leads to about twice the expression of Fshb
achieved by a total of 19 pulses (one every 30 min) (1). The
difficulty in explaining the preferential induction of Fshb by low
frequency GnRH pulses suggests that important regulatory
control mechanisms remain to be discovered.

The GnRH receptor belongs to the rhodopsin-like subfamily
of G protein-coupled receptors, which activate heterotrimeric
GTP-binding proteins (G proteins) to transduce extracellular
stimuli into cell signaling responses (18). G proteins consist of
G �, �, and � subunits. Agonist binding to a G protein-coupled
receptor activates the G� subunit, which subsequently
exchanges GDP for GTP; G�-GTP then stimulates down-
stream effectors (19, 20). The GnRH receptor was shown to
activate G�q/11 (21–23) and G�s (24, 25) in response to GnRH
stimulation.

Although GnRH is the main regulator of gonadotropin sub-
unit gene expression, intrinsic pituitary factors may tune
gonadotrope responsiveness to GnRH and thus contribute to
the differential regulation of gonadotropin subunits. These
include activin, pituitary adenylate cyclase-activating polypep-
tide, BMPs, inhibin, and growth differentiation factor 9
(GDF9). Activin, for instance, selectively stimulates Fshb gene
expression via phosphorylation and nuclear translocation of
SMAD2 and SMAD3 in L�T2 cells (26, 27). Pituitary adenylate
cyclase-activating polypeptide is thought to be involved in the
rat estrus cycle by increasing follistatin transcription, leading to
activin sequestration, which results in selective reduction of
Fshb mRNA levels (Ref. 28; for a review, see Ref. 29). Several
reports have implicated bone morphogenetic proteins (BMPs)
in the paracrine/autocrine regulation of FSH expression (Refs.
30 –36; for a review, see Ref. 12). As an example, BMP2 was
previously shown to synergize with activin A to stimulate Fshb
transcription and Fshb mRNA levels in L�T2 cells (33). We
previously demonstrated that GnRH activation of G�s in L�T2
cells promotes Lhb but suppresses Fshb gene expression via
secretion of inhibin � (1). Conversely, secreted GDF9 is an
autocrine inducer of Fshb and is preferentially suppressed by
high frequency GnRH pulses in L�T2 cells (37).

We sought to systematically characterize the role of secre-
tion in gonadotropin regulation and the autocrine regulatory
factors involved using a combined proteomic and transcrip-
tomic approach. We identified several novel secreted candidate
regulatory factors and identified a VGF nerve growth factor-
inducible (VGF)-derived peptide as a GnRH-stimulated auto-
crine factor that inhibits Fshb gene expression.

Results

Pharmacological Inhibition of Secretion Selectively Sup-
presses Gonadotropin Gene Regulation—Our recent identifica-
tion of inhibin � and GDF9 as autocrine regulators of FSH�
gene expression (1, 37) prompted us to study the effects of inhi-
bition of secretion on gonadotropin subunit gene expression.
Two known inhibitors of protein secretion, brefeldin A and
monensin, were used to treat GnRH-stimulated and unstimu-
lated gonadotrope cells. Inhibition of secretion led to a dra-
matic decline in both basal and GnRH-induced Fshb mRNA
expression (Fig. 1A) without affecting induction of immediate
early genes Egr1, Jun, and Atf3 (also known as LRG-21) by
GnRH (Fig. 1B). Brefeldin A and monensin treatment also
resulted in a significant decrease in GnRH-induced Lhb and
Cga expression. These data strongly suggest that locally
secreted factors, including but possibly not limited to inhibin �
and GDF9, play a key role in the regulation of gonadotropin
gene expression by GnRH.

To determine the role of such autocrine factors, we charac-
terized the global secretoproteome and gene expression profile
in G�s siRNA knockdown and control gonadotrope cells (Fig.
2A). The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (85)
partner repository (www.ebi.ac.uk/pride) with the data set
identifier PXD000063. A total of 1077 secreted proteins were
detected by mass spectrometry, including structural proteins,
catalytic enzymes, receptors and signaling components, and
proteins involved in transcription and translation (Fig. 2B).
Among those proteins, 34 were identified in this screening
study as differentially secreted (up- or down-regulated by over
30%, p � 0.1; supplemental Table S1). Among the 16,000
mRNAs measured in the transcriptome, 98 were potentially
differentially expressed (up- or down-regulated by over 30%,
p � 0.1). Changes in protein secretion and gene expression
showed good concordance (supplemental Table S2), especially
for genes annotated as extracellular (Fig. 2A, graph). We next
carried out an NCBI analysis of gene ontology terms for each of
these candidates and searched the literature for relevance to
reproductive endocrinology. Through this process, we selected
19 differentially expressed candidates that either function as
ligands, are present in the extracellular space, or are implicated
in gonadotrope physiology/reproduction.

Secretoproteome Regulation in L�T2 Cells—We examined
the responsiveness of the 19 candidates to GnRH as well as their
dependence on G�s and G�q/11 proteins. We previously
showed that inhibin � is preferentially induced by high GnRH
pulse frequency and is G�s-dependent (1), whereas GDF9 is
considerably suppressed by high frequency GnRH (37). Among
the 19 candidates, Vgf showed the largest induction by GnRH
(8.9 � 0.91-fold; Fig. 3A) or by cholera toxin (CTX), a G�s
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activator (16.5 � 1.64-fold). G�s knockdown caused a signifi-
cant 47% reduction in Vgf mRNA expression (Fig. 3B). Conso-
nant with previous studies (1, 37), inhibin � (Inha) mRNA
expression was stimulated by GnRH and CTX and reduced by
G�s knockdown, whereas Gdf9 was suppressed by GnRH and
CTX.

Other regulated secreted factors included secretogranin III
(SCG3), insulin-like growth factor-binding protein 2 (IGFBP2),
stanniocalcin 1 (STC1), semaphorin 3A (SEMA3A), sema-
phorin 6B (SEMA6B), BMP7, and GDF1. Similar to results
obtained with L�T2 cells, in purified primary mouse gonado-
tropes we found that mRNAs for Igfbp5 and Sema3a were sig-
nificantly increased by GnRH. In contrast, Igfbp3 mRNA was
decreased by GnRH and CTX in L�T2 cells but was strongly
induced by both treatments in purified primary gonadotropes
(Fig. 3C). Interestingly, we found that siRNA-mediated knock-
down of either SEMA3A, SCG2, SCG3, or STC1 resulted in a
significant decrease in GnRH-induced Fshb expression (Table
1), whereas knockdown of either IGFBP3 or IGFBP5 led to a
significant decrease in GnRH-induced Lhb expression. Fur-
thermore, fragments of SCG2-derived peptides em66 and secr-
etoneurin were detected by mass spectrometry (Fig. 4). Exoge-
nous em66 and secretoneurin both had a stimulatory effect on
GnRH-induced Fshb expression (Table 1). Overall, our results
strengthen the hypothesis that secreted elements may play an
important role in the gonadotropin response to GnRH stimu-
lus. Because of its dramatic induction by GnRH in both the

gonadotrope cell line (Fig. 3A) and primary gonadotrope cells
(Fig. 3C), we selected VGF for more extensive study.

GnRH Induction of Vgf is G�s-dependent and Pulse Frequency
Sensitive—We sought to further characterize the induction of
Vgf by GnRH. G�s knockdown led to a 40% reduction in Vgf
gene induction (Fig. 5A), demonstrating that Vgf gene induc-
tion is partly G�s-dependent. We investigated the sensitivity of
Vgf induction to GnRH pulse frequency. We used a custom
designed and fabricated microprocessor-controlled parallel
perifusion system (Ref. 1; see “Experimental Procedures”). Vgf
mRNA induction was highly sensitive to pulse frequency. Low
frequency GnRH pulses (2-h interpulse period), which are opti-
mal for Fshb gene induction (37), did not significantly regulate
Vgf. In contrast, high pulse frequency GnRH pulses (30-min
interpulse period), which poorly induce Fshb, increased Vgf
gene expression more than 50-fold (Fig. 5, B and C). Notably,
with constant GnRH stimulation, Vgf mRNA expression con-
tinually increased with the duration of GnRH exposure, reach-
ing a maximum at 6 h (Fig. 5D). Thus, Vgf expression correlated
closely with the average levels of GnRH stimulation over time
whether due to increased pulse frequency (Fig. 5, B and C) or
increased duration (Fig. 5D). Conversely, Fshb was uncorre-
lated with average GnRH exposure, decreasing at both higher
frequency (Fig. 5C) and increased duration exposure (Fig. 5D).
Overall, the regulation of Vgf was highly discordant with that of
Fshb with respect to the pattern of GnRH exposure.

FIGURE 1. Effect of exocytosis inhibitors on GnRH-induced expression of gonadotropin subunit genes and immediate early genes in L�T2 cells. A,
gonadotropin subunit genes. Cells were serum-starved overnight, pretreated with the exocytosis inhibitors brefeldin A and monensin for 30 min, and
stimulated with 1 nM GnRH for 2 h; following culture medium replacement, cells were incubated for another 4 h. B, immediate early genes. Cells were
serum-starved overnight, pretreated with brefeldin A and monensin for 30 min, and stimulated with 1 nM GnRH for 45 min. mRNA expression levels of the
indicated genes were determined by qPCR. Results of three independent experiments performed in triplicate were combined for analysis. Error bars represent
S.E. ***, p � 0.001, two-way ANOVA with Bonferroni post-test corrections.
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VGF siRNA Knockdown Increases Both Basal and GnRH-
induced Fshb Expression—To test whether VGF could serve as
an inhibitory regulator of Fshb expression, we carried out VGF
siRNA knockdown experiments. Knockdown of Vgf mRNA was
highly efficient both at the mRNA (Fig. 6A) and protein levels
(data not shown). VGF knockdown led to a significant increase
in both basal and GnRH-induced Fshb expression (34 and 65%,
respectively; Fig. 6B). Similar to the effect of VGF siRNA knock-
down, anti-VGF antibody treatment resulted in a 49% increase
in GnRH-induced Fshb expression (Fig. 6C), suggesting that an
extracellular VGF-derived peptide may inhibit Fshb expression.

VGF-derived Peptide Neuroendocrine Regulatory Peptide-1
(NERP1) Suppresses GnRH-induced Fshb Expression—More
than 10 distinct peptides are processed from the VGF precursor
protein (38 – 40). We sought to determine which VGF-derived
peptide might be involved in the regulation of Fshb expression
in the gonadotropes. Further analysis of the L�T2 cell secreto-
proteome by mass spectrometry identified the expression of a
13-amino acid fragment of NERP1, which is located in the cen-
tral region of VGF (Fig. 7A). Using an anti-VGF antibody raised
against the NERP1 sequence for ELISA assays, we found that
NERP1 secretion was significantly increased by GnRH stimula-
tion (3.6 � 0.93-fold) as well as CTX (3.0 � 0.40-fold; Fig. 7B).

NERP1 has been reported to stimulate calcium mobilization
in the pituitary (40). We found that NERP1 exposure activated
a calcium-sensitive reporter in L�T2 gonadotropes (Fig. 7C).
To assess the effects of exogenous VGF-derived peptides on
GnRH regulation of Fshb expression, we used VGF siRNA
knockdown to reduce the background effects of endogenous
NERP1. Exposure of these siRNA-transfected cells to peptides
from the N-terminal to central regions of VGF, namely NERP2,
NERP3, and NERP4 had no significant effect on Fshb gene reg-
ulation by GnRH (data not shown). In contrast, exogenous
NERP1 reduced GnRH-induced Fshb mRNA expression in
VGF siRNA-transfected cells, causing a concentration-depen-
dent decrease in GnRH-induced Fshb expression (Fig. 7D).
These results suggest that central VGF peptide NERP1 is bio-
logically active in the gonadotrope and may act as a negative
regulator of GnRH-induced Fshb expression.

Discussion

This study supports the importance of autocrine factors in
the regulation of Fshb, identifies several novel putative Fshb
autocrine regulatory factors, and implicates a VGF-derived
peptide as a new autocrine regulator of Fshb gene expression in
the gonadotrope. Vgf is highly induced by high frequency

FIGURE 2. L�T2 gonadotrope secretoproteome analysis. A, schematic representation of the experimental design used to identify secreted factors in L�T2
gonadotrope cells. Details are provided under “Experimental Procedures.” The integration of the secretoproteome and transcriptome data is also depicted in
the bottom right corner. Briefly, log -fold changes of protein abundance (x axis) were plotted against log -fold changes of mRNA expression (y axis). Genes
denoted with gene ontology cellular compartment of “extracellular region” or “secretory granule” were considered as potentially secreted and are denoted in
red. Analysis details are provided under “Experimental Procedures.” B, gene ontology analysis of secreted proteins based on molecular function. Panther was
used for the analysis.
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GnRH stimulation. The discordant induction of Fshb and Vgf
by different patterns of GnRH stimulation is consistent with the
Fshb-suppressing effects of VGF. The VGF-derived peptide
NERP1 is synthesized and secreted in response to GnRH.
NERP1 suppresses GnRH-induced Fshb expression. Our find-
ings suggest that an autocrine VGF-derived peptide contributes
to the differential regulation of gonadotropin genes and pro-
vides a potential mechanism for the preferential induction of
Fshb expression by low GnRH pulse frequency.

VGF-derived peptides have been implicated in various neu-
roendocrine functions, including homeostasis and reproduc-
tion (for a review, see Ref. 41). VGF pituitary levels are regulated
throughout the estrous cycle and increase in response to ovar-
iectomy (42). VGF knock-out mice are infertile (2) and have
several deficits in their hypothalamic-pituitary-gonadal axis
and severe abnormalities of fat metabolism that may contribute
to infertility (2, 43). The same group generated humanized VGF
knock-in mouse models expressing either full-length human

FIGURE 3. Candidate gene screening for GnRH and CTX responsiveness and G�s and G�q/11 protein dependence. A, effect of GnRH or CTX stimulation on
the expression of 19 candidate genes in L�T2 cells. Cells were serum-starved overnight and stimulated with either 1 nM GnRH, 5 �g/ml CTX, or vehicle for 10 h.
B, effect of G�s or G�q/11 silencing on the expression of 19 candidate genes in L�T2 cells. Cells were serum-starved overnight and transfected with either
scrambled (control), G�s, or G�q/11 siRNA. Transfections were carried out in the Nucleofector 96-well Shuttle as described under” Experimental Procedures.”
Cells were harvested 3 days post-transfection. C, effect of GnRH or CTX stimulation on the expression of 19 candidate genes in purified primary gonadotropes.
Cells were stimulated with either 1 nM GnRH, 5 �g/ml CTX, or vehicle for 10 h. mRNA expression levels of the indicated genes were determined by qPCR. Data
shown are the mean from one experiment performed in triplicate and are representative of three independent experiments. Error bars represent S.E. ***, p �
0.001; **, p � 0.01; *, p � 0.05, one-way ANOVA.

TABLE 1
Effects of candidate siRNA knockdown or ligand addition on Fshb and Lhb mRNA expression

Name
Regulation by GnRH

pulse frequency Effect of siRNA-mediated knockdown Effect of ligand additiona

SCG2 Induced by high pulse frequency 73% reduction in GnRH-induced FSH� expression Increased GnRH-induced
FSH� mRNA expression by
SCG2-derived peptides
secretoneurin and em66

SCG3 Induced by high pulse frequency 18% reduction in GnRH-induced FSH� expression Not tested
SEMA3A Not regulated 33% reduction in GnRH-induced FSH� expression No effect (SEMA3A was tested)
STC1 Suppressed by low pulse frequency 37% reduction in GnRH-induced FSH� expression Not tested
IGFBP3 Induced by high pulse frequency 18% reduction in GnRH-induced LH� expression No effect (IGFBP3 was tested)
IGFBP5 Suppressed by high pulse frequency 35% reduction in GnRH-induced LH� expression No effect (IGFBP5 was tested)

a For each candidate, 1 mg/ml peptide or peptide mixture was tested.
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VGF or a truncated form that included amino acids 1–524.
Namely, the truncated human VGF(1–524) was devoid of a
series of peptides starting with threonine 554, comprising pep-
tides TLQP-21 and AQEE-30, but retained peptides NERP1
and NERP2. All of these peptides were previously demon-
strated to regulate male reproductive behavior and/or female
fertility (44 – 48). Notably, male and female mice from both
human VGF lines showed fertility and gonadotropin expression
that were indistinguishable from wild-type mice (49), thereby
excluding several bioactive C-terminal VGF peptides as being
necessary for reproductive function while supporting a biolog-
ical role for N-terminal to central VGF peptides. These in vivo
data are consistent with our in vitro data presenting NERP1 as a
putative regulator of gonadotropin gene expression. Addition-
ally, NERP1 and NERP2 evoke a calcium response in the pitui-
tary and hypothalamus (40). Our findings provide a molecular
mechanism for the differential regulation of gonadotropins and
further substantiate the involvement of VGF in the control of
reproduction and the hypothalamic-pituitary-gonadal axis.

Although our data support an inhibitory effect of NERP1 on
GnRH-induced Fshb mRNA expression, we note that only in
vivo studies can establish a physiological role for NERP1 in reg-
ulating Fshb expression. The present investigation uses mouse

primary cultured gonadotropes or the murine gonadotrope-
derived L�T2 cell line and relies on the measurement of Fshb
mRNA expression as a surrogate for regulation of FSH protein.
In view of the excellent correlation of pituitary Fshb mRNA
expression and blood levels of FSH observed in mouse and rat
in vivo studies (50 –55), Fshb mRNA is considered a satisfactory
assay for changes in FSH biosynthesis in cultured gonadotrope
or cell line studies (13, 16, 33, 37, 56 –71). This high correlation
between gonadotrope Fshb mRNA and secreted FSH exists
because FSH regulation occurs at the transcription level and the
mature protein is constitutively secreted (72). Nonetheless, in
vitro studies may not adequately model in vivo physiology.
Establishing the role of NERP1 that is suggested by our in vitro
studies would greatly benefit from studying conditional genetic
VGF in vivo models in conjunction with measurement of
gonadotrope Fshb mRNA and secreted FSH.

In our experiments on L�T2 cells, we see a trend toward
suppression of Fshb mRNA induction at extracellular NERP1
concentrations of 50 pmol/ml with higher concentrations
required for the suppression to reach significance (See Fig. 7D).
In male rat pituitary, NERP1 has been reported to have a level of
50 –75 pmol/g (73, 74). This total concentration most likely
greatly underestimates the local autocrine gonadotrope con-

FIGURE 4. Detection of SCG2-derived peptides em66 and secretoneurin by mass spectrometry. Top panel, fragment ion spectrum of peptide TNEIVE-
EQYTPQSLATLESVFQELGK derived from endogenously expressed em66 in L�T2 cells. Bottom panel, fragment ion spectrum of peptide ERVDEEQKLYTDDED-
DVYK derived from endogenously expressed secretoneurin in L�T2 cells. Both spectra were collected and analyzed using a MALDI-TOF/TOF mass spectrometer
after trypsin digestion, iTRAQ labeling, and off-line peptide fractionation as described under “Experimental Procedures.” Major peptide backbone fragmen-
tation ions, b and y, are annotated.
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centration of NERP1, especially following up-regulation of Vgf.
Thus, we believe that the concentrations of NERP1 tested in our
study are physiologically plausible. Notably, although we pro-
pose a role for NERP1 in Fshb suppression, our results do not
exclude the role of other autocrine VGF peptides in contribut-
ing to the regulation of Fshb.

The low GnRH pulse frequency preference of the Fshb gene is
important for reproductive physiology; however, a full explana-
tion for this characteristic of the system has eluded decades of
experimental and theoretical work. Our data suggest that a
VGF-derived peptide may be one factor to help explain this
paradox. We propose that under high GnRH pulse frequency

FIGURE 5. Effects of G�s knockdown and varying GnRH pulse frequency on Vgf gene expression in L�T2 cells. A, effect of G�s silencing on Vgf gene
expression in GnRH-stimulated cells. Cells were transfected with either scrambled or G�s 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. **, p � 0.01; *, p � 0.05, two-way ANOVA with Bonferroni post-test
corrections. B, effect of two different GnRH pulse frequencies on Vgf gene expression. Using a perfusion system, cells were stimulated with 1 nM GnRH for 10 h
at either low pulse frequency (a 2-h interpulse period) or high pulse frequency (a 30-min interpulse period). ***, p � 0.001, one-way ANOVA with Bonferroni
post-test corrections. C, effect of varying GnRH pulse frequency on VGF and Fshb gene expression. Using a perfusion system, cells were stimulated with 1 nM

GnRH for 10 h at different interpulse periods (every 30 min, 1 h, 2 h, or 4 h). D, effect of duration of GnRH exposure on Vgf and Fshb gene expression. Cells were
serum-starved overnight and stimulated with 1 nM GnRH or vehicle for the indicated times. Cells were harvested 6 h after the first exposure to GnRH. Vgf and
Fshb mRNA expression levels were determined by qPCR. Data shown are the mean from one experiment performed in triplicate and are representative of three
independent experiments. Error bars represent S.E. Both Vgf and Fshb mRNA levels are expressed in arbitrary units.

FIGURE 6. Effect of VGF inactivation on Fshb gene expression in L�T2 cells. A, knockdown efficiency of VGF siRNA in GnRH-stimulated cells. Cells were
transfected with either scrambled or VGF 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. B, effect of VGF gene knockdown on Fshb gene expression in GnRH-stimulated cells. C, effect of VGF immunon-
eutralization on Fshb gene expression in GnRH-stimulated cells. Cells were serum-starved overnight, treated with either control antibodies (Control IgG) or
polyclonal antibodies raised against VGF (VGF IgG) for 6 h, and stimulated with 1 nM GnRH for 2 h followed by 4 h without GnRH or with vehicle. Vgf, Fshb, and
Lhb mRNA expression levels were determined by qPCR. Data shown are the mean from one experiment performed in triplicate and are representative of three
independent experiments. Error bars represent S.E. ***, p � 0.001; *, p � 0.05, two-way ANOVA with Bonferroni post-test corrections.
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both G�q/11 and G�s are activated; although G�s activation
promotes Lhb expression, it simultaneously induces an elevated
expression and secretion of VGF, which strongly suppresses
G�q/11-dependent Fshb expression. Under low GnRH pulse fre-
quency, activation of G�q/11 stimulates Fshb expression, which
is no longer suppressed by VGF, as its basal level of expression
is not significantly altered by this pulse frequency regime. Other
components may also contribute to the frequency-dependent
gonadotropin gene response patterns. Previous work by Tsut-
sumi et al. (25) showed that the G�q/11 pathway, but not G�s,
was desensitized by multiple pulses of GnRH, indicating dis-
tinct differences in the responses of the two signaling cascades
to pulsatile GnRH stimulation. Using a mouse FSH� promoter
construct, the same group proposed that differential expression

of AP1 factors and corepressors ski-oncogene-like protein and
TG interacting factor mediated GnRH pulse sensitivity of Fshb
expression (75). Another study revealed that inducible cAMP
early repressor was preferentially induced by high frequency
GnRH stimulation and that it abrogated the GnRH pulse
frequency-dependent effects on Fshb gene transcription (58).
Secreted prostaglandins have been reported to affect GnRH
regulation of Lhb promoter constructs (76, 77). Of interest,
VGF may regulate prostaglandin secretion as VGF-derived
peptide TLQP-21 also modulates pancreatic exocrine secretion
and gastric contractility via stimulation of prostaglandin release
(78, 79). Our results also implicate other factors, including
inhibin � (1) and GDF9 (see Fig. 2), as potential autocrine mod-
ulators of gonadotropin gene regulation by GnRH. Further

FIGURE 7. NERP1 negatively regulates GnRH-induced Fshb expression in L�T2 gonadotropes. A, endogenous expression of a 13-amino acid fragment of
NERP1 in L�T2 cells. Shown is the fragment ion spectrum of VGF peptide LLQQGLAQVEAGR. Doubly charged peptide ions (parent�2H; 843.99) were frag-
mented, and the fragment ion spectrum was collected by an LTQ-Orbitrap mass spectrometer in data-dependent acquisition mode. A protein database search
of this spectrum matched peptide LLQQGLAQVEAGR with a Mascot ion score of 44.2. Peaks corresponding to peptide backbone fragmentations were
annotated as bn and yn for b and y ions (in red and blue, respectively). 304 indicates the N-terminal iTRAQ modification. B, up-regulation of NERP1 secretion in
L�T2 cells stimulated with GnR� or CTX. Cells were serum-starved overnight and stimulated with either 1 nM GnRH, 5 �g/ml CTX, or vehicle for 6 h. Secreted
NERP1 was quantitated by ELISA using a NERP1-specific antibody. **, p � 0.01, one-tailed t test. C, effect of NERP1 on the promoter activity of an NF-�B luciferase
reporter vector. L�T2 cells were co-transfected with an NF-�B-firefly luciferase reporter construct and a control TK-Renilla luciferase reporter construct (internal
standard for transfection efficiency) on day 1. On day 2, cells were serum-starved overnight. On day 3, cells were treated with 5 �M NERP1 for the indicated
times. Firefly luciferase activity was measured and normalized to Renilla luciferase activity. *, p � 0.05, two-way ANOVA; n � 3. RLU, relative light units. D, effect
of increasing concentrations of NERP1 on Fshb gene expression in VGF knockdown cells stimulated with GnRH. Cells were transfected with VGF 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. Cells were
co-treated with the indicated concentrations of NERP1 for 6 h. Fshb mRNA expression levels were determined by qPCR. ***, p � 0.01, two-way ANOVA with
Bonferroni post-test corrections. Data shown are the mean from one experiment performed in triplicate and are representative of three independent exper-
iments. Error bars represent S.E.
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study and mathematical modeling will be required to under-
stand the relative roles of various regulators and how they inte-
grate to tune the responses of the gonadotrope to GnRH.

The identification of VGF as a regulator of Fshb expression
may open new avenues of research for treating reproductive
disorders such as polycystic ovary syndrome, endometriosis,
and syndromes associated with impaired gonadotropin levels.
Modulation of VGF input to the gonadotropes could poten-
tially increase the effectiveness of GnRH analogs in the treat-
ment of gonadal hormone-sensitive diseases. Additionally,
endocrine tumors, including pituitary adenomas, were found to
have higher levels of VGF precursors than normal tissue (80).
Thus, VGF may also serve as a diagnostic marker and a possible
therapeutic target for hormone-dependent cancers.

Regulation of a nuclear gene following activation of a cell
surface receptor has conventionally been considered to be the
function of intracellular signaling pathways. Our work high-
lights a regulatory mechanism whereby the intracellular signal-
ing cascade triggered by GnRH goes outside the cell via a
secreted VGF-derived peptide feedback loop to influence the
regulation of the Fshb gene. The large number of secreted and
regulated proteins that we have identified in gonadotropes inti-
mates the presence of a robust network of autocrine and para-
crine regulatory factors that might rival the intracellular
network in its complexity. What is classically considered intra-
cellular signaling does not appear to respect the boundary of the
cell membrane. Elucidating how cells decode specific extracel-
lular stimuli, such as GnRH pulses, to direct gene expression
patterns may require a broader view of cell signaling that
encompasses a complex network involving both intracellular
mediators and exosignaling circuits (Fig. 8) (81).

Experimental Procedures

Materials and Methods—GnRH was purchased from
Bachem (Torrance, CA). CTX was ordered from Calbiochem.
VGF-derived peptides (NERP1, NERP2, NERP3, and NERP4)
were synthesized as reported previously (40, 82); TLQP-30 was
obtained from Phoenix Pharmaceuticals, Inc. (Burlingame,
CA). VGF and inhibin � siRNAs (On-Target plus siRNA
SMARTpool) were ordered from Dharmacon (Denver, CO).

The anti-VGF antibody (kindly provided by Dr. S. R. J. Salton)
used in immunoneutralization experiments was polyclonal and
targeted residues 78 –340 of the murine VGF precursor. Brefel-
din A and monensin were ordered from BioLegend (San Diego,
CA).

Cell Culture—L�T2 cells were obtained from Professor Pam-
ela Mellon (University of California, San Diego, CA). Cells were
cultured at 37 °C in DMEM (Mediatech, Herndon, VA) supple-
mented with 10% fetal bovine serum (FBS; Gemini, Calabasas,
CA) in a humidified air atmosphere of 5% CO2. Purified
gonadotrope cells were prepared from H2Kk mice as described
in our previous study (1).

Perfusion Experiments—The perfusion system was designed
and custom-built in the laboratory. The perfusion system main-
tains a constant internal temperature of 37 °C by means of
equipped heating blocks. The system has four cassettes; each
cassette holds four chambers where cultured gonadotropes are
inserted on a coverslip. Each coverslip in the chamber was per-
fused with either vehicle (no GnRH control; serum-free
DMEM) or 2 nM GnRH via two electronically controlled valves
supplying laminar fluid at a constant flow rate (0.6 ml/min/
chamber). One million cells were seeded on each coverslip and
grown for 2 days in DMEM � 10% FBS. Cells were serum-
starved overnight before the perfusion experiment. Cells were
subjected to either low (5-min GnRH pulses at intervals/peri-
ods of 2 h) or high (5-min GnRH pulses at intervals/periods of
0.5 h) GnRH pulse frequency of GnRH stimulation (2 nM) for
8 h and then harvested for RNA extraction.

siRNA Studies—One million L�T2 cells were transfected
with 0.5 �g of siRNA in electroporation cuvettes using Amaxa
Cell Line Nucleofector Kit L using SG Buffer and Nucleofector
program DS-137 following the manufacturer’s instructions
(Lonza Inc., Walkersville, MD). Immediately after transfection,
cells were seeded in a cell culture plate containing DMEM �
10% FBS and incubated at 37 °C for 24 h. Culture medium was
then replaced with serum free-DMEM, and cells were incu-
bated overnight at 37 °C for serum starvation. Cells were next
stimulated with vehicle, GnRH, or CTX. Lysis buffer was added
to the cells, which were then harvested for quantitative real
time PCR.

Quantitative Real Time PCR—For quantitative real time PCR
(qPCR) experiments, cells were seeded in 24-well plates at
�0.5–1 million cells/well. For cell harvest, medium was
replaced with 300 �l of RNA lysis buffer (Agilent, Santa Clara,
CA). Total RNA was isolated with the Absolutely RNA 96
Microprep kit (Stratagene, La Jolla, CA) according to the man-
ufacturer’s protocol. RNA concentrations were determined
using a NanoDrop spectrophotometer (Thermo Scientific,
Wilmington, DE). After reverse transcription of 1 �g of RNA
with Affinity Script reverse transcriptase (Agilent), samples
were diluted 1:20 in molecular biology grade H2O (Cellgro,
Manassas, VA). Later, SYBR green qPCR assays were per-
formed (40 cycles) using 5 �l of cDNA template and 5 �l of
Master Mix containing the specific primers for the targeted
gene, Platinum� Taq DNA polymerase, and the required qPCR
buffers according to manufacturer’s recommendations. Three
biological replicates were done. Results were exported as cycle
threshold (Ct) values, and cycle threshold values of target genes

FIGURE 8. Exosignaling network contributes to Fshb gene regulation. The
schematic illustrates the proposed integration of intracellular and extracellu-
lar regulatory circuits that coordinate the control of Fshb gene expression by
GnRH. INHA, inhibin �.
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were normalized to that of Rps11 in subsequent analysis. Data
were expressed as arbitrary units by using the formula E �
2500 � 1.93(Rps11 Ct value 	 gene of interest Ct value) where E is the
expression level in arbitrary units. Primer sequences are pro-
vided in supplemental Table S3.

Illumina Array—Total RNA was extracted from two million
cells transfected with either control or G�s siRNA. RNA sam-
ples were snap frozen in dry ice and sent to the Keck Genomic
Facility at Yale University for whole-genome expression profil-
ing analysis using the MouseWG-6 v2.0 Expression BeadChip
(Illumina, San Diego, CA). A total of six samples were indepen-
dently prepared: three samples from control siRNA-treated
cells and three samples from G�s siRNA-treated cells. The con-
trol microarray data were reported previously (37). All microar-
ray data were deposited in the Gene Expression Omnibus
(GEO) under accession number GSE52631.

Preparation of Conditioned Media and HPLC-Isobaric Tags
for Relative and Absolute Quantitation Mass Spectrometry
(iTRAQ MS)—Twenty million cells were transfected with
either control or G�s siRNA and then seeded in 100-mm cell
culture plates in DMEM � 10% FBS. Two days later, cells were
washed twice with prewarmed PBS. Conditioned media were
harvested another 24 h later and centrifuged at 20,000 � g for
10 min at 4 °C to remove cell debris. To enrich for secreted
proteins in the conditioned media, conditioned media samples
were centrifuged using Amicon centrifugal filters with a 3-kDa
cutoff (Millipore, Billerica, MA). A total of eight concentrated
conditioned media samples were independently prepared: four
samples from control siRNA-treated cells and four samples
from G�s siRNA-treated cells. Samples were stored at 	70 °C
until they were analyzed by iTRAQ labeling and LC-MS/MS.

iTRAQ Labeling—The total protein concentration of each
sample was measured using the Bradford assay. A quantity of
100 �g was taken from each sample, denatured in 0.1% SDS,
reduced in 50 mM tris(2-carboxyethyl)phosphine, alkylated in
200 mM methyl methanethiosulfonate, and digested overnight
with trypsin. The peptides in each sample were labeled with
different iTRAQ reagents (AB Sciex, Framingham, MA) follow-
ing the manufacturer’s protocol, combined, dried down to a
50-�l volume, acidified with 1% trifluoroacetic acid (TFA), and
desalted with a 100-mg C18 Sep-Pak cartridge (Waters, Milford,
MA).

Peptide Fractionation—Combined iTRAQ-labeled peptides
were first separated into 12 fractions using a 3100 OFFGEL
Fractionator (Agilent) with a 12-well setup and a 12-cm pH
3–10 immobilized pH gradient strip according to the manufa-
cturer’s recommendations. Peptides were collected after the
focusing voltage reached a maximum plateau (
50 kV-h). The
recovered fractions were lyophilized.

LC-MALDI-Time-of-flight/Time-of-flight (TOF/TOF) Analysis—
All solvents used in this section were aqueous unless specified
and obtained from ThermoFisher Scientific (San Jose, CA).
Dried samples were reconstituted in 30 �l of solvent A (2% (v/v)
acetonitrile, 0.1% (v/v) TFA), and 10 �l of the resulting solution
was injected into an UltimateTM HPLC system with UV detec-
tion (LC Packings, Sunnyvale, CA). Solvent B contained 98%
(v/v) acetonitrile, 0.1% (v/v) TFA. A C18 trap (5.0 mm �
300-�m inner diameter; LC Packings) and a 15-cm � 100-�m-

inner diameter column packed in house with Magic C18 5-�m
beads (Michrom Bioresources, Auburn, CA) were used for
chromatography. Solvent flow rate was set to 0.700 �l/min.
After injection, each sample was loaded and washed with sol-
vent A for 5 min at a flow rate of 0.030 ml/min followed by a
10 –50% gradient over 55 min and then ramped to 90% by 65
min. Each sample run was maintained in 90% solvent B until 75
min and returned to 10% at 75.1 min followed by a 10-min
equilibration in 10% solvent B. The HPLC system is connected
to a modified ProbotTM automated MALDI spotter (LC Pack-
ings) to spot eluates on an LC MALDI plate with on-line mixing
of �-cyano-4-hydroxycinnamic acid matrix (7.5 mg/ml in 70%
acetonitrile). Considering the dead time for the HPLC and spot-
ting system, spot collection time was started 10 min from injec-
tion time with a spotting time of 0.33 min per spot. A total of
176 spots was collected.

The sample plate with the resulting spots was loaded onto a
5800 MALDI-TOF/TOF mass spectrometer (AB Sciex) for MS
and MS/MS analysis. Batch mode mass calibration with plate
alignment was done before data acquisition; thus a separate
plate calibration file was generated for each individual plate
containing sample spots. Full scan MS spectra were obtained
with a total of 1000 laser shots per spectrum. From each spot,
the top 20 most intense peaks, weakest precursor first, that were
above a signal-to-noise threshold of 10 were selected for suc-
cessful MS/MS analysis. Each MS/MS spectrum was an average
of 1600 laser shots. MS/MS spectra were acquired in the pres-
ence of collision gas. The sequence of the VGF NERP1 was
confirmed using an LTQ-Orbitrap mass spectrometer (Ther-
moFisher Scientific).

Data Analysis—ProteinPilot 3.0 (AB Sciex) was used to pro-
cess the MS/MS spectra for protein identification and quanti-
tation with its searching algorithm Paragon 3.0.0.0 (83). The
protein database used for searching was built using UniProt
mouse fasta file (release 2010_11). “Thorough” mode was used
in the data processing using parameters of “Quantitate” for
iTRAQ 8-plex (peptide-labeled), “MMTS” for cysteine alkyla-
tion, “Trypsin” for digestion, “Biological modifications” for ID
focus, and “Mus musculus” for species. The detected protein
threshold was set to 1.3 (95% confidence).

Analysis of the Concordance between Transcript and Protein
Levels—Microarray expression data for G�s siRNA knockdown
cells were compared with scrambled siRNA-transfected cells
using the limma package (84). Mass spectrometry data were
summarized by averaging over log -fold changes computed
using each of the eight tags as background. Genes were matched
with proteins by their Mouse Genome Informatics Database
(MGI) symbol, and genes with an mRNA expression change
significant with an uncorrected p value of 0.05 and a mass spec-
trometry log -fold change of at least 0.1 were selected.

NERP1 ELISA—A NERP1 ELISA kit was purchased from
Bachem. One million L�T2 cells were stimulated with vehicle,
GnRH, or CTX for 6 h to induce VGF-derived peptide synthesis
and secretion. The culture medium was then harvested and
subjected to ELISA following the manufacturer’s recommenda-
tions. The antibody was raised against rat NERP1 and was
polyclonal.
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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. Statistical signifi-
cance was set as indicated in each figure legend with at least a p
value �0.05.
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