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Hypothalamic gonadotropin-releasing hormone (GnRH) plays a critical role in reproductive physiology by regulating follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) gene expression in the pituitary. Analysis of gonadotrope deep-se-
quencing data identified a global regulation of pre-mRNA splicing by GnRH. Homer1, a gene encoding a postsynaptic density
scaffolding protein, was selected for further study. Homer1 expresses a short splice form, Homer1a, and more-abundant long
transcripts Homer1b/c. GnRH induced a modest increase in Homer1b/c expression and a dramatic increase in the Homer1a
splice form. G protein knockdown studies suggested that the Homer1 induction, but not the regulated splicing, was G�q/11 de-
pendent. Phosphorylation of the splicing regulator SRp20 was found to be induced by GnRH. SRp20 depletion attenuated the
GnRH-induced increase in the Homer1a-to-Homer1b/c ratio and modulated the effects of GnRH on FSH� and LH� expression.
Homer1 gene knockdown resulted in increased GnRH-induced FSH� and LH� transcript levels. Furthermore, splice-form-spe-
cific reduction of Homer1b/c increased both FSH� and LH� mRNA induction, whereas reduction of Homer1a had the opposite
effect on FSH� induction. These results indicate that the regulation of Homer1 splicing by GnRH contributes to gonadotropin
gene control.

Gonadotropin-releasing hormone (GnRH) plays a central role
in the control of normal reproductive function by regulating

the synthesis and release of the gonadotropins luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH) by pituitary
gonadotropes. These two hormones are heterodimeric proteins
composed of a common � subunit and a specific � subunit (1).
The control of FSH� and LH� gene expression by GnRH is critical
during the menstrual cycle, including ovulation, and through the
various stages of reproductive life (2). Impairment of the gonado-
trope response to GnRH results in reproductive disorders such as
polycystic ovary syndrome (3) and provides the basis for treat-
ment of gonadal hormone-sensitive cancers (4, 5). Therefore, un-
derstanding the molecular mechanisms involved in the response
of gonadotropins to GnRH may help discover new therapeutic
targets for reproductive disorders and hormone-dependent ma-
lignancies.

The development of the immortalized gonadotrope cell lines
�T3-1 and L�T2 has facilitated the characterization of the mech-
anisms regulating gonadotropin subunit gene transcription (6–9).
A member of the G-protein-coupled receptor family, the GnRH
receptor (GnRHR) is coupled to both G�q/11 and G�s, which ac-
tivate protein kinase C/mitogen-activated protein kinase (PKC/
MAPK)- and 3=-5=-cyclic AMP (cAMP)/protein kinase A-depen-
dent pathways, respectively (for a review, see reference 10). GnRH
induction of LH� involves PKC/MAPK signaling and the syner-
gistic interaction of early growth response 1, steroidogenic factor
1, and paired-like homeodomain transcription factor 1 (11). Ad-
ditionally, cAMP may augment LH� gene transcription (12, 13).
GnRH induction of FSH� is mediated by the PKC and MAPK
signaling pathways and notably activator protein 1 (14, 15). The
mechanisms underlying gonadotropin regulation by GnRH are
incompletely known (16). We recently reported the role of inhibin
� (12) and �-catenin (17) in FSH� induction by GnRH.

Alternative splicing is a posttranscriptional mechanism that
selectively joins exons together to form distinct mature mRNA
species, thus enhancing mRNA variety and protein diversity. This

process can lead to the expression of functionally distinct proteins
from the same gene in a temporal or tissue-specific fashion. About
95% of human genes undergo alternative splicing (18). Mechanis-
tically, splicing regulators are key modulators of splice site choice
via interaction with the splicing machinery and cis-regulatory el-
ements. The most common splicing regulators are serine/argi-
nine-rich RNA-binding proteins (SR proteins), which are thought
to recognize exonic/intronic splicing enhancer elements (ESEs/
ISEs) and to promote sequence inclusion, while heterogeneous
nuclear ribonucleoproteins (hnRNPs) bind to exonic/intronic
splicing silencer elements (ESSs/ISSs) and act in a fashion oppo-
site to that of SR proteins (19).

Several studies previously demonstrated that hormonal inputs
alter the splicing pattern of a variety of genes (20–22). For in-
stance, injection of estrogen to ovariectomized ewes that were
administered GnRH following hypothalamic-pituitary discon-
nection increased the levels of GnRHR transcript variants of 1.5,
2.3, and 3.7 kb, while leaving the 1.2- and 5.6-kb variants un-
changed (23). This suggested that estrogen had a direct effect on
GnRHR mRNA splicing in the pituitary. We wondered if the
GnRH stimulus could induce changes in global splicing pattern in
L�T2 gonadotrope cells and whether such changes may influence
gonadotropin subunit gene regulation.

In the present study, we utilize deep sequencing in combina-
tion with computational analysis to profile GnRH-mediated splic-
ing changes and determine how splice variants affect gonadotro-
pin subunit gene regulation. We demonstrate for the first time
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that GnRH induces a global change in splicing pattern and report
that novel signaling components SRp20, a splicing regulator pro-
tein, and Homer1, a scaffolding protein implicated in calcium
regulation, are involved in the regulation of gonadotropin subunit
gene expression. Furthermore, we identify splicing isoforms
Homer1a and Homer1b/c as mediators of the SRp20 effect on
GnRH-induced FSH� and LH� gene expression.

MATERIALS AND METHODS
Cell culture. L�T2 cells obtained from Pamela Mellon (University of
California, San Diego) were maintained at 37°C in a humidified air atmo-
sphere of 5% CO2 in Dulbecco’s modified Eagle’s medium (Mediatech,
Herndon, VA) supplemented with 10% fetal bovine serum (Gemini,
Calabasas, CA) and L-glutamine (Gibco Invitrogen, Carlsbad, CA).

Transfection and siRNA interference. Cells were transfected in an
Amaxa Nucleofector 96-well electroporation shuttle according to the
manufacturer’s instructions (Lonza Walkersville Inc., Walkersville, MD).
Briefly, 1 million L�T2 cells were transfected with 600 ng of small inter-
fering RNA (siRNA) (2 �l of a 20 �M stock in a 20-�l reaction volume)
using Nucleofector program DS-137. Immediately after transfection, cells
were plated and incubated in fresh medium for 48 h. Cells were then
serum starved and ultimately subjected to hormonal treatment. siRNAs
against mouse SRp20 (sc-38339) and Homer1 (sc-35582) were purchased
from Santa Cruz Biotech. siRNAs against mouse G�s and G�q/11 were
obtained from Dharmacon On-Target plus siRNA SMARTpool. siRNAs
against specific Homer1 isoforms were customized from Dharmacon, and
sequences were as follows: Homer1a_1, 5=-GAU UAA GUA AGG UGG
AUA AUU-3=; Homer1a_2, 5=-CCA CAU AGG UAC ACA UUC AUU-3=;
Homer1a_3, 5=-UGA UUA AGU AAG GUG GAU AUU-3=; Homer1b/
c_1, 5=-AAG UAA AGG AAG AGG AAA UUU-3=; Homer1b/c_2, 5=-GAA
GAG ACC CUG AAA GUA AUU-3=; and Homer1b/c_3, 5=-GAA AGU
AAA GGA AGA GGA AUU-3=. Three siRNAs against each isoform were
mixed in equal molarity as a pool to increase knockdown efficiency.

RNA sequencing experiments. L�T2 cells were seeded for 48 h, serum
starved overnight, and stimulated with 5 nM GnRH or vehicle for either
45 min or 2 h. A total of 3 different groups or experimental conditions
were used, and each group was comprised of four replicates. Total RNA
(2.5 �g) from each replicate was sequenced at the Mount Sinai Genomics
Core Facility using an Illumina platform (Illumina, Inc., San Diego, CA)
and a HiSeq 2000 sequencing system (100-nucleotide length, single-read
type). Reads were processed using the RUM pipeline using mm9 annota-
tions (24). Transcripts with log2 (RPKM) of �2 where excluded from
further analysis. Exon inclusion values were calculated by dividing the
exon-specific counts by the total transcript counts. The resulting exon
inclusion matrix was processed using the limma pipeline (25) for differ-
ential expression. Pathway enrichment analysis for differentially spliced
genes was evaluated using canonical pathways from the mSigDB (26)
database and protein domains from InterPro (27). The RNA sequenc-
ing data were previously deposited in Genome Expression Omnibus
(GSE42120).

Western blot analysis. Western blot analysis was performed as previ-
ously described (28). Protein concentrations were measured using the
Bio-Rad protein assay (Bio-Rad, Hercules, CA). Briefly, 50 �g proteins
was loaded onto a 4 to 20% precasted sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gel (Bio-Rad). After transfer to a nitrocellulose
membrane (Li-Cor Biosciences, Lincoln, NE), blocking for 1 h at room
temperature using blocking buffer (Li-Cor Biosciences) was followed by
overnight incubation with primary antibody at 4°C. Primary antibodies
against phosphoepitope SR proteins (clone 1H4, MABE50; EMD Milli-
pore Corporation, MA) were used at a 1:3,000 dilution. Anti-SRp20
(ab73891; Abcam) was used at a 1:3,000 dilution. Homer1a and Homer1
antibodies were used at 1:500 dilutions (sc-8922 and sc-136358; Santa
Cruz Biotechnology). Anti-lysine-specific demethylase 1 (anti-LSD1;
number 2139; Cell Signaling Technology, Inc., MA) antibodies were used
at a 1:5,000 dilution. Fluorophore-conjugated secondary antibodies

(Li-Cor Biosciences) were diluted at 1:5,000. Incubation with the second-
ary antibody was performed at room temperature for 2 h. Odyssey infra-
red fluorescent Western blot system (Li-Cor Biosciences) was used to
detect and quantify protein bands of interest.

RT-qPCR. For real-time quantitative PCR (RT-qPCR) experiments,
total RNA was isolated using the Stratagene Absolutely 96 RNA Micro-
prep kit (Stratagene, La Jolla, CA). RNA quantity and quality were as-
sessed with NanoDrop (NanoDrop Technologies, Inc., Wilmington, DE).
After reverse transcription of 1 �g of RNA, cDNA samples were diluted to
1:50 in distilled water (dH2O). SYBR green quantitative PCR was per-
formed according to the manufacturer’s recommendations, using 5 �l of
cDNA template and 5 �l of master mix containing specific primers for the
targeted gene. The PCR program was 95°C for 2 min, followed by 40 cycles
of 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s. Samples were measured
in triplicate using the ABI Prism 7900HT detection system and software
version 2.2.2 (Applied Biosystems, Foster City, CA). Results were ex-
ported as threshold cycle (CT) values for subsequent analysis. Data were
normalized to either ribosomal protein S11 (RPS11) or the glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene. Primer
sequences were as follows: FSH�/Sense, 5=-TGG AGA CTC TGG CAT
GAT TG-3=; FSH�/Antisense, 5=-GAG TTG AGC AGC CTA ACC TT-3=;
LH�/Sense, 5=-CTC CCG GTA GGT GCA CAC T-3=; LH�/Antisense,
5=-CCT TCA CCA CCA GCA TCT GT-3=; rps11/Sense, 5=-CGT GAC
GAA GAT GAA GAT GC-3=; rps11/Antisense, 5=-GCA CAT TGA ATC
GCA CAG TC-3=; GAPDH/Sense, 5=-TGC GAC TTC AAC AGC AAC
TC-3=; GAPDH/Antisense, 5=-CTT GCT CAG TGT CCT TGC TG-3=;
Homer1a/Sense, 5=-TGG GAC AGA CGA TGA GAG AAC AC-3=;
Homer1a/Antisense, 5=-CAG TCA ACT TGA GCA ACC AAG AAC-3=;
Homer1c/Sense, 5=-GAG AAG TCG CAG GAG AAG ATG-3=; Homer1c/
Antisense, 5=-TTG CTG AAC TAG CAT GAG AGA G-3=; Homer1b/
sense, 5=-CAA CAA CGG AGC AAC CTA TCT-3=; Homer1b/Antisense,
5=-GAG GAG AAT CCC AGT CCA TAA AC-3=; G�s/Sense, GCT ACC
CTC ACT TTA CCT GC; G�s/Antisense, 5=-CAG CTC GTA TTG GCG
GAG AT-3=; G�q/Sense, 5=-ACG CCC ATG CAG AAG TCA GT-3=; G�q/
Antisense, 5=-GAT GCC ACC TGC CAG TAA AC-3=; G�11/Sense, 5=-
CAC TCA GAC ACA CGC CAA TC-3=; and G�11/Antisense, 5=-ACA
GAT CGG ACC CTC AAC TG-3=.

Statistical analysis. Statistical analyses for GnRH-induced SRp20
phosphorylation and endogenous FSH�, LH�, and Homer1 gene expres-
sion were carried out using GraphPad Prism version 5.04. One-way and
two-way analyses of variance (ANOVA) were applied for overall effect,
and specific comparison was examined with Bonferroni’s corrections.
Statistical significance was set as indicated in each figure.

RESULTS
GnRH induces changes in global splicing pattern in L�T2 pitu-
itary gonadotropes. We performed an in-depth RNA sequencing
experiment in L�T2 cells, which is an immortalized mature
mouse gonadotrope cell line. Two time points (45 min and 2 h)
were chosen to examine the changes of immediate early gene re-
sponses and secondary genes whose expression is required for
gonadotropin gene expression (29). Based on the RNA sequenc-
ing data, 26 genes and 1,341 genes showed significant differences
in exon inclusion following 45-min and 2-h GnRH stimulations,
respectively. To understand which specific functions were affected
by GnRH-induced alternative splicing, the genes with altered exon
usage patterns were evaluated for annotation enrichment using
canonical pathways from the mSigDB database and protein do-
mains from InterPro (Fig. 1A). Interestingly, these genes with
GnRH-regulated splicing were enriched for membrane protein
pathways.

GnRH strongly induces splice variant Homer1a. One gene
showing a high level of regulated alternative splicing was Homer1.
Homer1 splicing isoforms have been reported to affect Ca2� in-
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FIG 1 GnRH induces global changes in RNA splicing. (A) The 1,341 genes that had altered exon usage patterns following GnRH stimulation were evaluated for
annotation enrichment using canonical pathways from the mSigDB database and protein domains from InterPro. For the canonical pathways, all pathways with
significant enrichment at a q value of 0.1 are shown, while for domain enrichment the list is truncated to the top 15 terms. Bars represent the significance of
enrichment (using Fisher’s exact test), while the color scale indicates the raw fold enrichment over genome background. (B) RNA sequencing data analysis
showing differential exon usage of the Homer1 gene in either the presence (�GnRH) or absence (�GnRH) of GnRH. A schematic of the structure of the Homer1
gene and the exonic structures of its isoforms is provided above the RNA sequencing data. (C and D) RT-qPCR validation of differential regulation of Homer1
splice variants Homer1a (C) and Homer1b (D) by GnRH. L�T2 cells were seeded in a 96-well plate, cultured for 24 h, and serum starved overnight. Cells were
then treated with 5 nM GnRH for the indicated times. The data shown are means � standard errors of the means (SEM) of triplicate samples from one experiment
and are representative of three independent experiments. One-way ANOVA with Bonferroni’s posttest corrections; *, P � 0.05; **, P � 0.01. A.U., arbitrary units.
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FIG 2 GnRH induces Homer1 induction via the G�q/11-dependent pathway. On day 1, L�T2 cells were transfected with either scrambled (Ctrl), G�s, or G�q/11

siRNA for 48 h. On day 2, cells were serum starved overnight. On day 3, cells were stimulated with 5 nM GnRH for either 45 min or 6 h. (A and B) Knockdown
efficiency and specificity of G�s and G�q/11 siRNA on both mRNA and protein levels. (C and D) Homer1a (C) and Homer1b (D) mRNA levels were determined
by RT-qPCR. (E) Protein levels of Homer1 under G protein knockdown. Cells were treated with 5 nM GnRH for 3 h. For RT-qPCR, the data shown are means �
SEM of triplicate samples from one experiment and are representative of three independent experiments. For Western blots, a representative figure is shown and
densitometry is based on three independent experiments. Two-way ANOVA with Bonferroni’s posttest corrections; *, P � 0.05; **, P � 0.01.
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flux by interaction with mGluR (30), and Ca2� plays an important
role in gonadotropin gene regulation (31). Because of its high level
of splicing regulation by GnRH and its role in other systems,
Homer1 was studied further. GnRH induced a shift in expression
from the longer forms, Homer1b/c, to the short form, Homer1a
(Fig. 1B). These changes were confirmed by splice-specific RT-
qPCRs. The long forms of Homer1, Homer1b and Homer 1c, are
considered constitutively expressed (32), and they showed similar
levels of expression by RT-qPCR (data not shown). Homer1a ex-
pression rose 	7-fold 45 min after GnRH exposure and 	14-fold
after 6 h (Fig. 1C). Homer1b, in contrast, was only slightly in-
creased following GnRH exposure (Fig. 1D).

To study the signaling pathways involved in Homer1 regula-
tion, we inactivated G proteins G�s and G�q/11 by siRNA knock-
down (Fig. 2A and B). Inactivation of G�q/11 resulted in a similar
reduction in Homer1a and Homer1b following GnRH exposure,
without suppressing the regulation of splicing by GnRH causing a
relative increase in Homer1a (Fig. 2C and D). The changes in the
protein level of Homer1a corresponded to the changes in its
mRNA levels. Homer1b/c protein was not significantly affected by
Gq/11 knockdown (Fig. 2E). These results suggest that the induc-
tion of Homer1 depends predominantly on G�q/11-mediated sig-
naling but the regulation of splicing involves other proximal sig-
naling mechanisms.

GnRH activates the phosphorylation of splicing regulator
SRp20 in a time-dependent manner. Because alternative splicing
can be influenced by splicing regulators (SR proteins [33]), we
studied whether GnRH regulated the phosphorylation of SR pro-
teins. The phosphorylation levels of SR protein family members
(SRp75, SRp55, SRp40, SRp30, and SRp20) in response to GnRH
stimulation were assayed by Western blotting. Using LSD1 as a
control, total SRp20 was not affected by GnRH, while phosphor-
ylated SRp20 increased significantly following a 45-min GnRH
treatment (Fig. 3A to C). These results led us to test whether the
GnRH-induced changes in the Homer1 splicing pattern were me-
diated by SRp20.

SRp20 inactivation attenuates GnRH-mediated increase in
Homer1 splice variant ratio. We determined whether depletion
of SRp20 would affect the splicing pattern of Homer1. SRp20
siRNA knockdown resulted in an approximately 60% decrease in
SRp20 protein levels (Fig. 4A). SRp20 depletion caused a signifi-
cant reduction in the Homer1a-to-Homer1b/c splicing isoform
ratio after 45-min and 6-h exposures to GnRH (Fig. 4B). Western
blots from whole-cell lysates after 3-h GnRH treatment showed
that knockdown of SRp20 attenuated the increase in Homer1a
protein levels and had no significant effects on Homer1bc protein
levels (Fig. 4A), which is consistent with the mRNA measure-
ments. Thus, these results provide evidence for the involvement of
SRp20 in GnRH-induced alternative splicing of Homer1.

SRp20 protein and Homer1 are involved in the regulation of
gonadotropin genes by GnRH. We investigated whether SRp20
was involved in the transcriptional response of gonadotropin sub-
unit genes to GnRH. L�T2 cells were transfected with siRNA tar-
geting SRp20 and stimulated with GnRH. SRp20 depletion had
different effects on FSH� and LH� expression. SRp20 knockdown
resulted in an approximately 70% increase in GnRH-induced
FSH� transcript levels (Fig. 4C). Both basal and GnRH-stimu-
lated LH� expression levels were significantly decreased by SRp20
knockdown (Fig. 4D).

We also studied whether Homer1 was involved in the tran-

scriptional response of gonadotropin subunit genes to GnRH.
Cells were transfected with siRNA against the Homer1 gene and
stimulated with GnRH. As shown in Fig. 5A and B, knockdown
efficiency was high, with Homer1a and Homer1b/c splicing iso-
forms being reduced by 	80% and 60%, respectively. Homer1
knockdown resulted in a significant increase in GnRH-induced
FSH� (Fig. 5C) and LH� mRNA expression (Fig. 5D). These re-
sults (i) suggest that other factors besides Homer1 contributing to
FSH� expression are regulated by SRp20 and (ii) implicate
Homer1 in the regulation of both gonadotropin genes (see Dis-
cussion).

Inactivation of splicing isoform Homer1b/c results in a sig-
nificant increase in GnRH-induced FSH� and LH� mRNAs. To
determine the roles of the different Homer1 splice variants in
GnRH-induced FSH� and LH� expression, we designed siRNA
duplex pools that specifically targeted either Homer1a or
Homer1b/c. As shown in Fig. 6A, B, and E, the siRNAs were highly
specific for their respective targets. Knockdown efficiency was

FIG 3 GnRH induces the phosphorylation of SRp20. L�T2 cells were seeded
in a 12-well plate, cultured for 24 h, and serum starved overnight. Cells were
then treated with 5 nM GnRH for the indicated times. Whole-cell lysates were
subjected to a quantitative Western blot analysis. Phosphorylated and total
SRp20 are shown in the upper panels. LSD1 in the lower panel was used as a
loading control. (A and B) GnRH induces SRp20 phosphorylation in a time-
dependent manner. Note that the images shown in panel A are from the same
gel but are shown separately due to the large differences in exposure required
for visualizing the different signals. The data shown are means � SEM ob-
tained from four independent experiments. One-way ANOVA with Bonferro-
ni’s posttest corrections; *, P � 0.05. (C) Phosphorylation of other SR proteins
is not affected by GnRH. The two panels shown are from the same gel at
different exposures.
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80% for Homer1a and 50% for Homer1b/c. Homer1a knock-
down significantly attenuated GnRH-stimulated FSH� expres-
sion. Conversely, Homer1b/c knockdown resulted in a marked
increase in FSH� expression in GnRH-stimulated cells (Fig. 6C).
Knockdown of Homer1b/c also caused an increase in LH� gene
expression in GnRH-stimulated cells, while an effect of Homer1a
knockdown was not detectable (Fig. 6D). Overall, the Homer1b/c
data are similar to the results obtained with Homer1 gene knock-
down. Moreover, they suggest that Homer1b/c may function as a

suppressor of FSH� and LH� whereas Homer1a has the opposite
effect on FSH� (see Discussion).

DISCUSSION

Alternative splicing of primary transcripts has been increasingly
recognized as a critical constituent of gene regulation, and a num-
ber of signaling molecules have been shown to affect this cotran-
scriptional process (for a review, see reference 34). We find that
GnRH increases phosphorylation of the splicing regulator SRp20

FIG 4 SRp20 knockdown affects GnRH-induced Homer1 splicing pattern and gonadotropin �-subunit gene expression. On day 1, cells were transfected with
either scrambled (Ctrl) or SRp20 siRNA for 48 h. On day 2, cells were serum starved overnight. On day 3, cells were stimulated with 5 nM GnRH for the indicated
times. (A) Knockdown efficiency and effect of SRp20 knockdown on Homer1 isoforms determined by quantitative Western blot analysis. LSD1 was used as a
loading control. (B) Effects of SRp20 knockdown on GnRH-induced Homer1 splicing pattern after 45-min and 6-h GnRH exposures. (C) SRp20 knockdown
upregulates GnRH-mediated FSH� gene expression. (D) SRp20 knockdown reduces GnRH-induced LH� gene expression. For RT-qPCR, the data shown are
means � SEM of triplicate samples from one experiment and are representative of three independent experiments. For Western blots, a representative figure is
shown and densitometry is based on three independent experiments. Two-way ANOVA with Bonferroni’s posttest corrections; *, P � 0.05; **, P � 0.01.
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and that SRp20 contributes to the regulated splicing of Homer1.
Our data provide the first evidence that GnRH induces global
changes in alternative splicing and that the regulation of Homer1
splice variants is involved in FSH� and LH� gene control.

Homer1 is known as a postsynaptic scaffold protein. It has two
isoforms, short variant Homer1a and long variant Homer1b/c,
which are expressed mainly in the nervous system and play major
roles in synaptic plasticity and transduction of intracellular signal-
ing (for a review, see reference 35). While both isoforms have a
highly conserved N-terminal region comprised of an EVH1 do-
main and a proline-containing motif, Homer1b/c has a specific
coiled-coil C-terminal domain, which allows multimerization
with itself or other long Homer proteins. In contrast, the EVH1
domain is a ligand-binding domain that interacts with target pro-
teins such as the metabotropic glutamate receptor and inositol
1,4,5-triphosphate receptor. As Homer1a cannot form dimers, it
functions as a dominant negative protein by competitively bind-
ing the target proteins, thereby disrupting the synaptic molecular
complexes formed by Homer1b/c.

The overall effect of Homer1 expression and of the Homer1b/c
isoform is to suppress FSH� and to a lesser extent LH� expression.
SRp20 phosphorylation by GnRH signaling increases the Homer1a-
to-Homer1b/c ratio, which favors the induction of FSH� and to a
lesser degree that of LH� (Fig. 7). SRp20 knockdown decreases
LH� expression. However, SRp20 knockdown increases FSH� ex-
pression, indicating that SRp20 is likely to affect other genes that
suppress FSH�. The global nature of the splicing altered by GnRH
(Fig. 1) is consistent with the possibility that other spliced genes
besides Homer1 contribute to the regulation of FSH�.

Splicing regulator SRp20 could have a direct effect on Homer1
pre-mRNA, as sequence analysis of the precursor RNA has iden-
tified multiple consensus high-affinity SRp20 binding sites (CUC
KUCY [36]). Additionally, SRp20 regulates polyadenylation,
which occurs during posttranscriptional pre-mRNA processing
(37), and is involved in the process of transcription termination,
possibly by binding to the RNA downstream of the 3=-end cleav-
age site (38).

Isoform-specific knockdown experiments show different ef-
fects of reducing the expression of long and short Homer1 iso-
forms. While Homer1b/c knockdown increases both FSH� and
LH� expression, knockdown of Homer1a decreases FSH� with-
out changing LH�. The differing effects of the isoforms on FSH�
are consistent with previous work showing that Homer1a can
function as a negative regulator of Homer1b/c by disrupting its
tetrameric structure due to its lack of the coiled-coil region neces-
sary for tetramerization (39). The effects of knockdown experi-
ments are sensitive to the stoichiometry and concentration re-
sponse characteristics of the mRNA targets. Thus, it is possible
that Homer1a also opposes the effect of Homer1b on LH�, but the
effect cannot be detected at the knockdown efficiencies achieved
in these experiments.

Previous studies suggest that Homer1a stimulates and
Homer1b/c inhibits calcium (Ca2�) responses in cerebellar neu-
rons (30). GnRH-induced relief of histone deacetylase-dependent
repression of FSH� is mediated by Ca2�/Ca2�/calmodulin-de-
pendent protein kinase signaling (31). Thus, it is conceivable that
GnRH-mediated increase in the Homer1 splice variant ratio may
lead to activation of Ca2�/Ca2�/calmodulin-dependent protein

FIG 5 Homer1 knockdown upregulates gonadotropin �-subunit gene expression. On day 1, cells were transfected with either scrambled (Ctrl) or Homer1 siRNA
for 48 h. On day 2, cells were serum starved overnight. On day 3, cells were stimulated with 5 nM GnRH for the indicated times. (A and B) Knockdown efficiency
of Homer1 siRNA on the splicing isoforms. (C and D) Homer1 knockdown upregulates GnRH-mediated FSH� and LH� gene expression. The data shown are
means � SEM of triplicate samples from one experiment and are representative of three independent experiments. Two-way ANOVA with Bonferroni’s posttest
corrections; * P � 0.05; **, P � 0.01.
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FIG 6 Opposite effects of Homer1a- and Homer1b/c-specific knockdown on GnRH-induced gonadotropin �-subunit gene expression. On day 1, cells were
transfected with either scrambled (Ctrl), Homer1a (H1a), or Homer1b/c (H1bc) siRNA for 48 h. On day 2, cells were serum starved overnight. On day 3, cells were
stimulated with 5 nM GnRH for the indicated times. (A, B, and E) Knockdown efficiency and siRNA specificity of Homer1a and Homer1b/c siRNAs on mRNA
level (A and B) and on protein level (E). (C and D) Knockdown of Homer1b/c upregulates GnRH-mediated FSH� and LH� gene expression, while knockdown
of Homer1a reduces FSH� gene expression but does not alter LH�. For RT-qPCR, the data shown are means � SEM of triplicate samples from one experiment
and are representative of three independent experiments. For Western blots, a representative figure is shown and densitometry is based on three independent
experiments. Two-way ANOVA with Bonferroni posttest corrections; *, P � 0.05; **, P � 0.01.
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kinase signaling and subsequent derepression of the FSH� gene.
Ca2� is also reported to be involved in LH� regulation, as a Ca2�

chelator greatly inhibited GnRH-induced LH� expression (40).
These data suggest a role of Homer1-Ca2� signaling in GnRH-
mediated gonadotropin gene regulation and are consistent with
our findings in Homer1 knockdown experiments. The role of
Homer1 in reproductive function is supported by the finding that
homozygous Homer1 knockout mice are unable to breed, despite
normal ovarian and testes histology (41).

Interestingly, several signaling components of the GnRH net-
work were previously reported to have splice variants that may
impact gonadotrope cell function. GnRH itself may undergo al-
ternative splicing. Intron A retention is a key mechanism that
keeps GnRH levels low in newborns. With the increased expres-
sion of splicing regulators, the rate of intron A excision increases
to allow accumulation of mature GnRH mRNA during postnatal
development (42). The Pvr1 gene encodes four major splice vari-
ant forms of the pituitary adenylate cyclase-activating polypeptide
receptor; these variants differ in the sequence of the third intracel-
lular loop, which is critical for G protein binding. As these variants
display differences of affinity for G proteins and in their down-
stream signaling, this results in heterogeneous ligand responses in
individual rat gonadotropes (43). In pituitary gonadotropes, a
novel splice variant, Pitx2b2, employs the same 5= donor site as
Pitx2b at intron 2 but an alternative 3= acceptor site, resulting in a
39-bp in-frame deletion. Nevertheless, the truncated protein has
DNA binding and transactivation properties similar to those of
other isoforms of paired-like homeodomain transcription factor 2
in vitro (44). The present study shows the breadth of GnRH-reg-
ulated splicing in the gonadotrope and increases the importance
of splicing in contributing to gonadotropin gene regulation.
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