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Gonadotropin-releasing hormone (GnRH) plays a vital role in the 

mammal reproductive system by regulating biosynthesis in the pituitary 

gonadotrope via a complex signaling pathway and gene network. Small non-

coding microRNAs (miRNA) are found to play important roles in post-

transcriptional gene regulation of many genes.  Previously, it has been shown 



	  
	  

viii	  
	  

that tonic GnRH treatment of LβT2 cells causes cell cycle arrest, leading to 

subsequent apoptosis. Here, we investigated whether miRNA-132/212, the 

microRNAs most induced upon GnRH stimulation, mediate the anti-

proliferative effect of GnRH on these cells. GnRH treatment for increasing 

times causes increase in both the transcript and mature forms of miR-132/212 

levels as measured by qPCR. This miR-132/212 expression were abolished by 

pretreatment with the adenylate cyclase inhibitor SQ 22536 and MEK inhibitor 

U0126. SirT-1 was identified as a putative target of miR-132/212 by 

miRANDA, TargetScan, and miRacle. Acetylated p53, a substrate of SirT-1 

deacetylase, was found to be upregulated as a result of GnRH stimulation. 

P21, a transcriptional target of p53, was also shown to be upregulated as a 

result of GnRH treatment. These changes in protein levels and block in cell 

proliferation were recapitulated by transfection of LβT2 cells by pre-miR-

132/212, as well as blocked by transfection with anti-miR-132/212 prior to 

GnRH stimulation. Taken together, our data suggest a possible mechanism by 

which gonadotropes utilize microRNAs to synchronise their response to GnRH 

leading to coordinated gonadotropin release and the possible role of 

microRNAs in the global regulation of reproduction.  



	  
	  

1	  
	  

INTRODUCTION	  
 

The hypothalamic-pituitary-gonadal (HPG) axis is central to the 

mammalian reproductive system (1). Fluctuations in the hormones cause 

changes in the hormones produced by each gland in the axis and has 

numerous, widespread effects throughout the body. The neurons within the 

hypothalamus produce gonadotropin releasing hormone (GnRH). GnRH is a 

tropic peptide hormone, which acts in the anterior pituitary via a specific GnRH 

receptor (GnRH-R) on the plasma membrane of gonadtotrope cells. There, it 

triggers the synthesis and secretion of gonadotropins leutinizing hormone (LH) 

and follicle-stimulating hormone (FSH) (2). These gonadotropins in turn 

regulate most of the reproductive functions and development of both sexes by 

controlling the production of gonadal steroids and regulating gametogenic and 

hormonal functions. For example, LH regulates estrogen synthesis and 

ovulation in females and androgen synthesis in males. FSH, on the other 

hand, promotes follicle maturation and estrogen release in females and 

spermatogonia in males (1). 

 

 Physiologically, GnRH is secreted in a pulsatile fashion by hypothalamic 

neurons into the hypophyseal portal system and thus gonadotrope 

responsiveness is modulated by both the GnRH concentration and by the 

frequency or pattern of its delivery (2). Such pulsatile GnRH stimulation of 

gonadotrophs is required for proper gonadotrope function and in turn 
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stimulates pulsatile release of LH and FSH into the circulation (3). 

Furthermore, there is a difference in cell response when cells are exposed to 

either pulsatile or tonic GnRH stimulation; pulsatile GnRH results in the 

stimulation of gonadotropin subunit mRNA levels and of LH and FSH 

secretion, whereas continuous exposure to GnRH down-regulates mRNA 

levels and secretion (4). In addition, increased frequency of pulsatile 

hypothalamic GnRH stimulation increases the ratio of secreted LH to FSH (4).   

  

 The GnRH receptor (GnRH-R), a member of the seven-transmembrane 

G protein-coupled receptor (GPCR) family, is a receptor that resides primarily 

on the cell surface of gonadotrophs and mediates all of the effects of GnRH on 

the target cells (2, 3). The receptor is associated with G proteins Gs, Gi, and 

Gq/11 and the binding of GnRH to the receptor has the potential to stimulate a 

diversity of distinct intracellular signaling cascades (5). One arm of the diverse 

GnRH intracellular signaling cascades is the Gs activation of adenylate 

cyclase (AC) which catalyzes the conversion of ATP to 3’,5’-cyclic AMP 

(cAMP) and pyrophosphate. Following this activation of AC, the resulting 

cAMP acts as a second messenger in activation of cAMP-dependent protein 

kinase (PKA), which then phosphorylates the activation domain of the 

transcription factor cAMP response element binding protein (CREB) (6-9). 

CREB activation is involved in many neuronal processes including neuronal 

survival, proliferation, differentiation, morphogenesis, and plasticity as well as 
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addiction and circadian rhythms (10). The other arm of G-protein signaling via 

Gq/11 induces membrane phospholipid turnover and the subsequent 

formation of inositol 1,4,5-phosphate (IP3) and diacylglycerol (DAG). This 

leads to a rapid increase in the intracellular calcium level and the subsequent 

activation protein kinase C, which results in the activation of many important 

transcription factors as well as ERK, p38 and JNK (11).  

   

 Although there have been studies that reveal many aspects of the 

complex network of signaling pathways leading to transcriptional regulation in 

the HPG axis, little is known about post-transcriptional regulation, specifically 

the role of microRNAs (miRNA). MiRNAs comprise a large family of 

evolutionarily conserved small non-coding single-stranded RNA molecules of 

about 21-23 nucleotides that regulate gene expression post-transcriptionally 

by targeting the 3’ untranslated region (3’UTR) of specific mRNA targets (12). 

Mature miRNAs are processed from precursor molecules (pri-miRNAs), which 

are transcribed by RNA polymerase II either from independent genes or non-

coding introns of protein-coding genes. These pri-miRNAs form hairpin 

structures which then act as substrates for two members of the RNAse III 

family of enzymes Drosha and Dicer. The product of Drosha cleavage of 

approximately 70 nucleotides is known as the pre-miRNA, which is exported to 

cytoplasm via Exportin 5 where Dicer of the RISC complex processes it into a 

~20bp miRNA/miRNA duplex. One strand of this duplex, representing a 
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mature miRNA, is then incorporated into the miRNA-induced silencing 

complex (RISC). As a part of this complex, the miRNAs base pair to target 

mRNAs via the partial complementarity to a sequence located in the 3’UTR of 

the target mRNA. This nucleotide sequence that is recognized by the miRNA 

is called the miRNA recognition element (MRE). The seed sequence of the 

miRNA comprises the first seven nucleotides of the miRNA after the initial 

adenine and is required for the specific binding to its target (13,14). As a result 

of the annealing of miRNA to its target sequence, it can ultimately regulate 

gene expression by inducing cleavage or by repression of productive 

translation (15). In addition, miRNA targeting can trigger mRNA degradation in 

a similar process to RNA interference (16).  

 

 LβT2 cell line is an immortalized gonadotrope cell line that was 

generated by tumorigenesis in transgenic mice carrying the rat LHβ subunit 

regulatory region linked to the SV40 T-antigen oncogene. These LβT2 cells 

exhibit functional characteristics consistent with those of normal pituitary 

gonadotropes such as LH secretion via a regulated pathway and changes in 

GnRH-R and LHβ gene expression in response to signaling by GnRH and 

steroid hormones. As such, they are also sensitive to GnRH pulses and 

respond by altering gene expression and LH and FSH secretion accordingly 

(17, 18).   
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 In vitro studies of pituitary gonadotropes typically involve the tonic 

treatment of GnRH and it has previously been shown that such GnRH 

stimulation causes G1/G0 arrest and subsequently apoptosis in LβT2 cells 

(18, 19).  Cell cycle checkpoints are control mechanisms that ensure the 

fidelity of cell division in eukaryotic cells. The first such checkpoint is located at 

the end of the cell cycle’s G1 phase prior to entry into the replicative S phase, 

which makes the key decision whether the cell should divide, delay division, or 

enter a resting stage. In the cell cycle, G0 is a stage in which the cell loses the 

capacity for subsequent cell division and associated with differentiation of the 

cell and cessation to proliferation (20). Following the arrest, the cell may be 

targeted for destruction via apoptosis. Originally identified through its 

characteristic cytological morphology, apoptosis is a mode of death resulting 

from activation of caspase cascade that occurs both physiological and 

pathological circumstances (21).   

  

 Many studies have revealed the role of miRNA in post-transcriptional 

regulation in many physiological functions. Yet, little is known concerning 

miRNA activity in gonadotropes (22) where much of the GnRH response is 

mediated via the regulation of gene expression. Here, we investigated whether 

the GnRH response is regulated by miRNAs. First, we show that GnRH 

induces the miR-132/212 gene and that SirT-1 is a miR-132/212 target in LβT2 

cells. We also show that the p53 and p21 are regulated by GnRH downstream 
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of SirT-1. Further, we show that the GnRH effects on gene expression and cell 

cycle arrest are blocked by anti-miR-132/212 and mimicked by pre-miR-

132/212. Our data suggests that miR-132/212 may play a vital role in the 

gonadotope function. 
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MATERIALS AND METHODS 
 
 

Materials. 
 

GnRH was purchased from Sigma Chemical Co.  (St. Louis, MO).  For 

the experiments with inhibitors, U0126, PD98059, SQ22536, and BAPTA-AM 

were purchased from EMD Chemicals Inc. (Gibbstown, NJ). Rabbit polyclonal 

anti-SirT-1, anti-acetylated p53, anti-PUMA, anti-cleaved PARP, and mouse 

polyclonal anti-total p53 were purchased from Cell Signaling Technology, Inc. 

(Danvers, MA). Rabbit polyclonal anti-p21 and horseradish peroxidase-linked 

anti-rabbit and anti-mouse antibodies were purchased from Santa Cruz 

Biotechnology Inc. (Santa Cruz, CA). DMEM and fetal bovine serum were 

purchased from Invitrogen (Carlsbad, CA).  Pre-mir-132/212, negative control 

pre-miR, negative control anti-miR were purchased from Ambion, Inc. (Austin, 

TX).  A pair of locked nucleic acid (LNA™) oligonucleotides was designed 

against miR-132/212 with the following complimentary sequences of 

CTG(T/G)AGACTGTTA and synthesized and purchased from Exiqon 

(Vedbaek, Denmark).  Apo-ONE Homogeneous Caspase-3/7 Assay and 

CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (MTS Assay) 

were purchased from Promega Co. (Madison, WI). 

 

Cell Culture. 
 
 LβT2 cells, a gift from Dr. Pam Mellon (UCSD), at passages 13-19 were 
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maintained in monolayer cultures with DMEM supplemented with 10 % FBS, 

antibiotics (penicillin/streptomycin), and Gluta-max (Life Technologies, 

Carlsbad, CA) in a humidified 10 % CO2 atmosphere at 37 ºC. Cells were 

plated at a density of 1x106 cells/ml in triplicate in 24-, 12-, and 6-well plates or 

6-cm dishes coated with 30 ug/mL poly-L-lysine (Sigma, Pittsburgh, PA). For 

GnRH treatment experiments, cells were starved in DMEM containing 0.5% 

FBS, antibiotics (penicillin/streptomycin), and Gluta-max for 17 hours, 24 

hours following the plating. Cells were then stimulated with 10 nM GnRH for 

0.5 to 48 hours in 0.5% FBS starvation media. For anti-miR-132/212 

experiments, cells were transfected with 400 pmol of anti-miR-132/212 per 

million cells or negative control anti-miR either by electroporation using a 

Microporator (Life Technologies) at 1300 mV for two 20 ms pulses or by 

Fugene6 Transfection Reagent (Roche, Piscataway, NY) according to the 

supplier’s protocol. Cells were then plated at a density of 1x106 cells/ml in 

triplicate in 24-, 12-, and 6-well plates or 6-cm dishes coated with 30 ug/mL 

poly-L-lysine and starved in 0.5% FBS media for 17 hours. Subsequently, cells 

were treated with 10nM GnRH for 6 to 48 hours in 0.5% FBS starvation media. 

For pre-miR experiments, cells were transfected with 200 pmol of pre-miR-132 

per million cells or with negative control pre-miR and plated at a density of 

1x106 cells/ml in triplicate in 24-, 12-, and 6-well plates or 6-cm dishes coated 

with 30 ug/mL poly-L-lysine for 6 to 48 h before analysis. For inhibitor 

experiments, cells were pretreated following the overnight starvation with the 
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inhibitors U0126 (5 µM), PD98059 (5 µM), or SQ22536 (100 µM) for 1 hour 

before the 10 nM GnRH stimulation. 

 

Microarray and Quantitative PCR. 

 For the microarray study, the mRNA was isolated from total RNA using 

the ribosomal RNA reduction kit (Life Technologies, Carlsbad, CA) and labeled 

using the NCODE labeling kit (Life Technologies, Carlsbad, CA). RNA from 

unstimulated cells was labeled with Cy3 and RNA from GnRH stimulated cells 

with Cy5. Labeled probes were hybridized to NCODE arrays (Life 

Technologies, Carlsbad, CA) in duplicate. For PCR experiments, total RNA 

was purified with RNA-Bee (Tel-test, Friendswood, TX) according to 

manufacturer’s protocol and first strand cDNA synthesis was done using the 

cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). 

Samples for qPCR were run in 20 mL triplicate reactions on a MJ Research 

Chromo4 instrument using iTaq SYBR Green Master Mix (Bio-Rad, Hercules 

CA). Sequence- specific primers for AK006051, SirT-1, Beta-actin, and 

GAPDH were designed using the Universal Probe Library Assay Design 

Center (Roche). Mature miRNA expression was quantified using Taqman 

Micro-RNA Assays (Applied Biosystems, Foster City, CA) for miR-132 and 

miR-212 and normalized to miR-30c expression, which does not change with 

GnRH treatment (Table 1). Gene expression levels were calculated after 

normalization to the housekeeping genes, GAPDH and/or beta-actin, using the 
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∆∆Ct method and expressed as fold mRNA expression levels with respect to 

non-treated cells. Error bars are SEM. 

 

Western Blot. 

 LβT2 cells were washed twice with cold DPBS and lysed on ice with 3X 

RIPA buffer with protease inhibitor (Stratagene, La Jolla, CA) for 5 minutes. 

The lysates were collected with scrapers and sonicated to shear the 

chromosomal DNA to be centrifuged for 10 min at 14,000 rpm, 4°C. Total 

protein was then quantified using Bio-Rad’s DC Protein Assay. Using the 

quantified concentrations of the samples, either 4X LDS Loading Buffer or 6X 

Sample Buffer (Life Technologies, Carlsbad, CA) was added to 25 ug of 

protein from each sample and boiled for 5 min to denature proteins. The 

protein samples were separated by SDS-PAGE on 8-15% acrylamide gel 

(BioRad) at 150 V for 1 h, then electrotransferred to polyvinylidene difluoride 

(PVDF) membranes at 90V for 2 hours (Immobilon-P, Millipore Corp., Bedford, 

MA). The membranes were blocked with 5% nonfat dried milk or 5% BSA in 

TBS-Tween (50mM Tris-HCL, pH 7.4, 150mM NaCl, 0.1% Tween-20) for 1 h 

at room temperature, depending on the blocking buffer used for primary 

antibody incubation. Blots were incubated with polyclonal primary antibodies in 

blocking buffer (5% BSA for SirT-1, acetylated p53, and PUMA or 5% nonfat 

dried milk for total p53, PARP, p21, and βtubulin) overnight at 4 ºC. Following 

the primary antibody incubation, the blots were then washed 3 times in TBS-
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Tween and incubated with horseradish peroxidase linked secondary 

antibodies followed by chemiluminescent detection using SuperSignal West 

Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL). 

 

Transfection and Knock-Down. 

 LβT2 cells were transfected with pre-miR-132/212, pre-miR negative 

control, anti-miR-132/212, and negative control anti-miR by either of the 

following two methods: by electroporation using the Microporator  (two 20ms 

pulses at 1300mV) or by Fugene6 Transfection. In SirT-1 knockdown 

experiments, LβT2 cells were transfected with SirT-1 siRNA from Santa Cruz 

Biotechnology. 

 

CellTiter® 96 Aqueous Nonradioactive Cell Proliferation Assay. 

The CellTiter® 96 Aqueous nonradioactive cell proliferation assay is a 

colorimetric method for determining the number of viable cells in proliferation 

assays. The assay is composed of solutions of the tetrazolium compound 3-

(4,5-dimethylthiazol-2-yl)-5-(3- carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) and the electron coupling reagent phenazine methosulfate; 

(PMS). MTS is biologically reduced by metabolically active cells into a 

formazan product that is soluble in tissue culture medium. The absorbance of 

the formazan at 490 nm is proportional to the mitochondrial activity of the cells 

in the tissue culture. LβT2 cells were plated onto 24 well plates at 106 cells per 



12	  
	  

	  
	  

mL treated as appropriate and the mitochondrial activity was assessed at 0, 6, 

12, and 24 h post treatment using the MTS assay following the manufacturer’s 

protocol. At each time point, 20 uL of MTS reagents were added into each well 

of the 24 well plate and incubated for an 1.5 h in a humidified 10 % CO2 

atmosphere at 37 ºC. Following incubation, content of the each well was 

transferred to a 96 well plate and the absorbance of the resulting solution was 

read at 490 nm using microplate reader (Spectra Max 340, Molecular 

Devices). 

 

Apo-ONE Caspase-3/7 Homogeneous Assay. 

The Apo-ONE Caspase-3/7 Homogeneous Assay includes a pro-

fluorescent caspase 3/7 substrate with an optimized bifunctional cell 

lysis/activity buffer. The caspase-3/7 substrate Z-DEVD-R110 is a 

profluorescent substrate which becomes fluorescent upon cleavage by 

caspase-3/7. Thus, the amount of fluorescent product is proportional to the 

casepaes-3/7 cleavage activity present in the sample. 2 x 105 LβT2 cells were 

grown on 24 well plates and either treated with 10 nM GnRH, or transfected 

with pre-miR or negative control pre-miR, or anti-miR or negative control anti-

miR as described previously in 200 uL 0.5%FBS starvation media. At the end 

of each treatment, 200 ul of the assay reagent was added to each well and the 

incubated on a plate shaker for 1 h at 350 rpm. Following incubation, 
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fluorescence was measured in a fluorometer at excitation wavelength of 499 

nm and emission 521 nm. 
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RESULTS 

 
GnRH treatment causes cell cycle arrest and apoptosis in LβT2 cells. 

 
 It has been shown previously that tonic GnRH treatment on LβT2 cells for 

longer than 12 h has anti-proliferative and subsequent apoptotic effects. 

Serum starvation at 0.5% FBS alone causes minimal cell death and apoptosis, 

but GnRH stimulation notably increases cell death (Figure 1). As seen, a 

densely packed monolayer of cells is reduced significantly upon GnRH 

treatment with an increase in the number of floating cells and membrane 

blebbing on surviving cells. 

 In order to quantify the extent of cell death caused by GnRH stimulation, 

we measured viable cell counts using trypan blue and expressed the results 

as percentage nonviable cells (Figure 2). Trypan blue is a vital stain that 

selectively stains nonviable cells with membrane damage due to the negative 

charge of the chromophore.  The extent of cell death expressed in percent 

nonviable cells increases markedly by 6 h and is maintained to 24 h of tonic 

GnRH treatment. Untreated cells did not show an increase in non-viable cells.. 

In order to quantify apoptosis following GnRH stimulation, we stained cells 

with Annexin V. Consistent with other’s findings (14), GnRH treatment 

increases apoptosis of cells to 52% (+/-12%) versus 18% (+/- 5%) in non-

treated cells (Figure 3). Finally, we confirmed this increased apoptosis using 

the Apo-ONE Homogeneous Caspase-3/7 Apoptosis Assay with different 
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times of GnRH treatment. As before, GnRH treatment increases apoptosis 

measured by caspase 3/7 activities by 450% at 12h and 480% at24h 

compared to non-treated cells and increasing 1200% at 48 h of GnRH(Figure 

4).   

 

GnRH stimulation causes upregulations of miR 132/212 in LβT2 cells. 

 In order to elucidate the mechanisms this block in proliferation occur and 

at the same time make a connection between GnRH signaling in 

gonadotropes with post-transcriptional regulation by miRNA, we performed 

miRNA expression microarray profile on RNA from LβT2 cells following 24 h 

GnRH treatment (Table 1). Out of 280 miRNAs on the NCODE chip, only 85 

were detected in LβT2 cells, most of which were not significantly altered by 

GnRH treatment. Among the most highly upregulated miRNAs, miR-212 

expression was induced 41-fold, and miR-132 was induced 10-fold. (Figure 5) 

This was verified by qPCR for the mature forms of miR-132/212 (Figure 6). 

MiR-30c was used as an internal control for LβT2 cells based on the 

microarray data showing that its expression is unchanged by GnRH.  

 MiR-132/212 arise from the miR-212/132 cluster located in the intron of 

the non-protein coding mouse EST AK006051 gene on mouse chromosome 

11 (Figure 7). Both microRNAs are highly conserved across vertebrates as is 

the promoter region. The intron and promoter have CRE consensus 

sequences directly upstream, and the expression is enhanced by the 
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transcription factor cAMP-response element binding protein (CREB)(23). It is 

thought that miR-132 and 212 are derived from the same primary microRNA 

and share the same seed sequence, indicating that they have the similar 

target mRNAs. QPCR analysis shows robust induction of the AK006051 

transcript starting at 30 min under GnRH treatment (Figure 8). The induction is 

reduced at 24 hours, although it remains significantly upregulated even at 48 

hours. In order to elucidate signaling events upstream of AK006051 induction, 

we pre-treated cells with the adenylate cyclase inhibitor SQ22536, the MEK 

inhibitors U0126 or PD89059. Pre-treatment with SQ22536 reduces the 

GnRH-induced increase in AK006051 mRNA, confirming cAMP-mediated 

miR-132/212 induction (Figure 8).  

 

miR-132/212 causes downregulation of SirT-1 

 Among the hundreds of predicted miR-132/212 targets identified by 

miRANDA, TargetScan, and miRacle, Silent Information Regulator SirT-1 was 

identified as a potential miR-132/212 target (Tables 2, 3). SirT- 1 is an enzyme 

that catalyzes deacetylation of acetyl-lysine residues by a mechanism in which 

NAD+ is cleaved and a unique product, O-acetyl ADP-ribose, is generated 

(24, 25). Sirt-1 plays a critical role in a wide variety of processes including 

stress resistance, differentiation, and aging (25). Of the myriad of cellular 

functions SirT-1 is known to exhibit, it has been shown to interact with and 

deacetylate the p53 tumor suppressor protein, which is a key transcriptional 
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regulator of genes involved in cell cycle progression, apoptosis, and DNA 

repair. P53 becomes acetylated after DNA damage, and the acetylated form 

increased transcriptional activity, enhanced site-specific DNA binding, and 

increased stability as the acetylation prevents ubiquitination and subsequent 

proteasomal degradation. SirT-1 mediated deacetylation of p53, therefore, 

reduces p53-mediated transcription, preventing cellular senescence and 

apoptosis induced by DNA damage and stress. (24, 25, 26) 

 In LβT2 cells both SirT-1 mRNA and protein are reduced upon GnRH 

stimulation (Figure 9). In order to confirm that miR-132/212 are directly 

responsible for the degradation of SirT-1, we transfected cells with pre-miR-

132 and saw a significant decrease in mRNA after 48 hours (Figure 10A). 

Transfection of cells with pre-miR-132 also caused decrease in SirT-1 protein 

levels (Figure 10B). We also transfected cells with a locked nucleic acid (LNA) 

complimentary to the seed sequences of miR-132/212 or negative control anti-

miR for 48 hours prior to 24 hours of GnRH treatment. This abolished the 

GnRH-induced reduction in SirT-1 mRNA (Figure 10B). 

 P53 is a tumor suppressing transcription factor that inhibits proliferation 

and induces apoptosis in response to cellular stress or damage (26) 

Acetylation of p53 protects it from ubiquitination and is required for the 

transcriptional activity of p53 (26, 27). SirT-1 has previously been shown to 

deactylate p53. Thus, we investigated whether acetylation of p53 changes 

following GnRH stimulation. As expected, GnRH stimulation causes a time 
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dependent increase in p53 acetylation starting at 6 h. We also see increases 

in p53 target genes p21 and PUMA (Figure 11). To ensure these cellular 

responses are caused by miR-121/212, we transfected cells with pre-

miR132/212 and saw corresponding increase in acetylated p53 and p21 

protein (Figure 12A). Further, we transfected cells with the anti-miR-132/212 

or negative control anti-miR for 24 h and treated with GnRH for 6 h and 

observed that the acetylated p53 and p21 upregulations upon GnRH 

stimulation was abolished (Figure 12B). Thus, our data taken together suggest 

that the degradation of SirT-1 is likely to be responsible for the activation of the 

p53 pathway. 

 

 
MiR-132/212 mediate GnRH stimulated cell cycle arrest and apoptosis in 

LβT2 cells. 
 
 In order to confirm that miR-132/212 are responsible for the observed 

cell cycle arrest and apoptosis in LβT2 cells, we transfected LβT2 cells with 

either pre-miR-132/212 or negative control and compared the number of viable 

cells using the MTS Assay (Figure 13A) and the activity of caspase3/7 using 

Apo-ONE Homogenous Caspase3/7 Assay (Figure 13B). As a result, 

transfection with the pre-miR-132 reduced the number of viable cells and 

increased caspase 3/7 activities.  

Alternatively, we tested the effect of the anti-miR132/212 on GnRH 

stimulated cell cycle arrest and apoptosis in LβT2 cells. Cells were transfected 
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either with anti-miR-132/212 or with negative control anti-miR and plated for 

24 h prior to 10 nM GnRH treatment for 48 h. Using the MTS assay, we 

assessed the number of viable cells in proliferation and found that transfection 

with anti-miR-132/212 blocked GnRH-stimulated lock in proliferation (Figure 

14A). Also, measurement of activities of caspase-3/7 with Apo-ONE 

Homogenous Caspase 3/7 Assay revealed that transfection with anti-miR-

132/212 abolished the anti-proliferative effect of GnRH on LβT2 cells (Figure 

14B). 
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DISCUSSION 
 
 

The transcriptional up-regulation of specific miRNA genes is a potential 

mechanism by which signal transduction cascade could mediate their cellular 

functions and various examples of this phenomenon have already been 

reported in numerous different tissues (28). For example, up-regulation of 

miR-146a by Toll-like receptors (TLRs) is suggested to play a critical role in 

negative feedback loops involved in controlling TLR signaling (29).  

Furthermore, induction of miR-17/92 cluster by interleukin-6 (IL-6) is reported 

to be responsible for the effect of IL-6 on bone morphogenetic protein receptor 

2 (BMPR2) expression (30). In the present study, we reveal that GnRH up-

regulates miR-132/212 at least in part to exert its effect on its target LβT2 cell.  

 

Microarray analysis in GnRH stimulated LβT2 cells identified 85 miRNA 

transcripts that are differentially expressed and also identified miR-132/212 as 

the most highly induced. Previously, the miR-132/212 gene has been shown 

to be regulated in several different cell types and miR-132 is emerging as an 

important regulatory locus in several biological circuits (31). For example, 

Brain-derived neurotropic factor (BDNF) induces a rapid and prolonged miR-

132 response in cortical neurons. Also, miR-132 is found to be enriched in 

neurons and is transcriptionally regulated by the basic leucine zipper 

transcription factor cAMP-response element binding protein (CREB) (32). 

Furthermore, in the suprachasmatic nucleus of the mouse hypothalamus, 
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which functions as the master-circadian clock, miR-132 is light-inducible and 

exhibits circadian rhythm of expression, with peak level observed during the 

subjective day (33). The qPCR results of LβT2 cells for AK006051 containing 

the miR-132/212 cluster show GnRH-stimulated upregulation of the transcript 

and the mature form. Further, the levels of the mature forms of miR-132/212 

were upregulated and maintained even after the decline of the AK006051 

promoter induction. This seems to suggest the importance miR-132/212 may 

play in properly mediating GnRH response. We have shown that the highly 

robust induction of AK006051 by GnRH is likely due to adenylate cyclase 

activation and the cAMP signaling cascade, which confirms the previous 

studies demonstrating cAMP-dependent increase in miR-132/212 in other cell 

types and tissues. MiR-132/212 has also been shown to be under the direct 

control of CREB response elements located upstream of the miR-132/212 

sequences. Taking the robust and specific induction of miR132/212 and the 

potential means by which it could be highly controlled all suggest that miR-

132/212 may in fact play a critical role in proper cellular function.  

 

Analysis of the potential list of the miR132/212 targets generated by 

TargetScan, miRanda, and miRacle yielded SirT-1 as a putative target. The 

sirtuins are a class of proteins involved in a myriad of cellular functions such 

as gene silencing, cell cycle control, and apoptosis (34). Of this sirtuin family, 

SirT-1 is the most well characterized and it has been shown that SirT-1 
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deactetylates p53 to promote cell survival and binds to other proteins that act 

in response to DNA damage and oxidative stress (34).  Previously, it has been 

shown that GnRH exerts anti-proliferative action on LβT2 cells but the process 

of which was still unknown. Thus, we investigated whether or not miR-132/212 

mediates the GnRH induced cell cycle arrest via down-regulation of SirT-1.  

 

First, we confirmed that both protein and transcript levels of SirT-1 was 

reduced after GnRH stimulation. Further, we showed that Pre-miR-132/212 

alone reduces the level of the transcripts, and anti-miR-132/212 rescues 

GnRH-induced degradation of SirT-1. In order to delineate the mechanism by 

which SirT-1 down-regulation induces block in cell proliferation and ultimately 

apoptosis in LβT2 cells, we also showed that acetylation of p53, a well-

characterized deacetylase target of SirT-1, also increases with GnRH 

stimulation. This effect is also recapitulated by pre-miR-132/212 transfection 

and inhibited by transfection with anti-miR-132/212. In addition, p21, a 

transcriptional target of p53, also accumulated upon GnRH stimulation. This 

effect was also recapitulated by pre-miR-132/212 transfection as well as 

blocked by transfection with anti-miR-132/212 prior to GnRH stimulation. 

These data taken together suggest that GnRH-induced block in proliferation 

and apoptosis are mediated by SirT-1 down-regulation and caused by the 

activation of p53 leading to transcriptional up-regulation of p21.  
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Secondly, we confirmed the anti-proliferative and apoptotic action of 

GnRH upon LβT2 cells by using various proliferation and apoptosis assays. 

Trypan blue cell exclusion viability assay, Annexin V staining, Apo-ONE 

Homogeneous Caspase-3/7 Apoptosis Assay, and CellTiter 96 Non-

Radioactive Cell Proliferation Assay all revealed reduced proliferation and 

subsequent apoptosis following tonic GnRH treatment. Further, pre-miR-

132/212 transfection resulted in corresponding block in proliferation and 

subsequent apoptosis. Transfection with anti-miR-132/212 prior to GnRH 

stimulation resulted in inhibition of anti-proliferative and apoptotic effects of 

GnRH on LβT2 cells.  

 

Together with the previous findings, these results suggest that miR-

132/212 mediate anti-proliferative and apoptotic action of GnRH in LβT2 cells 

via down-regulation of SirT-1. Although we studied this occurrence under tonic 

stimulation of GnRH in static culture and it is improbable that observed 

apoptosis of gonadotropes occurs in vivo, we propose that the miR-132/212 

mediated anti-proliferative action of GnRH may have physiological 

implications. Previous studies in our laboratory have implicated the role of 

GnRH induced miR-132/212 upregulation in p250RhoGAP suppression 

leading to establishment of cell-to-cell communication among gonadotropes by 

growth and maintenance of dendritic spines. Here, by revealing the role miR-

132/212 on GnRH induced block in proliferation in LβT2 cells, we point out the 
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potential importance of the proposed mechanism on the coordination among 

the gonadotropes in vivo. We believe that gonadotorpes enter G0 phase upon 

GnRH stimulation in order to commit most of the available energy to neurite 

outgrowth and any amount of locomotion to establish better connection among 

the cells.  

 

In conclusion, we have demonstrated the role miR-132/212 may play in 

the GnRH response by pituitary gonadotropes as well as point out the 

possibility that miR-132/212 may play a vital role in the coordination of the 

cyclic control of	  gonadotropin release and ultimately reproductive function.	  
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Figure 2. Trypan blue cell exclusion assay of GnRH treated and non-
treated cells. 
Cells were cultured and subsequently starved overnight before the media 
was changed to either fresh 0.5% FBS media (non-treated) or 0.5% FBS 
media with 10 nM GnRH. Cells floating and attached were both counted 
using hemocytometer to elucidate the cocentration of viable and non-
viable cells to calculate the total percent non-viable cells. (n=2) 
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Figure 4. GnRH induces apoptosis. 
Cells were cultured on 24 well plates in 10% FBS media and starved 
in 0.5% FBS media overnight. Media was then changed with either 10 
nM GnRH in 0.5% FBS or without. Caspase 3/7 activities were 
assayed using ApoOne Homogenous Caspase 3/7 Assay. (n=3 
 
 
 
) 

 
 



29	  
	  

	  
	  

Table 1. miRNA exression profile of LβT2 cells.  
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Table 1, Continued 
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Figure 5. Microarray microRNA profile of LβT2 cells upon GnRH stimulation. 
As shown, with 24 h 10nM GnRH stimulation, miRNAs 212 and 132 are highly 
induced. 
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Figure 6. QPCR of mature miR-132/212 induction. 
QPCR analysis using TaqMan micro-RNA Assays for 
mature miR-132 and miR-212. Data is fold expression of 
each miRNA normalized to non-treated cells. miR-30c 
was used as the internal control.   
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Figure 7. The loci of miR-132/212 in mouse EST AK006051. 
Schematic of the loci of miR-132/212 in mouse EST AK006051. The sequence is 
highly conserved among various vertebrates and both miR132/212 have consensus 
CRE sites directly upstream.  
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Figure 9. GnRH downregulates SirT-1. 
Cells were treated with 10nM GnRH after overnight starvation. A.QPCR analysis of 
SirT-1 mRNA fold expression is normalized to non-treated cells. B. Protein levels of 
SirT-1 with GnRH stimulation of the following time points: 2 h, 4 h, 6 h, 12 h, 24 h.   

A. B. 
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Figure 10. miR-132/212 mediates GnRH stimulated 
downregulation of SirT-1. 
A. QPCR analysis of SirT-1 mRNA fold expression normalized to beta actin 
following pre-miR-132 transfection. B. Protein levels of SirT-1 of cells 
transfected with either negative control pre-miR or with pre-miR-132. C. 
QPCR analysis of SirT-1 mRNA fold expression normalized to beta actin 
following transfection with either anti-miR-132/212 or with negative control 
and either with or without 10 nM GnRH treatment.  
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Figure 11. MiR-132/212 induces cell cycle arrest and 
apoptosis through SirT-1-p53 pathway. 
GnRH increases p53 acetylation and induces p21 and PUMA, both 
peaking its levels at 6hr. PARP cleavage is also induced, peaking at 24 
h post GnRH treatment   
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Figure 12. MiR-132/212 induces cell cycle arrest and apoptosis through SirT-1-
p53 pathway. 
A. Transfection with pre-miR-132 causes increase in p53 acetylation and p21 protein 
levels at 48 h post transfection. B. Transfection with anti-miR-132/212 blocks the 
GnRH stimulated acetylation of p53 and induction of p21 at 6 h post GnRH 
treatment. 
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Figure 13. Reduction in proliferative activity and increase in apoptosis following 
pre-miR132 transfection. 
A. Proliferative activity of cells following pre-miR132 transfection was assessed using 
CellTiter Aqueous Non-Radioactie Prolifeartion (MTS) Assay at 0, 24, and 48 h. As the 
data show, pre-miR transfected cells consistently showed lower viability than cells 
transfected with negative control pre-miR.  (n=2) B. Apoptosis induced by pre-miR 
transfection was assessed using Apo-ONE Homogenous Caspase 3/7 Apoptosis 
Assay. Values are given in fold increase relative to negative control pre-miR. As 
shown, apoptosis is induced by pre-miR transfection at 24 and 48 h. (n=3) 
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Figure 14. Anti-miR-132/212 blocks the GnRH-induced reduction in proliferative 
activity and increase in apoptotic activity. 
A. Cells were first transfected with either anti-miR-132/212 or with negative control. 
Media was then changed to 0.5% FBS media with 10 nM GnRH or without and the 
proliferative activities of cells were assessed using CellTiter Aqueous Non-Radioactie 
Prolifeartion (MTS) Assay at 48 h. As the data show, anti-miR transfection blocks the 
GnRH-induced reduction in proliferation seen in cells transfected with negative control. 
(n=2) B. Cells were first transfected either with anti-miR-132/212 or with negative 
control. Media was then changed to 0.5% FBS meia with 10 nM GnRH or without and 
the activities of caspase 3/7 were measured using Apo-ONE Homogenous Caspase 3/7 
Apoptosis Assay. Values are the average fluorescence reading values. As shown, 
GnRH induced apoptosis is blocked by anti-miR transfection at 48 h. (n=3) 
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