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ABSTRACT OF THE DISSERTATION 

 

Regulation of FSHB transcription by a Novel Distal Enhancer 

 

by 

 

Stephanie Claire Bohaczuk 

 

Doctor of Philosophy in Neurosciences 

 

University of California San Diego, 2021 

 

Professor Pamela Mellon, Chair 

 

Follicle- stimulating hormone (FSH) is a glycoprotein hormone that is an essential 

regulator of mammalian fertility. Produced within gonadotrope cells in the anterior pituitary, 

FSH, along with the other pituitary gonadotropin, luteinizing hormone, act on the gonads to 

regulate pubertal maturation, hormone synthesis, and gametogenesis. Genome-wide association 

studies (GWAS) link a 130 Kb locus at 11p14.1 that encompasses the FSH beta-subunit gene 
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(FSHB) with fertility-related traits including polycystic ovary syndrome, age of natural 

menopause, and dizygotic twinning. The rate-limiting step in FSH synthesis is transcription of 

the beta subunit. Therefore, understanding the transcriptional regulation of FSHB is critical to 

understand how FSHB dysregulation contributes to infertility. The lead single nucleotide 

polymorphism from several studies is rs11031006, which resides within a highly evolutionarily 

conserved, ~450 base pair element located 26 Kb upstream of the FSHB transcriptional start site 

in humans. We hypothesized that the highly conserved element is an enhancer of FSHB and that 

the minor allele of the rs11031006 polymorphism would impair FSHB transcription. Chapter 1 

describes the conserved element in the context of basal regulation and demonstrates that it is, 

indeed, an enhancer of FSHB transcription in human and mouse. Counter to our initial 

hypothesis, the rs11031006 variant increased, rather than decreased, FSHB transcription, likely 

through creation of a higher affinity binding site for the transcription factor Steroidogenic factor 

1. Chapter 2 describes the role of the novel FSHB enhancer in the context of hormone regulation. 

The enhancer potentiated activin- and gonadotropin-releasing hormone- induction of FSHB, 

dependent upon a binding site within the enhancer for SMAD transcription factors, which are 

downstream effectors of activin signaling. Chapter 3 examines the in vivo necessity of the Fshb 

enhancer in a mouse model and the effect of the rs11031006 minor allele. Neither deletion of the 

enhancer or the rs11031006 minor allele impaired adult fertility, possibly indicating that other 

enhancers of Fshb can compensate. Overall, we identified a novel enhancer of basal and 

hormone-stimulated FSHB transcription and demonstrate that the rs11031006 allele increases the 

activity of the enhancer, although the role of the enhancer and rs11031006 variant in vivo 

requires further resolution. 

 



 

1 

INTRODUCTION 

The hypothalamic-pituitary-gonadal (HPG) axis 

The HPG axis regulates mammalian fertility. At the apex is the hypothalamus, which 

releases pulsatile gonadotropin-releasing hormone (GnRH) through the hypophyseal portal to 

gonadotrope cells in the anterior pituitary. GnRH binds its receptor on the cell surface of 

gonadotrope cells and stimulates synthesis and secretion of the gonadotropins, follicle-

stimulating hormone (FSH) and luteinizing hormone (LH). The gonadotropins act on the gonads 

to regulate reproductive function and sex steroid synthesis. Sex steroids are secreted and travel to 

the hypothalamus through the bloodstream to regulate GnRH secretion. In this way, appropriate 

control of the HPG axis is maintained to regulate fertility. 

 

Differential regulation of FSH and LH 

LH and FSH are glycoprotein hormones, each consisting of a heterodimer including a 

common alpha subunit (αGSU) and a unique beta subunit. While transcription and release of LH 

and FSH occurs within the same cell and are both stimulated by the pulsatile release of GnRH 

from the hypothalamus, the differential regulation of LH and FSH is critical for ovulation and 

ovarian steroidogenesis. 

One mechanism of differential regulation is GnRH pulse frequency and amplitude. High 

amplitude, high frequency GnRH pulses favor LH synthesis and secretion, whereas slower pulses 

stimulate FSH synthesis and secretion (1-4). FSH is also upregulated by activin (5). Activin is 

synthesized in the gonads and gonadotrope cells themselves, forming an autocrine loop (5, 6). 

Activin signaling phosphorylates SMAD proteins, which bind to the proximal promoter of the 
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gene encoding the beta subunit of FSH (FSHB) and activate its transcription (7). Inhibin and 

follistatin inhibit activin signaling and sequester activin, respectively (5, 8, 9).  

 

Altered FSH levels impair fertility 

The importance of FSH in reproduction is underscored by loss-of function (LOF) 

mutations, which result in infertility in both sexes (10). In males, FSH is critical for 

spermatogenesis and Sertoli cell differentiation and proliferation (11, 12). In females, FSH is 

critical for folliculogenesis and estrogen synthesis. FSH drives oocyte maturation by promoting 

estrogen synthesis and preparing granulosa cell responsiveness to the ovulatory LH surge by 

inducing expression of LH receptors (13, 14). FSH accelerates the conversion of testosterone to 

estrogen through its action on granulosa cells, where it upregulates aromatase, the enzyme 

responsible for this conversion (15). Extremes of FSH can lead to infertility, as low FSH levels 

halt follicular growth and high FSH levels are associated with premature ovarian failure (16). 

Therefore, FSH serum levels, primarily limited by the rate of FSHβ transcription (17, 18), must 

be tightly controlled to maintain female fertility. 

 

GWAS links gonadotropins and their receptors to female fertility 

Multiple GWAS studies in European and Chinese populations identified the chr 11p14.1 

locus, which spans 130 kb and contains the 5’ upstream and coding sequence of FSHB, in 

association with traits of female fertility including PCOS risk, gonadotropin levels, age of natural 

menopause, and dizygotic twinning (19-24). The lead SNP identified in several studies, 

rs11031006 (rs06), resides ~26 kB upstream of FSHB in humans within an element that is highly 

conserved among mammals. The minor allele frequency is approximately 8% (25). It is 
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interesting to note that the rs06 SNP minor allele correlates with a copy-number dependent 

increase in LH serum levels and LH to FSH ratio in women, a feature of PCOS (26). 

Additionally, as high levels of FSH result in premature ovarian failure and a higher dizygotic 

twin rate, it is consistent that the rs06 minor allele (A) is correlated with an older age of natural 

menopause and a lower rate of dizygotic twin births (23, 27).  

GWAS provides important correlative evidence to identify variants that contribute to 

disease etiology but does not directly test causality or mechanism. The rs11031006 SNP is in 

linkage disequilibrium with many other polymorphisms. From GWAS alone, it is unknown 

whether rs11031006 itself affects FSHB or merely correlates with a variant that does. 

Furthermore, regulatory elements can act over many kilobases, so even if a causal variant were 

known, it still may not act directly on FSHB. Finally, GWAS cannot identify the mechanism by 

which a variant affects fertility. To fully understand how regulatory regions containing 

polymorphisms contribute to expression of their target genes, detailed mechanistic studies, as 

presented in the chapter below, are an essential basis for the development of personalized and 

effective treatments. 
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CHAPTER 1: FSHB TRANSCRIPTION IS REGULATED BY A NOVEL 5' DISTAL 

ENHANCER WITH A FERTILITY-ASSOCIATED SINGLE NUCLEOTIDE 

POLYMORPHISM 

Abstract 

The pituitary gonadotropins, follicle-stimulating hormone (FSH) and luteinizing 

hormone, signal the gonads to regulate male and female fertility. FSH is critical for female 

fertility as it regulates oocyte maturation, ovulation, and hormone synthesis. Multiple genome-

wide association studies (GWAS) link a 130 Kb locus at 11p14.1, which encompasses the FSH 

beta-subunit (FSHB) gene, with fertility-related traits including polycystic ovary syndrome, age 

of natural menopause, and dizygotic twinning. The most statistically significant single-nucleotide 

polymorphism from several GWAS studies (rs11031006) resides within a highly conserved 450 

bp region 26 Kb upstream of the human FSHB gene. Given that sequence conservation suggests 

an important biological function, we hypothesized that the region could regulate FSHB 

transcription. In luciferase assays, the conserved region enhanced FSHB transcription and gel 

shifts identified a binding site for Steroidogenic factor 1 (SF1) contributing to its function. 

Analysis of mouse pituitary single-cell ATAC-seq demonstrated open chromatin at the 

conserved region exclusive to a gonadotrope cell-type cluster. Additionally, enhancer-associated 

histone markers were identified by immunoprecipitation of chromatin from mouse whole 

pituitary and an immortalized mouse gonadotrope-derived LβT2 cell line at the conserved 

region. Furthermore, we found that the rs11031006 minor allele upregulated FSHB transcription 

via increased SF1 binding to the enhancer. All together, these results identify a novel upstream 

regulator of FSHB transcription and indicate that rs11031006 can modulate FSH levels. 
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Introduction 

Follicle-stimulating hormone (FSH) is a key regulator of fertility. In females, FSH is 

critical for folliculogenesis and steroidogenesis. FSH drives oocyte maturation by promoting 

estrogen synthesis and preparing granulosa cell responsiveness to the ovulatory luteinizing 

hormone (LH) surge by inducing the expression of LH receptors (13, 14). FSH accelerates the 

conversion of testosterone to estrogen through its action on granulosa cells, where it regulates the 

expression of aromatase, the enzyme responsible for this conversion (15). In males, FSH 

stimulates Sertoli cell differentiation and proliferation during development and promotes 

spermatogenesis (11, 12). FSH is a glycoprotein hormone consisting of a unique beta subunit 

(FSHβ), encoded by the FSHB gene, and a common alpha subunit (αGSU), encoded by the CGA 

gene, which also is a component of the other glycoprotein hormones including LH, thyroid-

stimulating hormone, and human chorionic gonadotropin. The gonadotropins, FSH and LH, are 

both synthesized and secreted by gonadotrope cells within the anterior pituitary.  

Constitutive FSH secretion is maintained throughout the cycle. Studies using 

immortalized mouse gonadotrope-derived LβT2 cells (28) have shown that transcription factors 

including Paired-like homeodomain 1 (PTX1), LIM homeobox gene 3 (LHX3), and 

Steroidogenic factor 1 (SF1, encoded by NR5A1) in cooperation with Nuclear transcription factor 

Y (NFY) bind to the Fshb proximal promoter to regulate basal transcription (29-31). FSH serum 

levels are primarily limited by the rate of Fshb transcription (17, 18). 

In the human menstrual cycle, FSHB mRNA synthesis and FSH serum levels peak 

midcycle at the time of the LH surge and rise again during the late luteal/early follicular phase to 

initiate follicular maturation (32). Similarly, in rodents, there is a primary rise that occurs during 

LH-induced ovulation and a secondary rise that occurs during estrus (33). These increases in 
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FSH have been shown to be mediated, in part, by gonadotropin-releasing hormone (GnRH) and 

activin. While hypothalamic GnRH and steroid hormones regulate FSH and LH transcription and 

secretion, FSH is also regulated by activins, inhibins, and follistatin (5, 8, 9). Activin signaling 

phosphorylates SMAD proteins, which bind to the proximal promoter of FSHB and activate its 

transcription in conjunction with the FOXL2 transcription factor (7, 34).  

In humans, inactivating (loss-of-function) mutations in FSHB result in infertility in both 

sexes (10). Females fail to go through puberty (35-38), while both normal and absent puberty 

have been reported in males (37, 39, 40). Female, but not male, Fshb knock-out mutant mice are 

infertile, and the phenotype of the female recapitulates failure to ovulate and reduced uterine and 

ovarian weight (41). Conversely, high FSH levels in females are associated with premature 

ovarian failure (16). Therefore, FSH serum levels must be tightly controlled to maintain female 

fertility.  

Recent genome-wide association studies (GWAS) from both Caucasian and Han Chinese 

populations identified a 130 Kb locus, mapping to the chromosome 11p14.1 region containing 

FSHB, that is associated with polycystic ovary syndrome (PCOS) (19-22), age of natural 

menopause (ANM) (23), and dizygotic twinning (24). Notably, these fertility-associated traits 

and diseases are all linked with FSH levels (19-24). PCOS is the most common cause of 

anovulatory infertility, affecting up to 10-15% of reproductive-age women (42). PCOS diagnosis 

with the Rotterdam criteria requires two of three diagnostic features: elevated androgens, 

anovulation, or the presence of ovarian cystic follicles (43). The 11p14.1 locus has also been 

associated with decreased FSH, increased LH, and an elevated LH/FSH ratio, characteristic of 

some PCOS patients (19-22, 27, 44). Strikingly, LH levels are also elevated in FSH-deficient 

female mouse models and in women with inactivating mutations of FSHB (10, 35, 36, 38, 41, 
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45), suggesting that FSH insufficiency may contribute to elevated LH in women with PCOS. 

Additionally, GWAS studies for PCOS identified risk loci encompassing the FSH and LH 

receptors (46, 47), suggesting that disturbances in gonadotropin production and action are 

potential mechanisms that contribute to PCOS etiology and pathophysiology. 

The lead single nucleotide polymorphism (SNP) identified in ANM, dizygotic twinning, 

and a subset of PCOS GWAS studies is rs11031006 (G/A) (19, 20), which is located 

approximately 26 Kb upstream of the human FSHB transcriptional start site (TSS). The 

worldwide minor (A) allele frequency is approximately 8% (25). As of yet, the only 

polymorphism associated with FSHB to be functionally interrogated is the rs10835638 (G/T) 

SNP, located 211 base pairs upstream of the FSHB TSS in the proximal promoter. In humans, 

the rs10835638 minor (T) allele has been associated with lower FSH levels in males and 

infertility in both sexes (48-52). The minor (T) allele was found to decrease the binding of the 

LHX3 homeodomain transcription factor to the proximal promoter and reduce basal FSHB 

transcription in cell culture (53). 

The rs11031006 SNP resides within a non-coding region highly conserved among 

vertebrates (Fig. 1.1A). We hypothesized that this conserved intergenic region is an enhancer of 

FSHB transcription, and that FSHB expression would be decreased by the disease-associated 

variant. Consistent with our hypothesis, we determined that the conserved enhancer region 

increased transcription driven by the FSHB proximal promoter via binding of the SF1 

transcription factor to the enhancer region. This region also possessed markers of an enhancer 

including open chromatin exclusively in gonadotrope cells within the pituitary and enrichment of 

the histone markers H3K4me1 and H3K27Ac, which are associated with active enhancers (54, 

55). Contrary to our expectations, conversion to the rs11031006 minor (A) allele increased SF1 
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binding to the enhancer and increased, rather than decreased, FSHB expression, indicating that 

the mechanism linking this SNP to fertility-related traits still remains to be elucidated. 

 

Methods 

Plasmids 

The human -1028/+7 FSHB luciferase reporter plasmid (-1028/+7 FSHB-luc) in a pGL3 

backbone (Promega) was provided by Daniel Bernard (56). A conserved intergenic region 26 Kb 

upstream of FSHB, spanning 450 base pairs (chr11:30,204,683-30,205,132, hg38 assembly), was 

amplified by PCR from a human fosmid template (GenBank accession number: AL358944.12) 

containing the major allele of the rs11031006 SNP (G) using primers “FW human enh-KpnI” 

and “RV human enh-SacI” to add each restriction site (Table 1.1). It was ligated into the 

human -1028/+7 FSHB-luc reporter plasmid between the KpnI/SacI sites, directly upstream of 

the proximal promoter, to create the hEnh/G:1028 FSHB-luc plasmid. Truncations of the 

upstream region were constructed in the same way, with primers designed for intermediate sites 

(Table 1.1). To restore restriction sites within the pGL3 backbone, the mouse -1000/-1 Fshb-luc 

plasmid was constructed by amplifying the promoter region of the previously described mouse -

1000FSHβluc plasmid (57) with PCR using primers “FW mouse pro-MluI” and “RV mouse pro-

XhoI” (Table 1.1) to add each restriction site. The amplicon was ligated into the MluI/XhoI sites 

of the pGL3-Basic plasmid. The mouse equivalent, conserved 450 base-pair element 17 Kb 

upstream of Fshb (chr2:107,076,909-107,077,358, mm10) was amplified from C57BL/6 

genomic mouse DNA with primers “FW mouse enh-KpnI” and “RV mouse enh-SacI” (Table 

1.1) and subcloned into the -1000/-1 Fshb-luc plasmid at the KpnI/SacI sites to create the 

mEnh/G:1000 Fshb-luc plasmid. Plasmids with the human and mouse enhancer in reverse 



 

9 

orientation (RV-hEnh/G:1028 FSHB-luc and RV-mEnh/G:1000 Fshb-luc) were constructed 

exactly as the forward enhancer plasmids except using primers with the KpnI and SacI sites 

switched. Plasmids containing the herpes simplex thymidine kinase (-81/+52 TK) promoter were 

constructed by subcloning the enhancer variants referenced above into the KpnI/SacI sites 

upstream of the TK promoter in a pGL3 backbone (58). Plasmids containing the mouse -523/+6 

Lhb and -493/+9 Gnrhr promoters were constructed by amplifying each region with the “FW 

mouse Lhb-MluI” and “RV mouse Lhb-XhoI” or “FW mouse Gnrhr-MluI” and “RV mouse 

Gnrhr-XhoI” primer sets from C57BL/6 mouse genomic DNA and cloning into the MluI/XhoI 

sites in the human enhancer construct in place of the FSHB promoter to create hEnh/G:Lhb-luc 

and hEnh/G:Gnrhr-luc. The SF1 expression vector in pcDNA3 (Invitrogen) was cloned from a 

pCMV expression vector originally provided by Bon-Chu Chung (59). All plasmids were 

confirmed by Sanger sequencing (Eton Bioscience). 

 

Mutagenesis 

Construction of the SF1 site mutation plasmids, the rs11031006 (G>A) minor allele 

plasmids, and 10 base-pair deletions within the human conserved region was performed using the 

Quikchange II Site-Directed Mutagenesis Kit (Agilent, Cat # 200523) according to the 

manufacturer’s protocol. The hEnh/G:1028 FSHB-luc and the RV-mEnh/G:1000 Fshb-luc 

plasmids were used as templates. Primers were designed using the “Quikchange Primer Design 

Program” from the manufacturer’s website (60). Forward primer sequences are listed in 

Table 1.2; reverse primer sequences are the reverse complement. 

 

Cell Culture and Transient Transfection 
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LβT2 and NIH 3T3 cells were maintained in DMEM (Corning, cat # 10-013-CV) 

supplemented with 10% fetal bovine serum (Omega Scientific, cat # FB-01) and 1% penicillin-

streptomycin (GE Life Sciences, cat # SV30010), and incubated at 37°C, 5% CO2. They were 

passaged at approximately 80% confluency by dissociating cells with 0.25% trypsin-EDTA 

(Gibco, cat # 25200056). Prior to transfection, 4.25x105 LβT2 cells or 5x104 NIH 3T3 cells were 

plated into 12 well plates (Thermo Scientific, cat # 150628) and cultured overnight. The 

following morning, cells were transfected using Polyjet (Sygnagen Laboratories, cat # 

SL100688) according to the manufacturer’s protocol. Each well was co-transfected with 500 ng 

of the luciferase reporter construct and 200 ng of a reporter plasmid encoding β-galactosidase 

driven by the herpes virus thymidine kinase promoter to control for transfection efficiency. NIH 

3T3 cells were also transfected with 20 ng of SF1 expression vector or the same amount of the 

pcDNA3 backbone. After 5 hours, the transfection agent was removed and replaced with 

supplemented DMEM. Three technical replicates were included for each reporter. 

 

Luciferase Assay 

Approximately 48 hours after transfection, cells were washed with 1x PBS and incubated 

for 5 minutes at room temperature in lysis buffer [0.1 M potassium phosphate (pH 7.8) and 0.2% 

Triton-X-100]. Lysate was transferred into two 96-well plates. Luciferase and β-Galactosidase 

activity were measured using a Veritas Microplate Luminometer (Turner BioSystems). For 

luciferase activity, 25 μL of lysate was treated with 100 μL of luciferase buffer [25 mM Tris-HCl 

(pH 7.8), 15 mM MgSO4, 10 mM ATP, and 65 μM luciferin] with a one-second delay before 

measuring luminescence over one second. β-Galactosidase activity was assayed using Galacto-

Light Plus reagents (Tropix, cat# T1009) according to the manufacturer’s protocol. 
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Single-Cell Assay for Transposase-Accessible Chromatin using Sequencing (scATAC-seq) 

Pituitaries were collected from two adult male mice. Nuclei isolation for scATAC-seq 

was performed following the instruction provided by 10xGenomics (scATAC-V1) with some 

modifications. Briefly, 100,000 cells were added to a 2 mL microcentrifuge tube and centrifuged 

(300 x g for 5 min at 4°C). The supernatant was removed without disrupting the cell pellet. Lysis 

Buffer [10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20, 0.1% Nonidet 

P40 Substitute, 0.01% Digitonin, and 1% BSA] was diluted by Lysis Dilution Buffer [10 mM 

Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, 1% BSA] to make 0.1x Lysis Buffer. 100 μL 

chilled 0.1x Lysis Buffer was added to the cell pellet, and then pipette-mixed 10 times. The 

microcentrifuge tube was then incubated on ice for 5 min. Next, 1 mL of chilled Washing Buffer 

[10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20, and 1% BSA] was 

added and gently pipette-mixed 5 times. Nuclei were centrifuged (500 x g for 5 min at 4°C) to 

remove the supernatant, and the wash was repeated. An appropriate volume of chilled Diluted 

Nuclei Buffer (10xGenomics) was added to resuspend nuclei at 2,500 nuclei/μL to retrieve/target 

6,000 nuclei per library following the standard protocol provided by Chromium Single Cell 

ATAC Library and Gel Bead kit (10x Genomics, v1). Each sample library was uniquely 

barcoded. Libraries were then pooled and loaded on a NovaSeq Illumina sequencer and 

sequenced to ~50% saturation on average. 

 

scATACseq Analysis 

Raw sequencing data were converted to fastq format using cell ranger atac mkfastq (10x 

Genomics, v.1.0.0). Read counts of single library were aligned to mm10 reference genome for 
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quantification and analyzed by cellranger-atac count (10x Genomics, v.1.0.0). To ensure 

identical detection sensitivity across libraries, we performed cellranger-atac aggr on integrated 

libraries and normalized all the data to identical sequencing depth. Pituitary cell-type clusters 

were obtained using t-SNE (61) to cluster together cells with similar open chromatin profiles. 

Processed and raw data have been deposited and can be downloaded from NCBI GEO 

(GSE158070) . 

 

Chromatin Immunoprecipitation (ChIP) 

ChIP was performed using the Active Motif ChIP-IT High Sensitivity kit (cat # 53040). 

LβT2 cells were cultured in DMEM supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin in 15 cm tissue culture dishes. Cells were harvested at approximately 

80% confluency and fixed with “Complete Cell Fixation Solution” containing 1.3% 

formaldehyde for 10 minutes. Chromatin was extracted according to the manufacturer’s protocol, 

with the following modifications: After addition of the “Chromatin Prep Buffer” supplemented 

with 100 nM PMSF and 1 μL/mL of “Protease Inhibitor Cocktail”, cells were lysed by passing 

through a 25-gauge needle four times. Prior to sonication, nuclei were diluted with “ChIP 

Buffer” to a density of approximately 3 million per 100 μL. Cells were sonicated in 300 μL 

aliquots in 1.5 mL Bioruptor Pico Microtubes (Diagenode, cat# C30010016) using the Bioruptor 

Pico (Diagenode, cat# B01060010), 30 sec on/30 sec off for 20 minutes total. Following 

centrifugation at 16,000 x g for two minutes to remove cellular debris, 25 μL of chromatin was 

collected as input. Immunoprecipitation was performed according to manufacturer’s protocol, 

using approximately 10 μg of chromatin per reaction. 5 μg of each antibody targeting histone H3 

lysine 27 acetylation (H3K27Ac) (Active Motif, cat # 93133) (62), and histone 3 lysine 27 
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trimethylation (H3K27me3) (Active Motif, cat # 39155) (63) were compared to a normal rabbit 

IgG control (Cell Signaling, cat # 2729) (64). 10 μL of antibody targeting histone H3 lysine 4 

monomethylation (H3K4me1) (Active Motif, cat # 39297) (65) was compared to a normal rabbit 

serum control (Molecular Probes, cat # PLN5001). ChIP DNA was eluted in a total volume of 

200 μL. Input chromatin was treated with RNAse A and Proteinase K. DNA was purified using 

the Active Motif Chromatin IP DNA Purification Kit (cat # 58002) and eluted in a total volume 

of 200 μL. 

For the whole pituitary ChIP, 4-12 pituitaries from randomly-cycling adult C57BL/6 

female mice were pooled in a glass dounce and homogenized in “Complete Tissue Fixation 

Solution” containing 1% formaldehyde in PBS for 10 minutes. Chromatin was extracted as 

above. Prior to sonication, nuclei were diluted with “ChIP Buffer” to a density of approximately 

2 million per 100 μL. Cells were sonicated in 150-300 μL aliquots in 1.5 mL Bioruptor Pico 

Microtubes (Diagenode, cat# C30010016) using the Bioruptor Pico (Diagenode, cat# 

B01060010), 30 sec on/30 sec off for 10 minutes total. Immunoprecipitation was performed 

according to manufacturer’s protocol, using approximately 25 μg of chromatin per reaction. 5 μg 

of each antibody targeting H3K27Ac (Active Motif, cat # 93133) (62) or H3K4me1 (Active 

Motif, cat # 61633) (66) were compared to a normal rabbit IgG control (Cell Signaling, cat # 

2729) (64). Input was collected from the flow-through of the IgG immunoprecipitation. Input 

and samples were treated with Proteinase K, purified using the QIAquick PCR Purification kit 

(Qiagen, cat# 28104), and eluted in a total volume of 100 μL. 

 

Quantitative PCR Analysis 
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Primers targeting the mouse conserved intergenic region (putative enhancer), Fshb 

proximal promoter, and control regions (Table 1.3) were designed using IDT PrimerQuest (67) 

and NCBI Primer-BLAST (68). DNA from input and immunoprecipitated samples were 

measured using iQ SYBR Green Supermix (Bio-Rad Laboratories, cat # 1708880) in a CFX 

Connect Detection System (Bio-Rad Laboratories). A standard curve of serial input dilutions was 

constructed for each plate and used to compute the concentration of each sample as % input. A 

dissociation curve was performed following PCR to ensure the presence of a single product. 

Three technical replicates were included per experiment. 

 

Electrophoretic mobility shift assay 

To prepare nuclear extracts, LβT2 cells were washed once with PBS and lysed in a buffer 

containing 20 mM Tris pH 7.4, 10 mM NaCl, 1 mM MgCl2, 1 mM PMSF, 10 mM NaF, and 10 

μL/mL of protease inhibitor cocktail (Sigma, cat # P8340). Cells swelled on ice for 15 minutes 

before they were passed four times through a 25G needle. Nuclei were collected by 

centrifugation at 3750 x g for 4 minutes at 4°C. Nuclei were lysed in a hypertonic buffer 

containing 20 mM HEPES pH 7.9, 20% glycerol, 420 mM KCl, 1.5 mM MgCl2, 0.5 mM EDTA, 

0.1 mM EGTA, 1 mM PMSF, 10 mM NaF, and 10 μL/mL of protease inhibitor cocktail. 

Complementary oligonucleotides (Table 1.4) were annealed and ATP γ-32P end-labelled with T4 

Polynucleotide Kinase (New England Biolabs, cat# M0201). 2 μg of nuclear extract was 

incubated with labelled probes for 30 minutes in a buffer containing 10 mM HEPES pH 7.8, 50 

mM KCl, 5 mM MgCl2, 0.1% NP-40, 10% glycerol, 1 mM DTT, 0.1 mg/mL poly dI-dC, and 2 

μg anti-SF1 (Millipore, cat # 07-618) (69), 2 μg rabbit IgG (Santa Cruz Biotechnology Cat# sc-

2027) (70), or excess of cold competitor oligonucleotides where specified. Complexes were 
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separated on a 5% acrylamide gel with 2.5% glycerol in 0.25X TBE. Gels were dried and 

exposed at -80°C or RT as indicated. Images are representative of at least three experiments 

yielding the same results. 

 

Statistical Analysis 

Differences were analyzed via Student t-test or ANOVA. One-way and two-way 

ANOVAs were followed by post-hoc Tukey-Kramer honestly significant difference test when 

comparing all samples or Dunnett test when comparing to the mean of a control sample. 

Residuals were checked for normality using the Shapiro-Wilk test with p>0.05 as the threshold 

for normality. As needed, data were subsequently log or square transformed and reanalyzed 

where indicated. For transient transfection, luciferase values were normalized to β-galactosidase 

values from the same tissue culture well. Triplicates were averaged, and results were expressed 

relative to pGL3 backbone levels from the same experimental replicate except where indicated. 

Prism 8 (GraphPad) was used for all analysis, and p ˂0.05 was the threshold for statistical 

significance. 

 

Results 

Conserved putative enhancer region increases transcription from the FSHB promoter 

The highly conserved, putative enhancer region containing the rs11031006 SNP spans 

approximately 450 base pairs (Fig. 1.1A). In the human genome, it is located ~26 Kb upstream 

of the FSHB TSS, with the equivalent region ~17 Kb upstream of the Fshb TSS in the mouse 

genome. To determine whether the human conserved intergenic region containing the major 

rs11031006 allele (G) can function as an enhancer of FSHB transcription, we transfected 
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gonadotrope-derived LβT2 cells (28) with hEnh/G:1028 FSHB-luc. The conserved element 

subcloned in the forward direction (hEnh/G) increased luciferase activity 2.4-fold compared to 

the FSHB promoter alone (Fig. 1.1B). Additionally, the conserved element subcloned in the 

reverse direction (RV-hEnh/G) increased luciferase activity 2.2-fold compared to the FSHB 

promoter alone (Fig. 1.1B). Reversibility is a classical property of enhancers (71). The results 

with the analogous mouse construct mEnh/G:1000 Fshb-luc were similar to the human construct, 

with a 1.7-fold (forward orientation) and 2.5-fold (reverse orientation) increase in luciferase 

activity compared to the Fshb promoter alone (Fig. 1.1C). Overall, these results demonstrated 

that the conserved intragenic element from both the human and mouse genomes enhanced 

expression driven from the FSHB promoter. From here onward, we will refer to the conserved 

region as the human FSHB enhancer or mouse Fshb enhancer. 

To test whether the mouse and human enhancers are promoter-specific, we transfected 

LβT2 cells with hEnh/G:TK and mEnh/G:TK, which contain the herpes simplex virus thymidine 

kinase (TK) promoter driving luciferase expression. The human FSHB enhancer increased 

luciferase activity in the forward orientation (4.5-fold) (Fig. 1.1D), but the mouse Fshb enhancer 

did not (Fig. 1.1E). Because the mouse enhancer was stronger in the reverse orientation upstream 

of the Fshb promoter, we assessed whether it could act as an enhancer in this orientation on TK 

and found that reversing the enhancer restored its activity (1.6-fold). 

To determine if the FSHB enhancer can also function upstream of other mammalian-

derived promoters, we transfected LβT2 cells with constructs containing hEnh/G upstream of the 

Lhb (Fig. 1.1F) and Gnrhr promoters (Fig. 1.1G), both representing genes actively transcribed in 

gonadotropes. As with the TK promoter, the human FSHB enhancer increased expression driven 



 

17 

by the Lhb and Gnrhr promoters. Overall, the enhancer is not promoter-specific, and its 

reversibility may be context-dependent. 

 

Fshb enhancer is characterized by open chromatin exclusively in gonadotropes 

Open chromatin structure facilitates gene expression by allowing transcriptional 

regulators and RNA polymerases to access DNA, while closed chromatin typically inhibits these 

interactions (72). To evaluate chromatin status in gonadotropes, scATAC-seq data from whole 

pituitary was analyzed by t-distributed stochastic neighbor embedding (t-SNE) (61) to cluster 

cells based on similar regions of accessible chromatin (Fig. 1.2). A gonadotrope cell-type cluster 

(Fig. 1.2A) was identified by open chromatin at genes expressed solely in pituitary gonadotropes 

such as Fshb, Lhb (encoding the LH beta subunit), and Gnrhr (encoding the GnRH receptor). 

The coding regions of all three genes were open exclusively in this cluster which included 3.3% 

of cells, consistent with previous reports of the gonadotrope cell population size relative to total 

number of pituitary cells (73) (Fig. 1.2B,C). Because the closed chromatin status at Fshb, Lhb, 

and Gnrhr was consistent among all other clusters identified by t-SNE (74), we combined them 

into one group (“other”) for simplicity (Fig. 1.2). To evaluate whether the Fshb enhancer was 

specifically open in gonadotropes, we compared the chromatin status in this region between the 

gonadotrope cell-type cluster and all other pituitary cell-type clusters (Fig. 1.2C). The enhancer 

was only accessible in gonadotrope cells. All findings were replicated in a second experiment 

(74). 

 

H3K4me1 is enriched near the Fshb enhancer 
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Specific histone modifications in a region of chromatin correlate with its function. As 

enhancers are marked by H3K4me1, we used a ChIP assay to assess the presence of this marker 

at the Fshb enhancer in LβT2 cells (Fig. 1.3A). As compared to the negative (gene desert) 

control, H3K4me1 was enriched at the enhancer and the positive control region (β-actin intron 

1). At the proximal Fshb promoter, H3K4me1 was also slightly elevated as compared to the 

negative control region, although it did not reach statistical significance. H3K4me1 has been 

reported to be highest at enhancers, moderately elevated immediately downstream of the TSS, 

and lowest at proximal promoters and nonregulatory intergenic regions (75), consistent with our 

results.  

Next, we asked whether the enhancer is active in this cell line, especially given that 

endogenous basal Fshb expression is low in LβT2 cells (76). Active enhancers and promoters are 

characterized by enrichment of H3K27Ac and an absence of the repressive marker H3K27me3, 

whereas poised or inactivated enhancers show the opposite pattern (54, 55). As predicted from 

low Fshb expression levels in LβT2 cells, H3K27Ac was not enriched at the Fshb enhancer, 

Fshb proximal promoter, or negative (gene desert) control in LβT2 cells as compared to the 

positive control region (β-actin intron 1) (Fig. 1.3B). Interestingly, H3K27me3 was also absent at 

the Fshb enhancer, Fshb promoter, and negative control region (β-actin intron 1) compared to the 

positive control MyoD, which is not expressed in LβT2 cells (Fig. 1.3C). Enhancers negative for 

both H3K27me3 and H3K27Ac have been classified as “intermediate” between active and 

poised and are correlated with lower expression levels of their target genes than observed from 

active enhancers, but are not correlated with Polycomb repression proteins typical of “poised” 

enhancers, possibly indicative of a transitionary stage (77).  
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Because we did not observe H3K27Ac enrichment in LβT2 cells, we performed ChIP in 

female whole pituitary to assess H3K27Ac recruitment and also to confirm the presence of 

H3K4me1 at the Fshb enhancer. The repressive marker H3K27me3 is expected to be present in 

non-Fshb cell linages, so it could not be measured in this context. As compared to the negative 

(gene desert) control region, H3K4me1 was elevated at the Fshb enhancer as well as the Fshb 

proximal promoter in whole pituitary (Fig. 1.3D). In contrast to LβT2 cells, H3K27Ac was 

enriched at the Fshb enhancer and Fshb proximal promoter compared to the negative (gene 

desert) control (Fig. 1.3E). A well-characterized enhancer 10 Kb upstream of the POU1F1 TSS 

(expressing PIT1) was selected as a positive control for H3K4me1 and H3K27Ac 

immunoprecipitation in whole pituitary, but levels were not directly compared to the Fshb 

enhancer and promoter because POU1F1 is expressed in most pituitary cells (Fig. 1.3F) (78). 

Together, these results confirm that the Fshb enhancer is positive for the active enhancer markers 

H3K4me1 and H3K27Ac in adult female pituitary. 

 

216-341 region within the enhancer is sufficient to increase transcription 

To narrow the search for regulatory sites within the conserved enhancer region, we 

cloned subregions of the human FSHB enhancer upstream of the -1028/+7 FSHB-luc promoter 

and assessed luciferase expression (Fig. 1.4A). Subregions were selected to divide the enhancer 

into halves and quarters to identify the minimal region sufficient for enhancer activity. A reporter 

including the subregion spanning 216-341 (chr11:30,204,898-30,205,023, hg38) significantly 

enhanced luciferase expression 2.2-fold over the promoter alone. This result was comparable to 

the 2.4-fold increase by the full 450 bp enhancer and 1.9-fold increase by 216-450. The 216-341 

subregion maintained enhancer function in the reverse orientation, although its activity was 
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reduced as compared to the forward orientation (Fig. 1.4B). Together, these results indicate that 

216-341 is sufficient for basal enhancer function.  

 

Putative ZEB1, PTX1, SMAD, and SF1 binding sites are important for enhancer function 

We next used site-directed mutagenesis to create a series of plasmids containing the 450 

bp human FSHB enhancer with sequential 10 base-pair deletions within the identified minimal 

region sufficient for basal enhancer activity, 216-345. Compared to the intact human FSHB 

enhancer, one deletion increased and three decreased enhancer activity (Fig. 1.4C), 

demonstrating that several regulatory elements within the 216-345 region of enhancer contribute 

to its activity. Using Match 1.0 software (GeneXplain) to search the TRANSFAC database, we 

identified putative transcription factor binding motifs corresponding to each region including 

ZEB1 (Δ226-235), PTX1 (Δ246-255), SMAD (Δ256-265), and SF1 (Δ296-305) (Fig. 1.4C). 

Interestingly, the deletion from 296-305 contains the rs11031006 SNP, suggesting that the SNP 

resides within, and could possibly alter, a functional element. Given its potential relevance for 

FSHB regulation in health and in disease, we further investigated the role of SF1 binding at this 

element. 

 

rs11031006 GA increases Steroidogenic Factor 1 (SF1) binding to the enhancer 

The rs11031006 SNP falls within an element with striking similarity to the SF1 

consensus sequence (79) (Fig. 1.5A). SF1 is a transcriptional activator that is critical for fertility 

in both sexes and regulates multiple genes at all levels of the hypothalamic-pituitary-gonadal 

(HPG) axis (80). SF1 has been shown to bind to the proximal promoters of Lhb, Fshb, and Cga 

to regulate basal expression of the gonadotropin genes (81). The human minor (A) allele of 
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rs11031006 corrects a mismatch between the SF1 consensus sequence and the sequence with the 

major (G) allele, creating a full SF1 consensus sequence (Fig. 1.5A). To test whether SF1 can 

bind the putative SF1 binding element at 296-305 and to compare binding between the major and 

minor allele, we performed an electrophoretic mobility shift assay (EMSA) using 30 bp 

radiolabeled double-stranded DNA oligonucleotides (Table 1.3) from mouse and human 

containing the rs11031006 SNP. Incubation of the probe containing the rs11031006 major (G) 

allele with nuclear extracts isolated from LT2 cells resulted in a DNA-protein complex that was 

supershifted when it was incubated with a SF1 antibody, indicating that SF1 binds to this region 

of the enhancer (Fig. 1.5B). Notably, binding of SF1 increased when the labelled probe 

contained the rs11031006 minor (A) allele. A similar pattern was seen for probes corresponding 

to both human and mouse enhancer sequences encompassing the SF1 binding element.  

To further confirm that the DNA protein complex contained SF1, competition with 

various probes in excess was utilized. A labelled probe containing an SF1 consensus sequence 

(also called gonadotrope-specific element, GSE) (82) from the CGA promoter was competed by 

cold human major (G) allele or minor (A) allele probe or the corresponding probes from mouse 

(Fig. 1.5C). All human and mouse probes were able to outcompete GSE. In agreement with SF1 

binding in Fig. 1.4B, the minor (A) allele outcompeted the labelled probe at a lower 

concentration than was needed for competition by the major (G) allele for both human and 

mouse. Furthermore, SF1 binding to the probe was eliminated by a two base-pair mutation 

(CAGGGTCA >CAGTTTCA) within the SF1 motif (Fig. 1.5D). This mutation does not target 

the rs11031006 base pair. These findings confirm that SF1 binds to this region of this enhancer 

and suggests that rs11031006 could affect FSHB expression by altering SF1 binding. 
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rs11031006 increases enhancer activity 

Because the rs11031006 minor allele G>A increases SF1 binding to the enhancer in the 

gel-shift assay (Fig. 1.5), it is important to determine whether this SNP affects enhancer activity. 

We used site-directed mutagenesis to create hEnh/A:1028 FSHB-luc, containing the minor (A) 

allele at the rs11031006 site. Activity from the rs11031006 minor allele construct (hEnh/A) was 

increased 1.5-fold compared to the major allele construct (hEnh/G) and 4.3-fold compared to 

promoter alone (Fig. 1.6A). An equivalent mutation was created in the reversed mouse Fshb 

enhancer since it had higher activity than the forward direction, and it produced a similar 

increase in transcription compared to the wild-type enhancer (2.4-fold) or promoter alone (4.2-

fold) (Fig. 1.6B). These results indicate that the rs11031006 minor (A) allele has a distinct effect 

on gene expression driven from the FSHB promoter compared to the major (G) allele. 

 

SF1 binding site contributes to enhancer function 

We next sought to further assess how the SF1 site affects function of the human FSHB 

enhancer. To expand upon the effect of the deletion from 296-305 (Fig. 1.4B), the SF1 binding 

site was more narrowly targeted by creating the same two base-pair mutation in the human FSHB 

enhancer as in Fig. 1.5D. The SF1 mutation significantly decreased luciferase activity to 0.8-fold 

WT levels (Fig. 1.6C). This result was consistent with the deletion from 296-305, although 

luciferase activity driven by the SF1 mutant human FSHB enhancer was still greater than from 

the promoter alone (1.8-fold). An equivalent mutation in the mouse enhancer similarly decreased 

luciferase activity to 0.8-fold WT levels but was still elevated 1.5-fold relative to promoter alone 

(Fig. 1.6D). To determine if SF1 overexpression would increase transcription from the TK 

promoter linked to the FSHB enhancer, NIH 3T3 cells were transfected with an SF1 expression 
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vector (Fig. 1.6E). NIH 3T3 cells do not express endogenous SF1. As compared to the empty 

pcDNA3 expression vector, SF1 produced a small but significant increase in transcription (1.2 

fold), suggesting that it is sufficient for activation of transcription through the enhancer. These 

results indicate that the SF1 binding site contributes to both the human and mouse enhancer 

activity in vitro. 

 

Discussion 

Precise regulation of FSH is critical for optimal fertility. For this reason, identifying 

FSHB transcriptional regulatory elements is necessary to understand how genetic variants within 

these elements might contribute to the pathophysiology of disease. In this study, we identified a 

novel upstream enhancer of FSHB, confirming that it is reversible, accessible in gonadotropes, 

and marked by histone modifications associated with active enhancers. 

As of yet, there are no ENCODE ChIP-seq databases for gonadotropes. It was previously 

reported that a potential enhancer, marked by open chromatin and H3K27Ac and H3K1me1 

peaks in ENCODE data, resides about 2 Kb downstream of the rs11031006 variant (21). 

However, these data were from a lymphoblastoid cell line, which is not expected to express 

FSHB, and our scATAC-seq analysis did not show that this region is accessible to transposase in 

gonadotropes. In contrast, our results clearly demonstrated that the chromatin was accessible at 

the enhancer region 17 Kb upstream of the Fshb promoter and that H3K4me1 and H3K27Ac 

were enriched at this element. While enrichment of the enhancer-specific histone marker 

H3K27me1 and an absence of the repressive marker H3K27me3 were detected at the 450 bp 

upstream region in LβT2 cells, the active regulatory marker H3K27Ac was not enriched, 

although levels were comparable to the proximal promoter. This result contrasted with the results 



 

24 

in whole pituitary in which both H3K4me1 and H3K27Ac were enriched. Enhancers positive for 

H3K4me1 and negative for H3K27 acetylation or methylation have been termed “intermediate” 

and can be activated by stimulatory cues (77). Bulk ATAC-seq of GnRH-treated LβT2 cells 

showed that the Fshb enhancer was not accessible in LβT2 cells (83). Consistent with that 

finding, Fshb mRNA expression in LβT2 cells was relatively low in the absence of activin 

stimulation (76). Thus, stimulatory cues, such as activin and/or steroid hormones, potentially 

signaling through the putative SMAD binding site, may be necessary for H3K27Ac recruitment 

and chromatin accessibility in gonadotropes. How this affects enhancer accessibility with regards 

to sex, developmental stage, and estrous cycle stage remains an intriguing question for future 

studies. 

To mechanistically interrogate the enhancer, we used systematic deletion and sequence 

analysis to identify an SF1 binding site that overlaps with a fertility-associated variant and 

contributes to the function of the enhancer. We also predicted binding sites for the transcription 

factors PTX1 and SMADs. Deletion of each individual element reduced enhancer-mediated 

transcription to promoter-only levels, potentially indicating that physical interactions between 

SF1, PTX1, and SMADs are necessary for FSHB upregulation by the enhancer. In gonadotropes, 

PTX1/SMAD have been demonstrated to interact on the Fshb and Lhb proximal promoters and 

PTX1/SF1 interact on the Lhb proximal promoter (29, 84-86). Together, SF1 and PTX1 may 

confine enhancer activity to gonadotropes while the SMAD site could confer activin 

responsiveness, although this remains to be tested experimentally. 

It was previously shown that a randomly integrated, 10 Kb human transgene encoding 

FSHB flanked by 4 Kb of upstream and 2 Kb of downstream sequence was sufficient to restore 

gonadotrope-specific expression and fertility in Fshb knockout mice (87). While this implies that 
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regulatory elements within the transgene were sufficient to localize FSHB expression to 

gonadotropes and restore fertility, this study was not designed to evaluate FSHB expression 

levels driven by the transgene, as copy number of the FSHB transgene and the effect of any 

regulatory elements near the site of random transgene integration were not able to be controlled. 

Therefore, it is difficult to infer whether additional intragenic sequences not incorporated in the 

human transgene can also modulate FSHB gene expression levels. Our findings widen the scope 

of FSHB regulation beyond the boundaries of the transgene, raising the potential for this element 

or additional novel regulatory regions to explain unanswered questions related to FSHB gene 

regulation. In addition to the enhancer element described in this study, scATAC-seq revealed an 

additional region of open chromatin located 4 Kb more proximal to the Fshb TSS and possibly 

indicative of an additional enhancer to be considered in future studies. 

GWAS is a powerful technique for identifying genetic correlants of specific diseases or 

physiological phenotypes, but it is limited because it does not provide a direct assessment of 

causality. Variants in high linkage disequilibrium segregate together, confounding whether a 

disease-correlated SNP has a functional effect or merely segregates with a variant that does. For 

this reason, there is a growing need for mechanistic studies to evaluate specific genetic variants 

(88). Variants within protein-coding regions are obvious candidates for further evaluation, but 

comprise only a small fraction of disease-associated SNPs (89). Therefore, it is essential to also 

evaluate genetic variants in noncoding regions for regulatory function. Our results show that the 

rs11031006 minor allele has a demonstrable effect on FSHB gene expression, suggesting that 

genetic variation in the FSHB locus may result in changes in FSHB gene expression and FSH 

serum levels that impact the reproductive axis. Furthermore, gel-shift and transcriptional assays 
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support SF1 binding as a mechanism to explain how the rs11031006 minor allele may alter 

FSHB expression. 

Evolutionary conservation is a well-established tool for finding novel regulatory regions 

(90-92). In this study, we demonstrate that evolutionary conservation can also be used as a tool 

to prioritize genomic variants for functional analysis. Although in this case, the hypothesized 

causal variant rs11031006 was also the most statistically significant SNP in several PCOS 

GWAS studies, this is not always true. While fine-mapping of variants within a disease-

associated region of linkage disequilibrium can further refine candidate causal variants, these 

experiments are costly and require a large sample size (93). Prioritizing variants that occur in 

putative regulatory elements, marked by evolutionary conservation, histone markers, and/or open 

chromatin, provides a straightforward method to narrow down functional candidates, and can be 

evaluated using publicly available databases such as phyloP for conservation and ENCODE for 

indicative histone modifications, when available. 

The chromosome 11p14.1 region containing rs11031006 and FSHB is of particular 

interest for PCOS research as it is also associated with levels of FSH, LH, and a female-specific 

effect on testosterone levels (19-22, 44, 94). LH levels, also elevated in FSH-deficiency female 

mouse models and women with FSHB loss-of-function mutations, may be increased due to 

reduced negative feedback on the hypothalamic-pituitary-gonadal axis (10, 35, 36, 38, 41, 45). 

The observed effect of rs11031006 on FSHB transcription could either directly contribute to 

PCOS etiology through FSH dysregulation, possibly contributing to anovulation, or indirectly 

through altering LH levels. Increased LH is associated with an array of problems, including 

elevated testosterone levels (95).  
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Our results strongly support the conclusion that the enhancer targets FSHB given that the 

open chromatin status at the enhancer is exclusive to gonadotropes within the pituitary and that 

FSH is an important regulator of fertility. Additionally, LH levels and the LH/FSH ratio in 

women show a copy number correlation, with higher serum LH levels and LH/FSH ratio when 

both copies of the rs11031006 minor allele are present compared to one or no copies (26, 27). 

Therefore, any contribution of rs11031006 to gonadotropin levels most likely results from 

changes to FSHB regulation mediated by the enhancer. While FSHB is the most likely target of 

the enhancer, located within the chromosome 11p14.1 locus 122 Kb downstream of the enhancer 

is ARL14EP, an effector protein that regulates MHC Class II export and is co-expressed with 

SF1 in the gonads. Our studies do not rule out that the enhancer could target ARL14EP or 

another gene outside the 11p14.1 locus in FSHβ-positive cell populations in the pituitary or in 

non-pituitary tissues. 

Given that some women with PCOS exhibit low FSH and that even a single copy of the 

rs11031006 minor allele was associated with an increase in the LH/FSH ratio (19, 20), we were 

surprised that the minor allele increased FSHB transcription in vitro in our study. One possibility 

is that the direction of response was altered by the DNA context; in our study, the enhancer was 

subcloned directly upstream of the FSHB proximal promoter and studied in a gonadotrope cell 

culture model. In the in vivo context, it is possible that increased binding of SF1 to the enhancer 

with the rs11031006 minor allele results in a differential transcriptional response especially since 

other regulatory elements and factors could interact with the enhancer to alter its effect on the 

promoter. An alternative possibility is that the rs11031006 minor allele increases FSHB 

transcription during development, resulting in organizational changes to the HPG axis that 

contribute to PCOS pathogenesis and potentially, other fertility-related traits. It is intriguing that 
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infants small for their gestational age have been shown to have elevated FSH levels during the 

“mini-puberty” that occurs in infancy (96) and an increased risk for PCOS in adulthood (97) that 

may correlate with increased follicle development and anti-mullerian hormone (AMH) levels, as 

has been observed in premature infants who also have elevated peak FSH levels (98). In women, 

elevated AMH has been hypothesized to contribute to hyperandrogenism by inhibiting FSH-

stimulated aromatase expression or by directly increasing GnRH neuron excitability (99-102), 

which favors the synthesis of LH over FSH (1-4). Whether increased FSHB synthesis driven by 

the minor allele could elevate AMH and promote later development of PCOS is unknown and 

would need to be tested experimentally. 

Finally, further appreciation of the role of the upstream enhancer in the regulation of 

FSHB gene expression will require the use of mouse models to delineate whether the putative 

enhancer region is necessary for appropriate regulation of FSH levels and fecundity. Deletion of 

the enhancer may be sufficient to reduce Fshb levels and mirror the phenotype of other FSH 

deficiency models, such as reduced fecundity, elevated LH, and/or reduced number of corpora 

lutea. In addition, creation of a mouse model with a point mutation to represent the rs11031006 

minor allele will help determine whether genetic variation at the Fshb locus is an important 

factor in reproductive function. Studies in infancy and adulthood may help clarify the 

discrepancy between the observed increase in Fshb expression due to the minor allele versus the 

decrease in Fshb expression that would be predicted to be associated with PCOS. As the function 

of the conserved region is maintained in mouse, the rs11031006 SNP model has the potential to 

emerge as an innovative tool providing a genetic model to facilitate future fertility research. 
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Figure 1.1: Conserved intergenic region enhances FSHB transcription. (A) 100 Vertebrates Basewise 

Conservation (Cons 100 Verts) by phyloP, UCSC Browser, (GRCh38/hg38 assembly). The y-axis 

indicates conservation comparing 100 representative vertebrates at each base pair, expressed as -log (p-

value of neutral evolution), with positive and negative values respectively assigned to higher or lower 

conservation than expected by chance due to genetic drift. (B) Luciferase expression from a reporter 

containing the major allele 450 bp conserved region (Enh) from human upstream of the -1028/+7 FSHB 

promoter (P) compared to a reporter containing the -1028/+7 FSHB promoter alone transfected into LβT2 

mouse gonadotrope cells. The putative enhancer was subcloned in the forward (FW) (hEnh/G) or reverse 

(RV) (RV-hEnh/G) orientations onto the human FSHB promoter driving Luciferase (Luc) (n=3). (C) 

Luciferase expression from the mouse 450 bp conserved region subcloned in the forward (mEnh/G) and 

reverse (RV-mEnh/G) orientations upstream of the mouse -1000/-1 Fshb promoter compared to a 

luciferase reporter containing the mouse -1000/-1 Fshb promoter alone (n=4). (D) Luciferase expression 

from the human 450 bp conserved region subcloned in the forward and reverse orientations upstream of 

the -81/+52 TK promoter compared to a reporter containing the TK promoter alone (n=4). (E) Luciferase 

expression from the mouse 450 bp conserved region subcloned in the forward and reverse orientations 

upstream of the TK promoter compared to a reporter containing the TK promoter alone (n=4). (F) 

Luciferase expression from the human 450 bp conserved region subcloned in the forward orientation 

upstream of the mouse -523/+6 Lhb promoter or (G) mouse -493/+9 Gnrhr promoter compared to each 

promoter alone (n=4). Luciferase values were normalized to the β-galactosidase internal control and are 

expressed relative to the empty reporter vector. Values represent mean ± SEM. Data were analyzed by 

one-way ANOVA, post-hoc Dunnett multiple comparisons test (A-E) or Student t-test (F and G). A log 

transform was used prior to statistical analysis for D and E (*- p<0.05, **- p<0.01, ***- p< 0.005). P, 

promoter; Enh, enhancer; Luc, luciferase.  
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Figure 1.2: Fshb enhancer is marked by open chromatin exclusively in gonadotropes. scATAC-seq was 

performed on single cells from adult male pituitary to evaluate chromatin accessibility to transposase 

digestion. (A) t-SNE analysis identified a cluster of gonadotopes (purple) marked by (B) chromatin 

accessibility at Lhb, Gnrhr, and (C) Fshb. Fshb enhancer chromatin was open in gonadotropes (boxed in 

blue) but not in other pituitary cell-types (“other”, depicted in gray). 
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Figure 1.3: The conserved region is marked by the enhancer-specific H3K4me1 histone modification in 

LβT2 cells and whole pituitary. From LβT2-derived chromatin, enrichment of (A) H3K4Me1 (enhancer-

specific marker), (B) H3K27Ac (active marker), and (C) H3K27me3 (repressive marker) at the Fshb 

enhancer and Fshb proximal promoter are expressed as percent input. For H3K4me1 and H3K27Ac, β-

Actin intron 1 (Actin) was used as a positive control, and a gene desert on chromosome 14 (Ch14 desert) 

was used as a negative control. For H3K27me3, the MyoD proximal promoter was used as a positive 

control and the β-actin intron 1 was used as a negative control. From whole female pituitary-derived 

chromatin, enrichment of (D) H3K4me1 or (E) H3K27Ac is expressed as percent input. The POUF1A1 

10 Kb enhancer (F) was used as positive control and the chromosome 14 (Ch14 desert) as a negative 

control. Values represent mean ± SEM. Data from A-E were analyzed by one-way ANOVA, post-hoc 

Tukey HSD. Different letters denote significant differences among groups p < 0.05. Data from F were 

analyzed by one-way ANOVA, post-hoc Dunnett multiple comparisons test (***- p< 0.005). A log 

transform was used on A-C and F prior to analysis. Enh, enhancer. 
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Figure 1.4: Enhancer mapping identifies putative transcription factor binding sites necessary for 

enhancing FSHB transcription. (A) Luciferase expression after transfection into LβT2 cells from 

subregions (halves or quarters) of the human 450 bp enhancer subcloned upstream of the human -1028/+7 

FSHB promoter. A subregion spanning 216-341 was sufficient for enhancer function (n=3). (B) 

Luciferase expression from the human 216-341 subregion cloned in the reverse orientation (RV 216-341) 

compared to the forward orientation (FW 216-341) and human -1028/+7 FSHB promoter alone (n=5). (C) 

From the 450 base-pair enhancer subcloned upstream of the human -1028/+7 FSHB promoter, a series of 

constructs were created with 10 base-pair deletions spanning 216-345. Δ indicates the span of the 10 

base-pair deletion in each construct. Expression levels from four deletion constructs were significantly 

different from the full-length construct (n=5). Putative transcription factor binding sites were identified 

from the TRANSFAC database using the Match program and each consensus sequence is shown 

compared to the mouse and human genomic sequences at the corresponding region. The consensus motif 

is underlined in each genomic sequence. Bases that differ from the consensus are bolded. Luciferase 

values were normalized to the β-galactosidase internal control and are expressed relative to the empty 

reporter vector. Values represent mean ± SEM. Data were analyzed by one-way ANOVA, post-hoc 

Dunnett multiple comparisons test. A square transform was used on data from A and a log transform on B 

prior to statistical analysis (*- p<0.05, ***- p< 0.005). P, promoter. 
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Figure 1.5: SF1 binds to the FSHB enhancer and rs11031006 G>A increases SF1 binding to the 

enhancer. The major and minor allele sequences from human and mouse at the putative SF1 binding site 

are compared to the SF1 consensus sequence. The consensus motif is underlined. Bases that differ from 

the consensus are bolded. The 2 base-pair mutation used in Fig. 1.5D and Fig. 1.6 is also shown. (B) Gel 

shift using 30 base-pair radiolabeled oligonucleotide probes from human containing the rs11031006 site 

major (G) and minor (A) alleles, or the equivalent region from mouse. Probes were incubated with LβT2 

nuclear extracts and no antibody (-), normal rabbit IgG (IgG), or rabbit anti-SF1 antibody (SF1) 

(exposure: RT for one week). (C) The radiolabelled SF1 consensus probe (Gonadotrope-specific element, 

abbreviated GSE, from the human CGA promoter) (82) was competed by excess cold rs11031006 human 

major and minor alleles and mouse equivalent probes. (exposure: -80°C, four days.) (D) Gel shift with 

probes containing the wild-type major allele or a two base-pair mutation in the SF1 consensus sequence 

(exposure: -80°C, one day). Supershifted bands and complexes containing SF1 are noted with arrows. 

Images are representative of at least three experiments. Ab, antibody; GSE, gonadotrope specific element 

(SF1 consensus); cold comp., cold competitor; comp. conc., competitor concentration. 
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Figure 1.6: rs11031006 G>A regulates FSHB expression through an SF1 binding site. (A) Luciferase 

expression from the forward human enhancer containing the minor allele (hEnh/A) upstream of 

human -1028/+7 FSHB promoter, compared to the major (hEnh/G) allele and promoter alone (n=6). (B) 

Luciferase expression from the reversed mouse enhancer with a (G>A) mutation equivalent to 

rs11031006 minor allele (RV-mEnh/A) upstream of the mouse -1000/-1 Fshb promoter, compared to the 

wild-type reversed enhancer (RV-mEnh/G) and promoter alone. The reversed enhancer from mouse was 

chosen as it showed higher expression in Fig. 1.1C. (C) Luciferase expression from the human enhancer 

upstream of human -1028/+7 FSHB promoter (n=4) or (D) mouse enhancer upstream of -1000/-1 Fshb 

promoter (n=6) with a two base-pair mutation in the SF1 consensus site (same mutation as in 

Fig. 1.5A,D). (E) Luciferase expression from the hEnh/G:TK reporter in 3T3 cells transfected with SF1 

expression vector or pcDNA3 backbone (Empty vector). Luciferase values were normalized to the β-

galactosidase internal control for all experiments and are expressed relative to the empty pGL3 reporter 

vector (A-D) or as a ratio of normalized luciferase expression from the enhancer-promoter construct 

divided by the promoter alone (E). Values represent mean ± SEM. Data were analyzed by one-way 

ANOVA, post-hoc Tukey HSD (A-D) or Student t-test (E) (**- p<0.01). Different letters denote 

significant differences among groups p < 0.05. P, promoter; Enh, enhancer; Luc, luciferase. 
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Tables 

Table 1.1: Cloning primer sequences 

Primer Name Sequence 

FW human enh-KpnI GCCGGTACCGCTCAAAAAATGGCTTTTTGAATC 

RV human enh-SacI CCCGAGCTCTGCCTGTGAATGTATTTGG 

FW mouse pro-MluI GCCACGCGTTTAGCAACAAAGAAATGAGAAGG 

RV mouse pro-XhoI GCCCTCGAGCACTGAGTCAAGTTACACCTC 

FW mouse enh -KpnI GCCGGTACCACTCAAAAAAAAAAAAAATGGTC 

RV mouse enh-SacI GCCGAGCTCTATTAAAAATGCACAAGTGTTAAAG 

FW rev human enh-KpnI GCCGGTACCTGCCTGTGAATGTATTTGG 

RV rev human enh-SacI GCCGAGCTCGCTCAAAAAATGGCTTTTTGAATC 

FW rev mouse enh -KpnI GCCGGTACCTATTAAAAATGCACAAGTGTTAAAG 

RV rev mouse enh-SacI GCCGAGCTCACTCAAAAAAAAAAAAAATGGTC 

FW mouse Lhb-MluI GCCACGCGTACAGTGTACCCAAGGCCTAC 

RV mouse Lhb-XhoI GCCCTCGAGACAAGGTCAGGGAAGCCAG 

FW mouse Gnrhr-MluI GCCACGCGTTTGGTATTAGAACAGGCTGCTT 

RV mouse Gnrhr-XhoI GCCCTCGAGCGAAGCGCTGTTGATGTCTG 

FW human enh111-KpnI GCCGGTACCTGTTTGGGGGAAGGGATAAG 

RV human enh119-SacI GCCGAGCTCCCCAAACAGGTGAG 

FW human enh216-KpnI GCCGGTACCGTTACTCAGGATTCAGGTAG 

RV human enh235-SacI GCCGAGCTCCTACCTGAATCCTGAGTAAC 

FW human enh328-KpnI GCCGGTACCCCCTATTTGTGTTCAATCTAACC 

RV human enh341-SacI GCCGAGCTCGAACACAAATAGGGAGTGAG 

RV human enh216-SacI (for 

216-341 reverse orientation) 

GCCGAGCTCGTTACTCAGGATTCAGGTAG 

FW human enh341-KpnI (for 

216-341 reverse orientation) 

GCCGGTACCGAACACAAATAGGGAGTGAG 
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Table 1.2: Site-directed mutagenesis primer sequences 

Primer Name Sequence 

FW human enh SF1 mut GCACTCTGCTCTTTGATATTTATTTCAGTTTCAATA

GAAATGTAACCATTCTCACTCCC 

FW mouse enh SF1 mut CTGCCCTGTGATATTTATTTCAGTTTTAGTAGAAAT

GTAGCTACCTCC 

FW human enh G/A mut GCACTCTGCTCTTTGATATTTATTTCAAGGTCAATA

GAAATGTAACCATTCTCACTCCC 

FW mouse enh G/A mut TGCTCTGCCCTGTGATATTTATTTCAAGGTTAGTAG

AAATGTAG 

FW human enh del 216-225 

GTTGCTTATTACAAGGAGAAACAATTCAGGTAGTT

TTGTACAGTGG 

FW human enh del 226-235 

TACAAGGAGAAACAGTTACTCAGGTTTTGTACAGT

GGATTATTATGTC 

FW human enh del 236-245 

GAAACAGTTACTCAGGATTCAGGTAGTGGATTATT

ATGTCTAGAATTTAATA 

FW human enh del 246-255 

CAGGATTCAGGTAGTTTTGTACAGTGTCTAGAATTT

AATAGCACTCTG 

FW human enh del 256-265 

ATTCAGGTAGTTTTGTACAGTGGATTATTATTAATA

GCACTCTGCTCT 

FW human enh del 266-275 

GGTAGTTTTGTACAGTGGATTATTATGTCTAGAATT

CTGCTCTTTGATATTTA 

FW human enh del 276-285 

GGATTATTATGTCTAGAATTTAATAGCACGATATTT

ATTTCAGGGTCAATAGAAATGT 

FW human enh del 286-295 

TATGTCTAGAATTTAATAGCACTCTGCTCTTTTCAG

GGTCAATAGAAAT 

FW human enh del 296-305 

TAATAGCACTCTGCTCTTTGATATTTATTTAGAAAT

GTAACCATTCTCACTC 

FW human enh del 306-315 

TGCTCTTTGATATTTATTTCAGGGTCAAACCATTCT

CACTCCCTATT 

FW human enh del 316-325 

CTTTGATATTTATTTCAGGGTCAATAGAAATGTACT

CCCTATTTGTGTTCAA 

FW human enh del 326-335 

TCAATAGAAATGTAACCATTCTCAGTGTTCAATCT

AACCATTTAGCAG 

FW human enh del 336-345 

ATAGAAATGTAACCATTCTCACTCCCTATTTTAACC

ATTTAGCAGGAG 
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Table 1.3: qPCR primer sequences (mouse) 

Putative enhancer FW: TGCTCACTGCAAGAAGAGACAG 

 RV: ATAAATATCACAGGGCAGAGCAA 

Fshb proximal promoter FW: CCCTGTGGATTTACTGGGTGT 

 RV: CGAGGCTTGATCTCCCTGTC 

β-actin intron 1 FW: GGTTTGGACAAAGACCCAGA 

 RV: GCCGTATTAGGTCCATCTTGAG 

Ch14 gene desert FW: GTCACAGAAACGCAAAGGTTTA 

 RV: CCCAAAGTCATGTTGTACTTGATAG  

MyoD promoter FW: ACTTCTATGATGACCCGTGTTT 

 RV: GTGCTCCTCCGGTTTCAG 

POU1F1 10 Kb enhancer FW: GCTGGACATGGCTTTGAATATG 

 RV: ATGAGCATGGGCGCATAA 

 

 

Table 1.4: EMSA probe sequences (FW, rs11031006 is bolded.) 

Human rs06 G TTGATATTTATTTCAGGGTCAATAGAAATG 

Human rs06 A TTGATATTTATTTCAAGGTCAATAGAAATG 

Mouse rs06 G GTGATATTTATTTCAGGGTTAGTAGAAATG 

Mouse rs06 A GTGATATTTATTTCAAGGTTAGTAGAAATG 

Human SF1 mut TTGATATTTATTTCAGTTTCAATAGAAATG 

GSE TTCATGGGCTGACCTTGTCGTCACCATCAC 
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CHAPTER 2: DISTAL ENHANCER POTENTIATES ACTIVIN- AND GNRH-

INDUCED TRANSCRIPTION OF FSHB 

Abstract 

Follicle-stimulating hormone (FSH) is critical for fertility. Transcription of FSHB, the 

gene encoding the beta subunit, is rate-limiting in FSH production and is regulated by both 

gonadotropin-releasing hormone (GnRH) and activin. Activin signals through SMAD 

transcription factors. While the mechanisms and importance of activin signaling in mouse Fshb 

transcription are well-established, activin regulation of human FSHB is less well understood. We 

previously reported a novel enhancer of FSHB which contains a fertility-associated single 

nucleotide polymorphism (rs10031006) and requires a region resembling a full (8 base-pair) 

SMAD binding element (SBE). Here, we investigated the role of the putative SBE within the 

enhancer in activin and GnRH regulation of FSHB. In mouse gonadotrope-derived LβT2 cells, 

the upstream enhancer potentiated activin induction of both the human and mouse FSHB 

proximal promoters and conferred activin responsiveness to a minimal promoter. Activin 

induction of the enhancer required the SBE and was blocked by the inhibitory SMAD7, 

confirming involvement of the classical SMAD signaling pathway. GnRH induction of FSHB 

was also potentiated by the enhancer and dependent on the SBE, consistent with known 

activin/GnRH synergy regulating FSHB transcription. In DNA pull-down, the enhancer SBE 

bound SMAD4, and chromatin immunoprecipitation demonstrated SMAD4 enrichment at the 

enhancer in native chromatin. Combined activin/GnRH treatment elevated levels of the active 

transcriptional histone marker, histone 3 lysine 27 acetylation at the enhancer. Overall, this study 

indicates that the enhancer is directly targeted by activin signaling and identifies a novel, 
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evolutionarily conserved mechanism by which activin and GnRH can regulate FSHB 

transcription. 

 

Introduction 

Follicle-stimulating hormone (FSH) is a key regulator of hormone synthesis and fertility 

in both sexes. In females, FSH regulates oocyte maturation, pre-ovulatory expression of 

luteinizing hormone (LH) receptor on ovarian granulosa cells, and granulosa cell synthesis of 

aromatase, an enzyme which catalyzes the conversion of androgens to estrogen (13-15). In 

males, FSH regulates spermatogenesis and Sertoli cell differentiation and proliferation (11, 12). 

The importance of FSH in reproduction is underscored by loss-of function (LOF) mutations, 

which result in infertility in both sexes (10). FSH is a heterodimeric glycoprotein hormone 

consisting of a unique β-subunit (FSHB) and an α-subunit common to LH, human chorionic 

gonadotropin, and thyroid-stimulating hormone. Produced within gonadotrope cells in the 

anterior pituitary, FSH synthesis is rate-limited by transcription of the FSHB gene (17, 18). 

Women with FSHB LOF mutations fail to initiate puberty and are anovulatory (35-38). 

Similarly, female Fshb knock-out mutant mice are infertile and anovulatory, with reduced 

uterine and ovarian size (41). Men with FSHB LOF mutations are azoospermatic, and a subset 

fail to initiate puberty (37, 39, 40). While male Fshb knock-out mutant mice are fertile, it is 

evident that FSH is important for spermatogenesis across species as these mice have reduced 

sperm counts and motility (41). 

During the human menstrual cycle, FSH levels oscillate, with a midcycle peak at the time 

of the LH surge and a second peak during the late luteal/early follicular phase to initiate 

follicular maturation (32). Comparable peaks in rodents correspond to the proestrus LH surge 
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and the secondary surge during estrus (33). FSH synthesis and release is driven, in part, by 

gonadotropin-releasing hormone (GnRH) from the hypothalamus and activins and their 

inhibitors produced by the ovaries and within the pituitary (5, 8, 9). 

Activins belong to the TGFβ family of signaling proteins. In gonadotropes, activins bind 

to their transmembrane type II receptor (likely Activin receptor type-2A) (103), a 

serine/threonine kinase that recruits and phosphorylates type I receptor partners, Activin receptor 

type-1B and/or Activin receptor type-1C (104, 105). The type I receptors then phosphorylate 

SMAD2/3 effector proteins within the cytoplasm, which complex with the common SMAD, 

SMAD4, and translocate to the nucleus (106). The SMAD complex acts as a transcription factor 

and recognizes a 4 base-pair (bp) SMAD-binding element (SBE), GTCT, or a higher affinity, 8 

bp SBE which is a palindromic repeat of the 4 bp SBE (GTCTAGAC). SMADs upregulate 

mouse Fshb transcription in cooperation with Forkhead box protein L2 (FOXL2) (7, 34, 107, 

108). The combined actions of SMADs and FOXL2 are essential for mouse Fshb expression as 

conditional deletion of SMAD4 and FOXL2 in gonadotropes results in FSH deficiency and 

female infertility in a mouse model (45, 109). Activin signaling is opposed by structurally-

related inhibins, which compete for receptor binding, as well as follistatin, which binds and 

sequesters activin (5, 8, 9, 110). Activin and GnRH have been demonstrated to synergistically 

induce FSHB transcription (111, 112). 

While activins regulate mouse Fshb through a full, 8 bp SBE at -260/-267 in the Fshb 

promoter and through several 4 bp SBEs dependent on adjacent FOXL2 binding-elements (34, 

56, 107, 108, 113), the mechanisms of human FSHB regulation by activins remain less clear 

since the 8 bp SBE is rodent specific. The human -1027/+7 FSHB proximal promoter does 

contain several FOXL2 binding sites which contribute to activin induction and are adjacent to 
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putative SBEs (34, 114). Even so, the human FSHB promoter is less responsive to activin as 

compared to the rodent Fshb promoter (34, 56, 73, 111). Clinical evidence does support a role 

for activin in human FSH regulation. Among other observations, FSH deficiency has been 

observed in individuals with inhibin-secreting tumors (115-118), and postmenopausal women 

administered an experimental activin inhibitor had reduced FSH levels following treatment 

(119). For this reason, investigating additional regulatory elements outside the -1028/+7 FSHB 

promoter could identify additional mechanisms of activin action on FSHB regulation in humans.  

We recently discovered a novel enhancer of FSHB located within a highly evolutionarily 

conserved region spanning ~450 base pairs and located ~26 Kb upstream of the FSHB 

transcriptional start site in human (chr11:30,204,683-30,205,132, hg38 assembly) (120). The 

analogous region from mouse also enhances mouse Fshb transcription and is located ~17 Kb 

upstream of the Fshb transcriptional start site (chr2:107,076,909-107,077,358, mm10 assembly). 

Within mouse pituitary, the enhancer was accessible exclusively in gonadotropes and was 

associated with enrichment of the enhancer marker, histone 3 lysine 4 monomethylation, and the 

active transcriptional marker, histone 3 lysine 27 acetylation (54, 120). 

The human upstream enhancer contains a single nucleotide polymorphism (SNP), which 

was the most statistically significant variant identified in polycystic ovary syndrome (PCOS) 

GWAS studies, rs11031006 (G/A) (19, 20). In addition to PCOS, the 130 Kb locus at 

chromosome 11p14.1 containing rs11031006 was also associated with female fertility traits 

including LH and FSH levels, LH/FSH ratio, testosterone levels, age of natural menopause, and 

dizygotic twinning (19-23, 27, 44, 94). Compared to the major allele (G), we recently 

demonstrated that the minor allele (A) increased FSHB transcription in luciferase assays, likely 

via the creation of a stronger binding site for the transcription factor, Steroidogenic-factor 
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1/NR5A1 (SF1), a basal regulator of FSHB transcription (120). Besides the SF1 binding site, two 

additional sites within the enhancer were necessary for its activity. One of these sites (256-265) 

highly resembles an 8 bp SBE (7/8 base pair match). 

Based on the presence of the putative SBE, we hypothesized that the enhancer is 

responsive to activin and that the response would depend on SMAD binding to the identified 

consensus motif. Consistent with this hypothesis, we found that the upstream enhancer 

potentiated activin induction of FSHB only when the SBE was intact. Furthermore, SMAD 

signaling is required for activin potentiation of the enhancer since transfection of the inhibitory 

SMAD7 reduced enhancer activity. We also determined that the enhancer requires the intact SBE 

to potentiate GnRH induction of FSHB, consistent with known mechanisms of synergy between 

activin- and GnRH-responsive elements. In DNA pull-down, SMAD4 bound to an 

oligonucleotide including the SBE but was not detected when the SBE was mutated. In 

agreement, SMAD4 was enriched at the enhancer in chromatin immunoprecipitation of 

gonadotrope-derived LβT2 cells treated with combined activin and GnRH. The combined 

activin/GnRH treatment also elevated levels of the active transcriptional histone marker, histone 

3 lysine 27 acetylation, at the enhancer. Overall, our findings identify a novel role for the FSHB 

upstream enhancer as a hormone-responsive element and indicate that activin regulation of 

FSHB transcription may also involve the enhancer as well as the proximal promoter. 

 

Methods 

Plasmids 

The human -1028/+7 FSHB luciferase reporter plasmid (-1028/+7 FSHB-luc) in a pGL3 

backbone (Promega) was provided by Daniel Bernard (56). The SMAD7 expression vector in a 
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pcDNA3 backbone (Invitrogen) was provided by Aristidis Moustakas (121). The mouse -1000/-1 

Fshb promoter luciferase reporter (mFshb-luc), -81/+52 herpes thymidine kinase promoter 

luciferase reporter (TK-luc), hEnh/G:hFSHB-luc, hEnh/A:hFSHB-luc, hEnh/G:TK-luc, Δ256-

265:hFSHB-luc, RVmEnh/G:mFshb-luc, and RVmEnh/A:mFshb-luc were previously described 

(120). The human hEnh/G:hFSHB-luc and hEnh/A:hFSHB-luc constructs contain a 450 base-

pair enhancer from 26 Kb upstream of the FSHB transcriptional start site (chr11:30,204,683-

30,205,132, hg38 assembly) cloned into the KpnI/SacI sites of hFSHB-luc, directly upstream of 

the -1028/+7 FSHB promoter. At the rs11031006 SNP site, hEnh/G:hFSHB-luc and 

hEnh/A:hFSHB-luc contain the major (G) and minor (A) alleles of rs11031006, respectively. The 

hEnh/G:TK-luc construct contains the same human 450 base-pair major allele enhancer cloned 

into the KpnI/SacI sites upstream of the TK promoter. Δ256-265 represents a 10 base-pair 

deletion within the 450 base-pair major allele enhancer (chr11:30,204,938-30,204,947, hg38 

assembly). The mouse RVmEnh/G:mFshb-luc and RVmEnh/A:mFshb-luc contain a 450 base-

pair enhancer from 17 Kb upstream of the Fshb transcriptional start site (chr2:107,076,909-

107,077,358, mm10) cloned into the KpnI/SacI sites of mFshb-luc, directly upstream of the 

proximal promoter and in the reverse orientation as we previously determined that it had higher 

activity than in the forward orientation. At the base equivalent to the human rs11031006 SNP 

site, mEnh/G:Fshb-luc has the mouse wild-type base (G), equivalent to the human major allele, 

whereas mEnh/A:Fshb-luc has been mutated to A, equivalent to the human minor allele.  

Construction of the enhancer SMAD site mutation plasmid (mutSMAD:hFSHB-luc) was 

performed using the Quikchange II Site-Directed Mutagenesis Kit (Agilent, Cat # 200523) 

according to the manufacturer’s protocol. The hEnh/G:FSHB-luc plasmid was used as a 
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template. Primer sequences are in Table 2.1. All plasmids were confirmed by Sanger sequencing 

(Eton Bioscience). 

 

Cell Culture and Transient Transfection 

LβT2 cells used in this study were validated by STR authentication using the 

CellCheck19 assay (IDEXX Bioanalytics). The STR profile was identical to “LβT2 Cell Stock 

2” from a published reference for all nine of the four nucleotide repeat markers (122). Cells were 

negative for mycoplasma or interspecies contamination. 

Cell culture was performed as described (120). Briefly, LβT2 cells cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) (Corning, cat # 10-013CV) supplemented with 10% fetal 

bovine serum (Omega Scientific, cat. # FB-01) and 1% penicillin-streptomycin (GE Life 

Sciences, cat. # SV30010) were maintained at 37°C, 5% CO2. For luciferase assays, once 

reaching 80% confluency, LβT2 cells were dissociated by 0.25% trypsin-EDTA (Gibco, cat. # 

25200056) and plated in 12-well plates at a density of 4.25x105/well. The following morning, 

Polyjet (Sygnagen Laboratories, cat # SL100688) was used according to the manufacturer’s 

protocol to co-transfect 500 ng/well of each luciferase reporter plasmid and 200 ng/well of a 

reporter plasmid encoding β-galactosidase driven by the herpes virus thymidine kinase promoter 

as an internal control of transfection efficiency. For the experiment including SMAD7, 200 

ng/well of SMAD7 expression vector or pcDNA3 empty vector (Invitrogen) was also included. 

After five hours, media was replaced with serum-free DMEM and cells were incubated 

overnight. For each experimental replicate, three technical replicates were included for each 

condition. 
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Hormone Treatment and Luciferase Assay 

For activin and GnRH luciferase experiments, approximately 24 hours following 

transfection, media was removed and replaced with serum-free DMEM containing vehicle 

(0.001% BSA), 10 ng/uL Activin A (Calbiochem, cat # 114700), and/or 10 nM GnRH (Sigma-

Aldrich, cat # L7134) for a six-hour treatment. For follistatin treatment, approximately 24 hours 

following transfection, serum-free DMEM containing either vehicle or follistatin (Novus 

Biologicals cat # 4889-FN) was added to each well without removal of media. Final 

concentrations per well were 0.0025% BSA and 250 ng/mL follistatin. Cells were harvested after 

a 24-hour treatment. 

Luciferase assays were performed as previously described (120). Briefly, cells were 

washed with 1x phosphate-buffered saline (PBS) and agitated for five minutes in lysis buffer (0.1 

M potassium phosphate [pH 7.8] and 0.2% Triton-X-100) at room temperature. Lysates were 

split into two 96-well plates. To measure luciferase activity, lysates in the first plate were treated 

with 4x volume luciferase buffer (25 mM TrisHCl [pH 7.8], 15 mM MgSO4, 10 mM ATP, and 

65 μM luciferin). To measure β-galactosidase activity, the second plate was assayed with 

Galacto-Light Plus reagents (Tropix, cat. # T1009) according to the manufacturer’s protocol. For 

both assays, luminosity was measured in each well over one second following a one second 

delay using a Veritas Microplate Luminometer (Turner BioSystems). 

For analysis, luciferase values were normalized to β-galactosidase values from the same 

tissue culture well (“normalized luciferase values”). Results are expressed as “relative luciferase 

values” (RLU), which is defined as the triplicate average of “normalized luciferase values” 

relative to pGL3 backbone levels from the same hormone treatment group and experimental 

replicate. 
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DNA pull-down 

DNA precipitation was performed as previously described (56, 123). Following overnight 

incubation in serum-free DMEM, 10 cm plates of LβT2 cells at approximately 80% confluency 

were treated with 25 ng/mL Activin A (Calbiochem, cat # 114700) for 1 hour. Protein was 

collected in 1 mL FLAG buffer (300 mM NaCl, 20 mM Tris [pH 7.5], 1% Triton, 1 mM PMSF 

[Active Motif Cat # 37495], 1x protease inhibitor [Sigma, Cat # P8340]). Lysates were briefly 

vortexed, incubated on ice for 15 minutes, and spun at 15,000g for 15 minutes at 4°C before 

collecting supernatant. 30 μL Streptavidin-coated magnetic beads (Promega, cat # Z5481) were 

washed twice in 2X B&W buffer (10 mM Tris [pH 7.5], 1 mM EDTA, 2M NaCl) and incubated 

with 100 ng/sample Biotin conjugated DNA oligonucleotides for 15 minutes at room temperature 

in 1X binding buffer (5% glycerol, 20 mM Tris [pH 7.5], 1 mM EDTA, 1 mM DTT, 0.15% 

Triton, 100 mM NaCl, 4 mM MgCl). DNA oligonucleotide sequences are listed in Table 2.2. 

Beads were washed once in 2X B&W buffer, washed once in 1X binding buffer, and then 

blocked in 1X binding buffer with 1% BSA for 30 minutes at room temperature. Beads were 

resuspended in 50 μL 1X binding buffer and incubated for 1 hour at 4°C with cell lysate in the 

following 500 μL reaction: 100 μL lysate (in FLAG buffer), 150 μL 3X binding buffer, 10 μg 

Poly DI/DC (Sigma Aldrich, cat # P4929), 50 μL beads. Beads were washed 5x in 1X binding 

buffer and eluted by boiling for 5 minutes in 40 μL 1X Laemmli buffer with 200mM DTT. 30 

μL/sample was run on a 4-20% polyacrylamide gel (Biorad, cat # 4561094), transferred to a 

PVDF membrane, blocked for 15 minutes at room temperature in TBS Blocking Buffer 

(Thermo, cat # 37542), and incubated overnight in SMAD 4 primary antibody (Cell Signaling, 

cat #38454) (124) at 1:1000 in TBS Blocking buffer with 0.4% Tween. Visualization was 
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performed with goat anti-rabbit IgG-HRP (Santa Cruz, cat# sc-2004) (125) at 1:10,000 for 1 hour 

at room temperature. Imaging was done with a Syngene PXi chemiluminescent detector. 

 

Chromatin Immunoprecipitation (ChIP) 

ChIP was performed using the ChIP-IT High Sensitivity kit (Active Motif, cat # 53040). 

For SMAD4 ChIP, LβT2 cells at approximately 80% confluency in 10 cm tissue culture dishes 

were treated for 16 hours with 25 ng/mL Activin A (Calbiochem, cat # 114700) and 50 nM 

GnRH (Sigma-Aldrich, cat # L7134) in serum-free DMEM. Adherent cells were washed twice 

with PBS. PBS supplemented with 1 mM MgCl2 was added to the plate before adding 

disuccinimidyl glutarate (DSG) (Thermo Scientific, cat # 20593) in DMSO to a final 

concentration of 2 mM. Cells were fixed 45 minutes in DSG, then washed twice with PBS. Cells 

were fixed for an additional 10 minutes in PBS containing 1% formaldehyde. 

For histone H3 lysine 27 acetylation (H3K27Ac) ChIP, LβT2 cells at approximately 80% 

confluency were treated 16 hours with 25 ng/mL Activin A and 50 nM GnRH or vehicle 

(0.0075% BSA) in serum-free DMEM. Cells were fixed with “Complete Cell Fixation Solution” 

(Active Motif) containing 1.3% formaldehyde for 10 minutes. 

For both SMAD4 and H3K27Ac ChIP, chromatin was processed according to the 

manufacturer’s instructions with a few minor modifications, as previously described (120). 

Chromatin was sonicated in 300 μL aliquots in 1.5 mL Bioruptor Pico Microtubes (Diagenode, 

cat. # C30010016) using the Bioruptor Pico (Diagenode, cat. # B01060010), 30 seconds on/30 

seconds off for 15 minutes total. 30 μg of chromatin was used per reaction. For SMAD4, 4 μg of 

SMAD4 antibody (Cell Signaling, cat. # 46535) (126) or normal rabbit IgG (Cell Signaling, cat # 

2729) (64) were used per reaction. For H3K27Ac, 5 μg of H3K27Ac antibody (Active Motif, cat 
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# 93133) (62) or normal rabbit IgG (Cell Signaling, cat # 2729) (64) were used per reaction. 

Input was collected from the flow-through of the IgG immunoprecipitation. Input and samples 

were treated with Proteinase K, purified using the QIAquick PCR Purification kit (Qiagen, cat. # 

28104) and eluted in a total volume of 100 μL. 

 

Quantitative PCR Analysis 

DNA from input and immunoprecipitated samples were measured using iQ SYBR Green 

Supermix (Bio-Rad Laboratories, cat # 1708880) in a CFX Connect Detection System (Bio-Rad 

Laboratories). A standard curve of serial input dilutions was constructed for each plate and used 

to compute the concentration of each sample as % input. A dissociation curve was performed 

following PCR to ensure the presence of a single product. Three technical replicates were 

included per experiment. Primer design was previously described (120); sequences are listed in 

Table 2.1. 

 

Statistical Analysis 

For luciferase assays and SMAD4 ChIP, ANOVA followed by post-hoc Tukey-Kramer 

honestly significant difference test (Tukey’s HSD) was performed in Prism 8 (GraphPad). 

Residuals were checked for normality using the Shapiro-Wilk test with P > 0.05 as the threshold. 

When needed and as indicated, data were transformed by a Box-Cox transformation in JMP Pro 

15 (SAS) or a power transformation and reanalyzed in Prism 8. All transformed data 

subsequently met the residual normality threshold. P ˂ 0.05 was used as the threshold for 

statistical significance. For H3K27Ac ChIP, two-tailed Student’s t-tests adjusted with the Holm-

Šídák method for multiple comparison were performed in Prism 8. 
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Results 

The upstream enhancer potentiates activin induction of the FSHB promoter 

To determine whether activin treatment increases FSHB transcription driven by the 

enhancer, human and mouse constructs containing the enhancer cloned upstream of the proximal 

promoter were transfected into LβT2 cells treated with 10 ng/mL Activin A or vehicle and 

compared to the promoter alone. At this dose, the human -1028/+7 FSHB promoter alone was 

not responsive to activin treatment, while expression from the enhancer/promoter construct was 

upregulated 1.7 fold by activin treatment (Fig. 2.1A). The mouse -1000/-1 Fshb promoter alone 

was responsive to 10 ng/mL activin (3.9-fold increase compared to untreated promoter), but 

addition of the mouse enhancer amplified activin induction, with a 7.1-fold increase in response 

to activin compared to the untreated enhancer/promoter construct (Fig. 2.1B). For both human 

and mouse, activin treatment and the enhancer synergistically induced FSHB transcription as 

determined by three-way ANOVA (P < 0.05). 

 

The enhancer also potentiates GnRH induction of the FSHB promoter and activin/GnRH synergy 

Because activin acts synergistically with GnRH to induce transcription from the FSHB 

proximal promoter (111, 112), we hypothesized that GnRH induction of FSHB transcription 

would be potentiated by the activin-responsive enhancer. Human and mouse constructs 

containing the enhancer plus promoter and promoter alone were treated with vehicle or 10 nM 

GnRH alone or in combination with 10 ng/mL activin. Validating this hypothesis, the human 

enhancer increased GnRH induction of the human FSHB promoter, with the human promoter-

only construct induced 1.4 fold by GnRH treatment compared to 2.0 fold when the enhancer was 
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present (Fig. 2.1A). Additionally, combined activin/GnRH treatment of the promoter alone 

increased transcription 1.8 fold, as compared to 4.6 fold in the presence of the enhancer. 

Similarly, the mouse Fshb promoter alone was induced 3.1 fold by GnRH alone and 13.2 fold 

with combined activin/GnRH treatment, while the enhancer/promoter construct was induced 13.3 

fold by GnRH alone and 78.5 fold with the combined activin/GnRH treatment (Fig. 2.1B). For 

both human and mouse, the synergistic interaction of GnRH and the enhancer and the three-way 

enhancer/activin/GnRH interaction were statistically significant by three-way ANOVA (P < 

0.05). 

 

The rs11031006 SNP increases activin induction of mouse Fshb enhancer, but not GnRH 

induction or induction of the human FSHB enhancer by either hormone 

In untreated LβT2 cells, the rs11031006 SNP minor allele (A) increased enhancer 

activation of basal transcription from the human and mouse FSHB promoters as compared to the 

major allele (G), likely due to increased binding of the SF1 transcription factor to the enhancer 

(120). To evaluate whether activin or GnRH treatment would alter this effect, human and mouse 

constructs containing the minor allele (A) or equivalent mutation in mouse were treated with 10 

ng/mL Activin A or 10 nM GnRH (Fig. 2.2). For the human constructs, while basal transcription 

was increased by conversion to the minor allele as previously reported, there was no interaction 

effect on activin induction of the enhancer (Fig. 2.2A). In contrast, the mouse minor allele 

equivalent did further potentiate activin signaling (6.3 fold vs 8.0 fold for the major vs. minor 

alleles, respectively) (Fig. 2.2B). For both species, there was no interaction effect between the 

minor allele and GnRH on FSHB induction (Fig. 2.2C and 2.2D). Overall, there was no 

interaction effect between the human rs11031006 minor allele and activin or GnRH induction of 
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the human FSHB promoter, but there was a species-specific interaction between the mouse minor 

allele equivalent within the enhancer and activin induction of Fshb. 

 

The enhancer is sufficient to mediate activin, but not GnRH, induction of a minimal promoter 

Given that the human and mouse enhancers with the major allele similarly potentiated 

activin and GnRH induction of FSHB (Fig. 2.1), the human enhancer was used in subsequent 

experiments aimed at mechanistic interrogation. The FSHB proximal promoter contains several 

transcription factor binding sites necessary for basal and hormone-mediated transcription of 

FSHB, each of which could interact with the enhancer to contribute to transcriptional activity. To 

determine whether the enhancer alone is truly activin responsive, a minimal herpes virus 

thymidine kinase promoter (TK) was used in place of the human -1028/+7 FSHB promoter. In 

vehicle treatment conditions, the enhancer increased transcription relative to the minimal TK 

promoter alone, consistent with our previous report that the FSHB enhancer is not promoter 

specific in LβT2 cells (120). While the minimal promoter alone was not affected by activin 

treatment, transcription from the human enhancer construct was induced 1.3 fold by activin (Fig. 

2.3A). In contrast, the enhancer was not sufficient to confer GnRH responsiveness (Fig. 2.3B), 

indicating that elements within the FSHB proximal promoter are necessary for the increase in 

GnRH induction mediated by the enhancer. 

 

The 256-265 site is necessary for activin and GnRH induction 

We hypothesized that activin action on the enhancer is mediated by a previously 

predicted SBE within 256-265 (Fig. 2.4A) (120). If so, then deletion of this element within the 

enhancer construct should reduce transcriptional activation attributed to activin treatment. To 
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investigate whether the SBE contributes to activin induction of FSHB, LβT2 cells transfected 

with constructs containing a deletion of 256-265 within the enhancer cloned upstream of the 

proximal FSHB promoter (hΔ256-265hEnh+p) were treated with 10 ng/μL Activin A (Fig. 

2.4B). As previously demonstrated (120), basal transcriptional activity of the Δ256-265 enhancer 

was reduced to promoter-only levels. Furthermore, there was no response to activin treatment, 

indicating that the 256-265 site is necessary for both basal and activin-stimulated transcriptional 

activity regulated by the enhancer (Fig. 2.4C). As a deletion could also reduce transcriptional 

activation by creating a new binding site for a repressor or by changing the spacing between 

other regulatory elements, a specifically mutated SMAD site (Human SBE mutation) construct 

was also studied (Fig. 2.4A). Basal transcriptional activity of the mutant was reduced compared 

to the wild-type enhancer, although it was still elevated above promoter-only levels (Fig. 2.4D). 

Comparable to the deletion construct, transcription was not increased in response to activin 

treatment (Fig. 2.4E).  

Because the enhancer also potentiated GnRH induction of FSHB but was not sufficient to 

mediate GnRH induction of a minimal promoter (Fig. 2.1A and 2.3B), we hypothesized that 

GnRH potentiation mediated by the enhancer may require synergy with activin-responsive 

elements. For this reason, we investigated whether deletion or mutation of the SBE within the 

FSHB enhancer would affect GnRH potentiation. Compared to the intact enhancer construct, 

deletion of the SMAD site modestly reduced transcriptional activation by GnRH (Fig. 2.4F), 

although it was still elevated above promoter-only levels (Fig. 2.4G). Results obtained from the 

SMAD mutation construct were comparable (Fig. 2.4H and 2.4I). Overall, the putative SBE 

within 256-265 contributes to transcriptional activation of the enhancer in response to both 
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activin and GnRH treatment, although the overall effect of the enhancer and SBE on GnRH 

induction is weaker as compared to activin. 

 

Follistatin represses enhancer-mediated FSHB transcription 

Deletion of the putative SBE 256-265 within the enhancer was sufficient to reduce 

transcription to promoter-only levels (Fig. 2.4B), suggesting that activin activation and 

subsequent binding of SMADs is necessary for enhancer activity. Because LβT2 cells synthesize 

and secrete activin (127), untreated cells are continuously exposed to activin signaling, limiting 

the evaluation of the necessity of activin signaling for enhancer activity. To circumvent this 

limitation, transcriptional activity of the human enhancer was measured in the presence of the 

activin repressor, follistatin. Follistatin represses activin signaling by sequestering activin, 

preventing it from associating with its cell surface receptor (110). Follistatin treatment had no 

effect on transcription from the FSHB promoter alone but reduced activity from the human 

enhancer construct to promoter-only levels (Fig. 2.5A), demonstrating that activin signaling is 

necessary for enhancer activity. 

 

Classical SMAD signaling is required for activin induction of the FSHB enhancer 

We next sought to determine whether the classical activin signaling pathway mediated by 

phosphorylation of SMAD transcription factors is required, as would be expected if activin 

induction of the enhancer results from SMAD binding. SMAD7 acts as a dominant-negative 

inhibitor of SMAD phosphorylation by binding to the TGFβ type I receptor, blocking its ability 

to associate with and phosphorylate other SMAD proteins (128). While SMAD7 overexpression 

had no effect on transcription from the FSHB promoter alone, it reduced both basal and activin-
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treated transcriptional activity from the enhancer to 0.8- and 0.6-fold, respectively, compared to 

transfection of the empty expression vector (Fig. 2.5B), indicating that the classical SMAD 

signaling pathway is necessary for basal and activin-regulated enhancer activity. 

 

SMAD4 binds to the enhancer 

To identify whether SMADs could bind to the putative SBE at 256-265, DNA-pull down 

was performed using biotin-labelled, 30 bp DNA double-stranded oligonucleotides spanning 

241-270 of the human FSHB enhancer to capture proteins from whole cell lysates of LβT2 cells 

treated for one hour with 25 ng/mL Activin A (Fig. 2.6A). While SMAD4 was detected by an 

oligonucleotide representing the endogenous sequence, it was not captured when the putative 

SBE was mutated (same mutation as indicated in Fig. 2.4A). Similar results were obtained with 

oligonucleotides spanning 248-277 of the mouse Fshb enhancer to capture the analogous region. 

To verify that SMADs can bind to the upstream enhancer in native chromatin, we 

performed ChIP using an antibody against the common SMAD, SMAD4 (Fig. 2.6B). As 

compared to the negative control region (chromosome 14 gene desert), SMAD4 binding was 

enriched at the Fshb enhancer and positive control Hsd17b1 promoter (129), although this assay 

was not sensitive enough to detect it at the Fshb proximal promoter. 

 

Activin and GnRH treatment elevates H3K27Ac at the enhancer 

The histone marker H3K27Ac is associated with active transcription (54). To determine 

whether activin and GnRH treatment could increase H3K27Ac enrichment near the Fshb 

enhancer, ChIP was performed on LβT2 cells treated with a combination of 25 ng/mL Activin A 

and 50 nM GnRH and compared to vehicle (Fig. 2.7). While the Fshb proximal promoter was 
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unaffected by the treatment, H3K27Ac at the Fshb enhancer was increased 2 fold as compared to 

vehicle. These results support a role for activin and GnRH in increasing enhancer activity. 

 

Discussion 

While activin has long been recognized as an activator of human FSHB transcription, the 

mechanism has remained somewhat elusive given the lack of conservation of the rodent 8 bp 

SBE within the proximal promoter and the relatively weaker induction of the human FSHB 

proximal promoter by activin (34, 56, 73, 111). We identified a role for a recently discovered 

upstream enhancer of FSHB in activin and GnRH regulation of FSHB and determined that an 

imperfect, full SMAD site within the enhancer is necessary for its function. The ability of the 

upstream element to regulate activin- and GnRH-stimulated FSHB transcription is conserved 

between human and mouse. Through DNA-pull down and ChIP experiments, we confirmed that 

SMAD4 can bind to this element. Furthermore, combined activin and GnRH treatment increased 

H3K27Ac recruitment at the upstream enhancer, supporting the role of the enhancer as a 

hormone-responsive regulator of FSHB transcription. 

The FSHB enhancer described here likely acts in cooperation with the FSHB promoter 

and other regulatory elements. A randomly integrated, 10 Kb human transgene encoding FSHB 

flanked by 4 Kb of upstream and 2 Kb of downstream sequence was previously demonstrated to 

restore fertility to an Fshb knock-out mouse but could not compensate for a loss of FOXL2 and 

SMAD4 function, suggesting that one or both factors act on the 10 Kb transgene to regulate 

human FSHB expression in this mouse model (87, 130). Interestingly, activin induction of the 

human transgene was weaker than the mouse gene in primary pituitary cultures, potentially 

reflecting that additional elements not included in the transgene are needed for full activin 
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induction. Our results confirm the presence of an additional activin-responsive element within 

the upstream enhancer that was not included within the 10 Kb transgene and support a 

mechanism which includes direct regulation by SMAD binding to the enhancer. 

On the human FSHB proximal promoter, activin action is dependent on FOXL2 binding 

sites located immediately adjacent to SMAD half-site binding elements. In a search using the 

“Find Individual Motif Occurrences” (FIMO) tool (131) with the JASPAR (132) FOXL2 binding 

matrix (MA1607.1) as input and P<10-4 as the cutoff for match discovery, no putative binding 

sites were identified within the human enhancer, although the more general Forkhead class 

(MF0005.1) binding matrix did identify one match within the human enhancer from 288-296. As 

deletion of this element did not affect activity of the enhancer in basal conditions but deletion of 

the SMAD element at 256-265 within the enhancer did (120), we focused our investigation on 

the latter. Given that the 256-265 enhancer SMAD site contains only a single mismatch as 

compared to the full 8 bp canonical SBE, it is indeed possible that FOXL2 is not required for 

SMAD binding at this locus. Similarly, the full SMAD site within the mouse proximal promoter 

is not immediately adjacent to a FOXL2 element but contributes to SMAD induction of Fshb 

(56, 73, 113). Additionally, the SMAD site on the human enhancer is adjacent to another element 

which is required for basal enhancer activity that is a perfect match to the consensus site for the 

transcription factor PTX1, which has been shown to directly interact with SMADs in 

gonadotropes (29, 86). 

Direct regulation of the enhancer by activin is supported by the necessity of the intact 

SBE within the enhancer, detection of SMAD4 binding to the enhancer in ChIP and DNA pull-

down, and sufficiency of the enhancer to confer activin responsiveness to a minimal promoter. In 

contrast, GnRH potentiation mediated by the enhancer requires the FSHB proximal promoter, 
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which has previously been reported to be strongly responsive to GnRH in both species even in 

the absence of the enhancer (111, 112), although we did observe variability in the strength of 

GnRH induction of the human FSHB promoter in our experiments (compare Fig. 2.1A to Figs. 

2.4F,H). Furthermore, combined activin/GnRH synergy was also potentiated by the enhancer, 

and GnRH induction was dependent upon the SMAD full site. We therefore conclude that GnRH 

is most likely acting at the proximal promoter and synergizing with activin-responsive elements 

on the enhancer, although we have not formally ruled out the possibility that GnRH effector 

proteins (such as FOS/JUN) could directly bind to the enhancer. 

We had previously reported that the active transcriptional marker H3K27Ac was enriched 

at the enhancer in chromatin from whole pituitary, but we were unable to detect significant 

enrichment in untreated LβT2 cells. We hypothesized that this difference may be due to hormone 

action required for activation of the enhancer. In this study, H3K27Ac was detectable in LβT2 

chromatin at the enhancer even with vehicle treatment. This difference may be due to technical 

differences between the two experiments, such as media composition at the time of fixation or 

sonication duration or to variability intrinsic to the LβT2 cell line (122). Regardless of this 

difference, our current findings do reveal that activin and GnRH treatment results in 

accumulation of H3K27Ac, supporting our hypothesis that these factors activate the enhancer. 

Given that the direction of the rs11031006 effect on basal FSHB transcription was 

counter to our initial hypothesis based upon FSH levels in PCOS patients (increasing, rather than 

decreasing, FSHB transcription), we had previously speculated that the rs11031006 SNP might 

interfere with activin or GnRH induction of the enhancer. This does not seem to be the case. In 

mouse, a mutation analogous to the human rs11031006 minor allele synergistically increased 

activin induction, although this effect was not observed with the human constructs, potentially 
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reflective of species-specific differences between the human and mouse SF1 and SMAD 

elements. While the human major allele SF1 site containing rs11031006 matched 7/8 base pairs 

to the SF1 consensus, the mouse sequence contains an additional mismatch, resulting in a 

potentially greater increase in SF1 binding with conversion to the minor allele equivalent (120). 

Similarly, the mouse SMAD site also contains an additional mismatch with the SMAD 

consensus. Together, SMAD binding to the mouse Fshb enhancer may be more dependent on 

anchoring by other factors, and the stability of a complex containing both SF1 and SMAD could 

be more dramatically increased by conversion to the rs11031006 minor allele equivalent. While 

not synergistic, the effect of the rs11031006 minor allele from human was additive with activin 

and GnRH signaling, suggesting that it does still increase FSHB transcription above major allele 

levels as a result of increased basal transcription. Whether this effect could impact human 

fertility remains to be investigated.  

In summary, we determined that the FSHB enhancer potentiates activin and GnRH 

induction of FSHB transcription, dependent on a SBE at 256-265. With respect to both basal and 

activin/GnRH regulation, the function of the FSHB enhancer is conserved between human and 

mouse, presenting an opportunity for future investigations of the enhancer and rs11031006 SNP 

with mouse models. 

Our findings contribute to a greater understanding of the mechanisms of FSHB 

regulation. FSH plays an indispensable role in human reproduction through regulation of puberty 

and fertility (35-41), but also contributes to nonreproductive functions, such as bone density and 

adiposity (133-135). While FSH insufficiency is associated with anovulation and conditions such 

as PCOS, elevated FSH levels can contribute to bone loss in postmenopausal women and 

premature ovarian failure (16, 134), and therefore both extremes are consequential for human 
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health. As FSH synthesis is rate-limited by FSHB transcription (17, 18), understanding how the 

FSHB gene is regulated may provide valuable insight for novel therapeutic targets. 
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Figures 

 

Figure 2.1: The upstream enhancer potentiates activin and GnRH induction of FSHB promoter. A) 

Luciferase expression from reporter constructs driven by the human -1028/+7 FSHB promoter alone 

(hFSHBp) or downstream of the human major allele enhancer (hEnh/G+p) in LβT2 cells treated with 

vehicle, 10 ng/mL activin, 10 nM GnRH, or both (n=9). B) Luciferase expression from reporter constructs 

driven by the mouse -1000/-1 Fshb promoter alone (mFshbp) or downstream of the reverse orientation 

mouse major allele enhancer (RVmEnh/G+p) in LβT2 cells treated with vehicle, 10 ng/mL activin, 10 nM 

GnRH, or both (n=9). Each bar represents mean ± SEM. Data were analyzed by three-way ANOVA, post-

hoc Tukey HSD. Different letters denote significant differences among groups P < 0.05. ‡ indicates a 

significant two-way factor interaction (P < 0.05) and # indicates a significant three-way factor interaction. 

A Box-Cox transform was used on B prior to analysis. RLU, relative luciferase units. p, promoter. 
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Figure 2.2: The rs11031006 SNP has a species-specific effect on activin, but not GnRH, induction of 

FSHB. A) Luciferase expression from reporter constructs driven by the human -1028/+7 FSHB promoter 

downstream of the human major allele enhancer (hEnh/G+p) or minor allele enhancer (hEnh/A+p) in 

LβT2 cells treated with vehicle or 10 ng/mL activin (n=4). B) Luciferase expression from reporter 

constructs driven by the mouse -1000/-1 Fshb promoter downstream of the mouse major allele enhancer 

(RVmEnh/G+p) or minor allele enhancer (RVmEnh/A+p) in LβT2 cells treated with vehicle or 10 ng/mL 

activin (n=5). C) Luciferase expression from the human constructs as in A, transfected into LβT2 cells 

treated with vehicle or 10 nM GnRH (n=4). The same vehicle control groups as in A were used for 

comparison. D) Luciferase expression from the mouse constructs as in B, transfected into LβT2 cells 

treated with vehicle or 10 nM GnRH (n=5). The same vehicle control groups as in B were used for 

comparison.  Each bar represents mean ± SEM. Tukey’s HSD was used for post-hoc analysis. Different 

letters denote significant differences among groups P < 0.05. ‡ indicates a significant two-way ANOVA 

factor interaction (P < 0.05). A reciprocal cube root transformation was used on D prior to analysis. RLU, 

relative luciferase units. p, promoter. 
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Figure 2.3: The FSHB enhancer confers activin, but not GnRH, responsiveness to a heterologous 

promoter. A) Luciferase expression from a reporter driven by the TK minimal promoter alone (TKp) or 

downstream of the human major allele enhancer (hEnh/G+p) in LβT2 cells treated with vehicle or 10 

ng/mL activin (n=6). B) Luciferase expression from the same constructs as in A, transfected into LβT2 

cells treated with vehicle or 10 nM GnRH (n=6). The same vehicle control groups as in A were used for 

comparison. Each bar represents mean ± SEM. Data were analyzed by two-way ANOVA, post-hoc Tukey 

HSD. Different letters denote significant differences among groups P < 0.05. ‡ indicates a significant 

two-way ANOVA factor interaction (P < 0.05). RLU, relative luciferase units. p, promoter. 
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Figure 2.4: The 256-265 site is required for maximal activin and GnRH induction via the FSHB 

enhancer. A) Sequence comparison of the SMAD consensus with the putative SBE within the human 

enhancer at 256-265, the equivalent site within the mouse enhancer at 263-272, and the human SBE 

mutation construct. Bases mismatched with the SMAD consensus sequence are bolded. B-I) Luciferase 

expression from transfection of LβT2 cells with reporter constructs driven by the human -1028/+7 FSHB 

promoter alone (hFSHBp), downstream of the full human major allele enhancer (hEnh/G+p), or 

downstream of the human major allele enhancer with deletion (hΔ256-265+p) or mutation (hSBEmut+p) 

of the putative SBE and treatment as indicated. B) SBE deletion construct (hΔ256-265+p) with vehicle or 

10 ng/mL activin treatment (n=6). C) Data from B expressed as fold induction (activin-treated/vehicle). 

D) SBE mutation construct (hSBEmut+p) with vehicle or 10 ng/mL activin treatment (n=5). E) Data from 

D expressed as fold induction (activin-treated/vehicle). F) SBE deletion construct (hΔ256-265+p) with 

vehicle or 10 nM GnRH treatment (n=6). The same vehicle control groups as in B were used for 

comparison. G) Data from F expressed as fold induction (GnRH-treated/vehicle). H) SBE mutation 

construct (hSBEmut+p) with vehicle or 10 nM GnRH treatment (n=5). The same vehicle control groups 

as in D were used for comparison. I) Data from H expressed as fold induction (GnRH-treated/vehicle). 

Each bar represents mean ± SEM. Data were analyzed by two-way (B, D, F, and H) or one-way (C, E, G, 

and I) ANOVA, post-hoc Tukey HSD. Different letters denote significant differences among groups P < 

0.05. A Box-Cox transform was used on F and H prior to analysis. RLU, relative luciferase units. p, 

promoter. SBE, SMAD-binding element. 

  



 

67 

 



 

68 

 

Figure 2.5: The classical SMAD signaling pathway is required for activin induction of the FSHB 

enhancer. A) Luciferase expression from reporter constructs driven by the human -1028/+7 FSHB 

promoter alone (hFSHBp) or downstream of the major allele enhancer (hEnh/G+p) in LβT2 cells treated 

with vehicle or 250 ng/mL follistatin (n=5). ‡ indicates a significant two-way ANOVA factor interaction 

(P < 0.05). B) Luciferase expression from reporter constructs as in A, co-transfected with 200 ng/well of 

a SMAD7 expression vector or empty vector in LβT2 cells. Each bar represents mean ± SEM. Data were 

analyzed by two-way (A) or three-way (B) ANOVA, post-hoc Tukey HSD. Different letters denote 

significant differences among groups P < 0.05. RLU, relative luciferase units. p, promoter. 
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Figure 2.6: SMAD4 binds to the FSHB enhancer. A) Biotin-labelled 30 bp double-stranded 

oligonucleotides from the indicated regions of the human and mouse FSHB enhancers containing the 

wild-type (WT) or mutant SBE (SBE mut) were used in DNA pull-down of protein from activin-treated 

LβT2 whole cell lysates. Following precipitation of DNA/protein complexes with streptavidin magnetic 

beads, proteins were eluted and analyzed by Western blot with a SMAD4 antibody. Input is shown for 

comparison. Image is representative of four replicates. B) ChIP-qPCR using a SMAD4 antibody (S4) and 

normal rabbit IgG control to compare binding at the negative control region (Chromosome 14 gene 

desert), positive control region (Hsd17b1 promoter), Fshb enhancer, and Fshb proximal promoter in 

LβT2 cells treated overnight with 25 ng/mL Activin A and 50 nM GnRH (n=3). Data were analyzed by 

two-way ANOVA, post-hoc Tukey HSD. Different letters denote significant differences among groups P 

< 0.05. S4, SMAD4 antibody. p, promoter. Enh, enhancer. Ch14, chromosome 14. 

  



 

70 

 

Figure 2.7: H3K27Ac increases at the Fshb enhancer following activin and GnRH treatment. ChIP-qPCR 

was performed using an H3K27Ac antibody to compare enrichment at the negative control (Chromosome 

14 gene desert), positive control (b-actin intron 1), Fshb enhancer, and Fshb proximal promoter regions 

between activin/GnRH and vehicle treatment groups in LβT2 cells. Enrichment using a normal rabbit IgG 

control is shown for each treatment and region for comparison (n=3). At each locus, the vehicle-treated 

group served as a control for the GnRH/activin-treated group and was compared by two-tailed Student’s 

t-test. P values are adjusted with the Holm-Šídák method for multiple comparisons. * indicates P < 0.05. 

p, promoter. Enh, enhancer. Ch14, chromosome 14. 
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Tables 

Table 2.1: Primer sequences 

Site-directed mutagenesis 

Human SMAD mutation FW: GGTAGTTTTGTACAGTGGATTATTATAAAA 

AAAATTTAATAGCACTCTGCTCTTTGATAT 

RV: ATATCAAAGAGCAGAGTGCTATTAAATTTT 

TTTTATAATAATCCACTGTACAAAACTACC 

qPCR (mouse) 

Fshb enhancer FW: TGCTCACTGCAAGAAGAGACAG 

RV: ATAAATATCACAGGGCAGAGCAA 

Fshb proximal promoter FW: CCCTGTGGATTTACTGGGTGT 

RV: CGAGGCTTGATCTCCCTGTC 

β-actin intron 1 FW: GGTTTGGACAAAGACCCAGA 

RV: GCCGTATTAGGTCCATCTTGAG 

Ch14 gene desert FW: GTCACAGAAACGCAAAGGTTTA 

RV: CCCAAAGTCATGTTGTACTTGATAG  

Hsd17b1 promoter FW: CTGTGGGCAGGAGCAGA 

RV: GCAAGCAAGCGAGCATGAA 
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Table 2.2: DNA pull-down oligonucleotide sequences 

mFshb proximal promoter FW: Biotin-CAGAAAGAATAGTCTAGACTCTAGAGTCAC 

RV: GTGACTCTAGAGTCTAGACTATTCTTTCTG 

hFSHB enhancer (241-270) FW: Biotin-TACAGTGGATTATTATGTCTAGAATTTAAT 

RV: ATTAAATTCTAGACATAATAATCCACTGTA 

SMAD mut hFSHB enhancer 

(241-270) 

FW: Biotin-TACAGTGGATTATTATAAAAAAAATTTAAT 

RV: ATTAAATTTTTTTTATAATAATCCACTGTA 

mFshb enhancer (248-277) FW: Biotin-TACAGCAGATTATTATGTCTGGAATTTAAT 

RV: ATTAAATTCCAGACATAATAATCTGCTGTA 

SMAD mut mFshb enhancer 

(248-277) 

FW: Biotin-TACAGCAGATTATTATAAAAAAAATTTAAT 

RV: ATTAAATTTTTTTTATAATAATCTGCTGTA 

  



 

73 

CHAPTER 3: FERTILITY IS NOT IMPAIRED BY DELETION OF OR POINT MUTATION 

WITHIN AN UPSTREAM FSHB ENHANCER IN MICE 

Abstract 

Follicle-stimulating hormone (FSH) is necessary for fertility in both sexes as a regulator 

of gametogenesis and hormone synthesis. Humans with loss-of-function mutations within the 

gene encoding the FSH beta subunit (FSHB) are infertile. Similarly, female Fshb knock-out mice 

are infertile and fail to ovulate, whereas males are subfertile. We recently reported the discovery 

and characterization of an upstream enhancer of FSHB located 26 Kb upstream of the 

transcriptional start site in humans (17 Kb in mouse) that also amplifies activin and 

gonadotropin-releasing hormone induction of FSHB. Notably, the upstream enhancer contains a 

fertility-associated single nucleotide polymorphism, rs11031006 (G/A), and the minor allele (A) 

increased enhancer activity in vitro as compared to the major allele (G), likely through the 

creation of a higher affinity SF1 binding site. To investigate the role of the novel enhancer and 

rs11031006 variant in vivo, we created two mouse models, one containing a deletion of the 

upstream enhancer and one with a G>A point mutation at the rs11031006-equivalent base. A full 

characterization of the enhancer deletion model revealed no apparent differences in fertility or 

serum FSH/LH levels, although first estrus was slightly, but significantly, delayed in juvenile 

females homozygous for the deletion. As additional enhancers could compensate for the loss of 

the enhancer at 17 Kb, we investigated several additional conserved regions upstream of Fshb 

for enhancer activity. We identified an element located approximately 12 Kb upstream of the 

Fshb transcriptional start site which increased Fshb transcription in a luciferase assay. A partial 

characterization of the rs11031006 variant model revealed no differences in the timing of 

puberty in either sex, and a pilot study of adult males revealed no significant differences in 
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serum FSH/LH levels or sperm number or motility, although variability limited a robust 

conclusion. Overall, the mouse 17 Kb enhancer may be necessary for early FSH expression but 

is dispensable in adult mice. 

 

Introduction  

Follicle-stimulating hormone (FSH) is a dimeric glycoprotein hormone which is 

necessary for female and male fertility. It is produced by gonadotrope cells within the anterior 

pituitary along with the other pituitary gonadotropin, luteinizing hormone (LH). FSH consists of 

an alpha subunit (αGSU) common to LH, human chorionic gonadotropin, and thyroid-

stimulating hormone, as well as a unique beta subunit (FSHβ) which confers receptor specificity. 

Transcription of the gene encoding the beta subunit (FSHB) is the rate limiting step in FSH 

synthesis (17, 18). 

In females, FSH is required for oocyte maturation beyond the antral stage (41). As such, 

both female mice and women with loss-of-function mutations within the FSHB gene are infertile 

and anovulatory (10, 41). Men with FSHB loss-of-function mutations are azoospermatic (10). 

While Fshb knock-out male mice are fertile, epididymal sperm numbers and motility are reduced 

75% and 40%, respectively (41). Mouse models of FSH insufficiency, arising from pituitary-

specific deletion of Fshb regulatory factors including FOXL2 and SMAD4 range in phenotypic 

severity from subfertile to completely infertile (45, 109, 136). Overall, it is apparent that FSH is 

necessary for both sexes and both species for normal fertility. 

While loss-of-function mutations in FSHB are rare, FSH deficiency is commonly 

observed in some patients with polycystic ovary syndrome (PCOS). Genome-wide association 

studies (GWAS) of PCOS identified a locus encompassing the gene encoding FSHB in 
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association with PCOS, FSH levels, LH levels, and the LH/FSH ratio, potentially indicating that 

FSHB dysregulation could contribute to PCOS etiology (19-22). The same locus has also been 

associated with other traits of fertility including age of natural menopause and dizygotic 

twinning, each of which have been related to FSH levels (23, 24). The lead single nucleotide 

polymorphism to emerge from several studies is rs11031006 (G/A) (19, 20). rs11031006 resides 

within an ~450 base pair element that is evolutionarily conserved between species, located 26 Kb 

upstream of the FSHB transcriptional start site (TSS) in human and 17 Kb upstream in mouse. 

We recently reported that the conserved element is an enhancer of mouse and human 

FSHB transcription, as indicated by induction of FSHB in luciferase assay, chromatin 

accessibility exclusively in gonadotropes, and the presence of the active enhancer histone 

signature of histone 3 lysine 4 monomethylation and histone 3 lysine 27 acetylation (120). The 

rs11031006 variant minor allele increased transcription as compared to the major allele, likely 

through the creation of a higher affinity binding site for the transcription factor Steroidogenic 

factor 1 (SF1) (120). Both the human and mouse enhancers potentiate activin and GnRH 

induction of FSHB, dependent upon the presence of a SMAD binding element within the 

enhancer (Chapter 2). 

In this study, we created two mouse models to evaluate the role of the 17 Kb Fshb 

enhancer and the rs11031006 (rs06) variant in vivo. For the enhancer deletion mouse line, we 

found that adult FSH/LH levels and fertility were normal, although first estrus was slightly but 

significantly delayed in mice homozygous for the enhancer deletion (ΔE/ΔE). To determine if 

additional enhancers might be able to compensate for the loss of the 17 Kb enhancer, we 

evaluated several conserved regions between the Fshb TSS and the 17 Kb for enhancer activity 

and identified an element approximately 12 Kb upstream of the Fshb proximal promoter which 
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enhanced Fshb transcription. Overall, these results indicate that the 17Kb Fshb enhancer is not 

necessary for adult fertility and may be compensated by the presence of additional upstream 

enhancers of Fshb. For the rs06 variant mouse line, there were no differences in male or female 

puberty. A pilot study of adult males revealed no significant differences in FSH/LH serum levels 

or sperm production, although further investigation including a larger sample size and female 

mice is required for a full evaluation of fertility. 

 

Methods 

Animal Housing 

All experiments were performed in accordance with University of California, San Diego, 

Institutional Animal Care and Use Committee regulations. Mice were group housed (up to 5 per 

cage) with ad libitum access to food and water on a 12:12 light-dark cycle.  

 

CRISPR crRNA design and injection 

For both the enhancer deletion (ΔE) and rs11031006 minor allele (rs06) lines, CRISPR 

RNAs (crRNAs) were designed in Benchling using the CRISPR design tool. Sequences are listed 

in Table 3.1. For the ΔE line, two crRNAs were used to target each end of the enhancer. To 

generate the CRISPR injection mix, each crRNA (synthesized by Integrated DNA Technologies) 

was annealed to an equal molar ratio of trans-activating CRISPR RNA (tracrRNA) (Integrated 

DNA Technologies) and incubated with Alt-R S.p. HiFi Cas9 Nuclease V3 (Integrated DNA 

technologies) for a final concentration of 0.6 μM of each crRNA complex in IDTE pH 7.5 

(Integrated DNA Technologies). Zygotes from C57BL/6NHsd mice (Envigo) were injected by 

the UC San Diego Transgenics Core. Genotyping was performed by PCR of a tail clip using the 
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FW/RV Ext del primers (Table 3.2), which anneal on either side of the deletion. As the deletion 

band outcompeted the WT band in samples from heterozygous mice, an additional primer set, 

FW/RV Int del, was used to distinguish between mice that were heterozygous and homozygous 

for the deletion. For the founder, the PCR product representing the deletion band amplified by 

the FW/RV Ext del primers was verified by Sanger Sequencing (Eton Biosciences). 

For the rs06 line, a single crRNA was designed adjacent to the rs11031006 equivalent 

base in mouse. A single-stranded DNA containing a point mutation (G>A) at the rs11031006 

equivalent base and 45 base pairs of flanking sequence from the mouse genome served as a 

template for homologous recombination (Table 3.1). The CRISPR injection mix was formulated 

and injected as above with the addition of 0.6 μM repair template. 

 

Pubertal onset 

Vaginal opening and preputial separation served as markers for pubertal onset and were 

assessed daily following weaning, typically at 21 days, as previously described (137). 

 

First Estrus and Adult Estrous Cycling 

Vaginal smears were collected daily by vaginal lavage with sterile PBS and visualized 

with methylene blue. For first estrus, cycling began on the day of vaginal opening and continued 

until estrus was identified. For adult cycling, 12-week-old females were cycled for 21 days. 

Vaginal smears were collected daily by vaginal lavage with sterile PBS and visualized by 

methylene blue staining. Cycle stage was determined as previously described (138). 

 

Sperm analysis 
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Adult mice were euthanized by isofluorane overdose. To measure motility, the right 

caudal epididymis was collected in M2 media (Sigma-Aldrich), sliced in half, and squeezed 

gently with forceps to release sperm. Sperm was incubated for 15 minutes at room temperature, 

mixed, and motile sperm were counted using a hemocytometer. The hemocytometer was heated 

at 55°C for 5 minutes to immobilize sperm and intact (heads and tails) sperm were counted. % 

motility was determined by dividing the motile sperm over intact sperm. To measure total sperm, 

the left caudal epididymis was minced in M2 media using scissors. After approximately one hour 

incubation at room temperature, tissue was strained using a 70 μM filter. Sperm were diluted in 

water to immobilize them, and sperm heads were counted with a hemocytometer for total sperm 

count. 

 

Ovariectomy (ovx) 

Female adult mice were anesthetized with isoflurane. Ovaries were surgically excised 

through an incision in the back. 0.1 mg/kg buprenorphine was administered subcutaneously to all 

animals as an analgesic on the day of surgery and again on subsequent days as necessary. On the 

day of tissue collection, animals were euthanized by CO2 inhalation. Uterine size was visually 

assessed to confirm estradiol deficiency. 

 

Tissue and Serum Collection 

Adult mice were euthanized by CO2 (females) or isofluorane overdose (males). Blood 

was collected from the inferior vena cava, incubated for one hour at room temperature, and 

centrifuged for 15 minutes at 2000 x g. Serum was collected from the supernatant. FSH and LH 

levels were measured by the UVA Ligand Core radioimmunoassay. For intact animals, the right 
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ovary was carefully dissected, stripped of extraneous tissue, and weighed. The left ovary was 

removed from the uterus, and the uterus was removed and weighed. 

 

Fertility Assays 

Adult female mice were paired with virgin, wild-type C57BL/6NHsd males (Envigo) for 

120 days. The date of each litter and total number of pups was recorded. The days to first litter, 

total number of litters, average pups per litter, and total number of pups are reported and reflect 

both live and dead pups. 

 

Plasmids, Cell Culture, and Luciferase Assay 

The mouse -1000/-1 Fshb promoter luciferase reporter (mFshb-luc), and forward/reverse 

17 Kb mouse Fshb enhancer plasmids (mEnh/G:mFshb-luc, and RVmEnh/G:mFshb-luc) 

plasmids were previously described (120). All other plasmids were constructed by PCR 

amplification of the target site from C57BL/6 mouse genomic DNA and cloning into the 

KpnI/SacI sites in the mFshb-luc plasmid, except for region C2 which contained an endogenous 

SacI site and was cloned into the KpnI/MluI sites instead. Regions and primer sequences are 

specified in Table 3.3. For cloning the forward orientation plasmids, the KpnI restriction site 

(GGTACC) was included upstream of the FW primer sequence and the SacI (GAGCTC) or MluI 

(ACGCGT) restriction site was included upstream of the RV primer sequence. The restriction 

sites were switched to clone the reverse orientation plasmids. Cell culture and luciferase assay 

were performed as previously described (120). For analysis, luciferase values were normalized to 

β-galactosidase values from the same tissue culture well (“normalized luciferase values”). 

Results are expressed as “relative luciferase values” (RLU), which is defined as the triplicate 
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average of “normalized luciferase values” relative to pGL3 backbone levels from the same 

hormone treatment group and experimental replicate. 

 

Statistical Analysis 

Differences were analyzed via Student t-test or ANOVA as indicated. One-way ANOVA 

was followed by post-hoc Dunnett test. Residuals were checked for normality using the Shapiro-

Wilk test with P > 0.05 as the threshold. Prism 8 (GraphPad) was used for all analysis, and 

p ˂0.05 was the threshold for statistical significance. 

 

Results 

Validation of the enhancer deletion mouse line 

 To generate the 17 Kb enhancer deletion mouse line (ΔE), we designed two crRNAs to 

target each end of the enhancer (Fig. 3.1A). The crRNA binding sites were removed by the 

deletion, preventing additional cleavage. A founder with a deletion that extended slightly past the 

17 Kb enhancer (ch2:107076837-107077613, mm10) was selected. Genotyping was performed 

using two primer sets (Fig. 3.1B). One set binds fully outside of the deleted region (Ext del) and 

amplifies a 1,288 bp product from the wild-type allele and a 510 bp product from the ΔE allele. 

As the ΔE allele PCR product often outcompeted the 1,288 bp product in heterozygous mice, a 

second primer set with one primer binding site falling within the deleted region (Int del) was 

used to distinguish heterozygous mice from homozygous ΔE/ΔE. The enhancer deletion allele 

band amplified using the Ext del primer set was sequenced from the founder. 

 

Female serum FSH and LH are not different in ΔE/ΔE mice 
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Serum was collected from adult female mice in diestrus. There were no significant 

differences between wild-type and ΔE/ΔE mice in serum FSH (Fig. 3.2A), serum LH (Fig. 

3.2B), or the LH/FSH ratio (Fig. 3.2C). Compensation within the hypothalamic-pituitary-gonadal 

axis could mask an effect on circulating FSH levels, although no differences were detected in 

body weight (Fig. 3.2D), ovarian weight (Fig. 3.2E), or uterine weight (Fig. 3.2F), suggesting 

normal estradiol levels. Still, we performed ovariectomy to fully remove ovarian feedback from 

the model and to determine if there could be a difference in maximal FSH induction, but we did 

not detect any differences in serum FSH (Fig. 3.2G), serum LH (Fig. 3.2H), or the FSH/LH ratio 

(Fig. 3.2I). 

 

Female ΔE/ΔE mice cycle normally and are fertile 

Although there were no differences in serum FSH or LH levels in diestrus or with 

ovariectomy, we considered the possibility that differences in FSH expression in conditions not 

measured (i.e., different cycle stages or during development) could have an impact on fertility. 

For this reason, we performed estrous cycling and a fertility assay on wild-type and ΔE/ΔE 

females. Representative cycling is shown in Fig. 3.3A. A full cycle was defined as the first day 

of estrus until the first day of estrus in the subsequent cycle. There were no differences in the 

total number of cycles completed in 21 days (Fig. 3.3B), the average cycle length (Fig. 3.3C), or 

the percentage of time spent in each cycle stage (Fig. 3.3D). 

 For the fertility assay, the dates of each new litter and the number of pups (both live and 

dead) were recorded for 120 days. There were no differences in the average number of pups (Fig. 

3.3E), total number of pups (Fig. 3.3F), total number of litters (Fig. 3.3G), time to first litter (Fig. 
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3.3H), or average interval between litters (Fig. 3.3I). Overall, these results indicate that fertility is 

normal in ΔE/ΔE females. 

 

Male serum FSH and LH levels are not different in ΔE/ΔE mice 

To investigate whether there could be a sex-specific requirement for the 17 Kb Fshb 

enhancer, serum FSH and LH levels were measured in adult male ΔE/ΔE mice. As in females, 

there were no differences detected in either hormone between genotypes (Fig. 3.4 A-C). Body 

and testes weights were also unaffected by genotype (Fig. 3.4D, E). 

 

Sperm counts are normal in ΔE/ΔE mice 

 Although no differences were expected given normal FSH serum levels in adult males, 

we performed sperm counts to address the possibility that deletion of the enhancer could reduce 

FSH during development and lead to deficiencies in the generation of sperm in adults. We 

measured the total number of sperm (Fig. 3.4F) and percentage of motile sperm (Fig. 3.4G) 

within the caudal epididymis but found no differences between genotypes, overall indicating that 

adult male ΔE/ ΔE do not have any observable reproductive phenotypes. 

 

First estrus is delayed in female ΔE/ΔE mice but male puberty is normal 

Given that there were no differences in FSH serum levels or fertility in adult ΔE/ΔE 

mice, we next evaluated juvenile mice to determine if there might be differences at other 

developmental time points. “Mini puberty” occurs during infancy and is characterized by a large 

spike in serum FSH and LH content. In females, mini-puberty has been shown to regulate 

development of the first wave of ovulated oocytes (139), and so we speculated that first estrus 
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could be impaired by deletion of the 17Kb Fshb enhancer. To determine if there were any 

differences in pubertal onset, we measured the age and weight of vaginal opening in females 

(Fig. 3.5A, B) but found no differences. Beginning on the day of vaginal opening, we collected 

vaginal smears for cytology to evaluate the day of first estrus. As compared to wild-type mice, 

age of first estrus was significantly delayed in ΔE/ΔE mice (Fig. 3.5C). There was also a 

significant difference in the number of days between vaginal opening and first estrus (Fig. 3.5D). 

In males, there were no differences in pubertal onset as measured by the timing of preputial 

separation (Fig. 3.5E) or body weight at preputial separation (Fig. 3.5F). Overall, these results 

indicate a delay in first estrus in ΔE/ΔE mice, although further investigation is necessary to 

determine if, and when, during development, FSH levels could differ in ΔE/ΔE mice to give rise 

to this phenotype. 

 

An evolutionarily-conserved element located 12 Kb upstream of the Fshb transcriptional start 

site enhances Fshb expression 

Because deletion of the enhancer at 17 Kb upstream of Fshb did not impair FSH levels or 

fertility, we considered the possibility that additional upstream enhancers of Fshb could 

compensate for the deletion. Evolutionary sequence conservation can be used to predict 

regulatory regions as sequence conservation can indicate an important biological function. Five 

conserved regions (C1-C5) between the 17 Kb enhancer and the Fshb transcriptional start site 

were cloned upstream of the Fshb proximal promoter in both the forward and reverse orientation 

in a luciferase reporter plasmid to assess enhancer activity (Fig. 3.6A). One region, C2, located 

approximately 12 Kb upstream of the Fshb TSS, enhanced transcription in the forward 

orientation (Fig. 3.6B) and was previously shown to be accessible in scATAC-seq (120). 
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Overall, these results support the presence of additional Fshb enhancers, which could potentially 

compensate for deletion of the 17 Kb enhancer. 

 

Validation of the rs06 (A) point mutation mouse line 

At the base equivalent to the human rs11031006 (G/A) variant, the mouse genome is 

consistent with the human major allele (G). To introduce the minor allele variant (A), a single 

crRNA was used along with a single-stranded repair template containing 45 bp of homology 

flanking the G>A point mutation at the rs11031006-equivalent site (Fig. 3.7A). Cas9 requires a 

protospacer adjacent motif (PAM) sequence of NGG in order to bind and cleave DNA. As the 

rs11031006 equivalent base falls within an NGG motif, we used this to our advantage such that 

the PAM site would be eliminated following G>A mutation, thereby preventing the site from 

being targeted again for cleavage once successfully mutated. Routine genotyping was performed 

by fluorescent Sanger sequencing to assess the presence of each allele (Fig. 3.7B). In addition, 

the founder was sequenced past the homology arms on either end to confirm that no additional 

indels were present at the Fshb locus. 

 

Puberty is normal in rs06 A/A mice 

As first estrus was delayed in the ΔE/ΔE mice, we evaluated puberty in the rs06 mouse 

line. In females, there were no differences in the age of vaginal opening, weight at vaginal 

opening, age of first estrus, or length of the interval between vaginal opening and first estrus 

(Fig. 3.8A-D). In males, there were no differences in the age of preputial separation or weight at 

preputial separation (Fig. 3.8E and F). 
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A pilot study of adult male rs06 A/A mice reveals no significant differences in FSH/LH serum 

levels or sperm production 

In a pilot study of n=3 per group, we evaluated fertility in adult male mice. There were no 

significant differences between the rs06 G/G control group or rs06 A/A group in FSH levels, LH 

levels, or the LH/FSH ratio (Fig. 3.9 A-C), although high variability within both groups limited a 

robust conclusion with this sample size. Body and testes weight (Fig. 3.9D,E), as well as sperm 

motility and total sperm count (Fig. 3.9F,G), did not differ between genotypes. 

 

Discussion 

In a mouse deletion model of the Fshb enhancer at 17 Kb, serum FSH levels and fertility 

were normal in adults, although there was a significant delay in first estrus. It is not unusual that 

loss of a single enhancer does not fully recapitulate the phenotype of a knock-out animal. 

Phenotypes associated with deletion of a single enhancer vary and have been described as having 

a subset of the knock-out phenotype or no obvious impairments. For example, Arx loss-of-

function causes severe neurological defects (140, 141). Arx is regulated by multiple 

“ultraconserved” (perfect sequence conservation) enhancers (142). Dickel, et al. (2018), showed 

that individual deletions of two ultraconserved enhancers led to decreased neuron density or 

decreased body weight, while deletion of both resulted in both decreased neuronal density and 

decreased body weight, suggesting that each enhancer has a unique effect on gene regulation 

with the resulting phenotypes reflecting temporal and spatial differences in ARX expression 

(143). A similar effect may explain why mice lacking the 17 Kb enhancer of Fshb have delayed 

first estrus but no apparent differences in adult fertility, although further characterization, 
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including measurement of serum and pituitary FSH levels in juvenile mice, will be necessary to 

validate the observed effect. 

In another model of enhancer deletion, Osterwalder, et al., report that deletion of 

individual enhancers of the Gli3 gene, which regulates forelimb development, had no measurable 

effect, but deletion of two enhancers that overlap in spatial and temporal expression resulted in 

limb malformations (144). For this reason, we investigated the possibility of additional enhancers 

of Fshb. An evolutionarily conserved region located 12 Kb upstream of the Fshb TSS and 

located within a region of chromatin accessible in gonadotropes as determined by scATAC-seq 

(120) also enhanced Fshb expression in transfections into LT2 cells. Future research 

investigating deletion of the 12 Kb enhancer alone and in combination with the 17 Kb enhancer 

will provide additional information relevant to understand enhancers within the context of Fshb 

regulation. 

In addition to the enhancer deletion mouse model, we also performed a preliminary 

investigation of the rs11031006 minor allele mouse and did not identify any apparent phenotypes 

affecting puberty. In a pilot study of adult male mice, FSH/LH serum levels and sperm 

production were not significantly different, although high variability and small sample size 

limited a conclusive interpretation. Further characterization of this mouse line, including a 

female fertility assay, is required to fully understand whether the rs11031006 variant affects 

fertility. Although the homozygous enhancer deletion did not affect adult fertility, we previously 

demonstrated that the rs1031006 minor allele increased SF1 binding as compared to the major 

allele in vitro. For this reason, the rs06 A/A mouse may represent a gain-of-function mutation 

and a phenotype may still arise. 
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Finally, mouse models can provide valuable insight for human health and disease but can 

be limited by species-specific differences. While the sequence of the enhancer is conserved 

between species and in vitro assays revealed functional similarities with respect to hormone 

induction, other differences in Fshb regulation could still contribute to the resulting phenotype. 

We previously demonstrated that both the human and mouse FSHB enhancers potentiate activin 

and GnRH induction of FSHB (Chapter 2). While the mouse proximal promoter alone is robustly 

responsive to activin, the human proximal promoter is not (34, 56, 73, 111). It is plausible that 

human FSHB expression would require the 26 Kb enhancer but that the equivalent mouse 17 Kb 

enhancer would be dispensable due to compensation by the proximal promoter. Therefore, it is 

still an open question whether the enhancer or the rs11031006 variant might affect FSHB 

transcription differently within humans. 
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Figures

 

Figure 3.1: Generation of the Fshb enhancer deletion mouse line (ΔE). A) A diagram of the crRNA 

cleavage sites, deleted region, and genotyping primer binding sites. B) A representative PCR of 

genotyping. +/+, wild-type, +/ΔE, heterozygous for enhancer deletion, ΔE/ΔE, homozygous for enhancer 

deletion. E, enhancer. bp, base pair. 
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Figure 3.2: Serum FSH/LH levels and ovarian, uterine, and body weights are normal in female ΔE/ΔE 

mice. From adult female mice, A) diestrus serum FSH B) diestrus serum LH, C) diestrus LH/FSH ratio, 

D) diestrus body weight E) diestrus ovarian weight (right ovary), F) diestrus uterine weight, G) 

ovariectomized serum FSH, H) ovariectomized serum LH, and I) ovariectomized LH/FSH ratio were not 

different between wild-type and ΔE/ΔE mice by two-tailed Student’s t-test. FSH, follicle-stimulating 

hormone. LH, luteinizing hormone. OVX, ovariectomized. 
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Figure 3.3: Female ΔE/ΔE mice are fertile. A) Representative estrus cycle staging in adult females of 

each genotype. B) Number of cycles in 21 days, C) average cycle length, and D) % of time spent in each 

cycle stage are shown. E-I) A fertility assay was conducted with female wild-type or ΔE/ΔE mice mated 

to wild-type males. E) average pup count per litter, F) total number of pups, G) total number of litters, H) 

time to first litter, and I) average interval between litters in 120 days were compared. There were no 

differences between wild-type and ΔE/ΔE mice by two-tailed Student’s t-test. 
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Figure 3.4: Serum FSH/LH levels, testes weight, body weight and sperm are normal in male ΔE/ΔE 

mice. From adult male mice, A) serum FSH, B) serum LH, C) body weight, D) testes weight, E) total 

epidydimal sperm count, and F) epididymal sperm motility were not different between wild-type and 

ΔE/ΔE mice by two-tailed Student’s t-test. 
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Figure 3.5: First estrus is delayed in female ΔE/ΔE mice, but male puberty is normal. From juvenile 

female mice, A) age at vaginal opening, B) weight on the day of vaginal opening. C) age at first estrus, 

and D) days between vaginal opening and first estrus are shown. From juvenile male mice, E) age at 

preputial separation and F) weight on the day of preputial separation are shown. Data were analyzed by 

two-tailed Student’s t-test. Significant differences between groups (P<0.05) are indicated by *. VO, 

vaginal opening. PS, preputial separation. 
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Figure 3.6: A conserved element ~12 Kb upstream of the Fshb transcriptional start site (C2) enhances 

Fshb transcription. A) A diagram of conservation upstream of Fshb (UCSC genome browser, mm10). 

Five conserved regions (green boxes, C1-C5) located between the mouse Fshb enhancer at 17 Kb and the 

Fshb transcriptional start site, were evaluated for enhancer activity. B) Luciferase expression from 

reporter constructs driven by the mouse -1000/-1 Fshb promoter alone (Fshbp) or downstream of the 

indicated element. Values represent mean ± SEM. Data were analyzed by one-way ANOVA, post-hoc 

Dunnett multiple comparisons test.  * indicates P<0.05 from comparison to the Fshb promoter alone. 
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Figure 3.7: Generation of the rs06(A) mouse line.  A) A diagram of the crRNA cleavage site. The G>A 

point mutation at the rs06 base mutates the PAM site necessary for cleavage by Cas9, preventing DNA 

from being cut again once repaired. B) Representative DNA sequencing chromatograms of the rs06 point 

mutation, for genotyping. G/G, wild-type (equivalent to human major allele); G/A, heterozygous; A/A, 

homozygous for rs06 G>A mutation (equivalent to human minor allele). E, enhancer. PAM, protospacer 

adjacent motif. 
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Figure 3.8: Puberty is normal in rs06 A/A female and male mice. From juvenile female mice, A) age at 

vaginal opening, B) weight on the day of vaginal opening. C) age at first estrus, and D) days between 

vaginal opening and first estrus are shown. From juvenile male mice, E) age at preputial separation and F) 

weight on the day of preputial separation are shown. There were no differences between rs06 G/G and 

rs06 A/A mice by two-tailed Student’s t-test. VO, vaginal opening. PS, preputial separation. 
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Figure 3.9: Serum FSH/LH levels, testes weight, body weight and sperm are not different in male rs06 

A/A mice. From adult male mice, A) serum FSH, B) serum LH, C) LH/FSH ratio, D) body weight, E) 

testes weight, F) epididymal sperm motility and G) total epidydimal sperm count did not differ between 

rs06 G/G (wild-type) and rs06 A/A mice by two-tailed Student’s t-test. 

  



 

98 

Tables 

Table 3.1: crRNA and repair template sequences 

crRNAs 

Name Cut site (mm10) Sequence (5’ to 3’) 

ΔE, crRNA1 ch2:107076840 AAACAUGAGAAAGACUAACA 

ΔE, crRNA1 ch2:107077384 ACACUCCUUGAAGUCUGCCC 

Rs06 ch2:107,077,058 UGCCCUGUGAUAUUUAUUUC 

Repair template 

rs06 chr2:107,077,008-

107,077,098 TATGTCTGGAATTTAATATTGCTCTGCCCTGTGAT
ATTTATTTCAAGGTTAGTAGAAATGTAGCTACCTC
CTGTAATGACAAATGAACTAT 
 

 

Table 3.2: Genotyping primer sequences 

Name Sequence (5’ to 3’) 

FW Ext del TGACAAGCACCAGGAGTTGA 

RV Ext del TGGGACTTGTGAGACAGTGT 

FW Int del ACGAAATTGACATCTGTTGCA 

RV Int del ATGATGGGTGTGGGACGTTA 
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Table 3.3: Conserved region primer sequences 

Name Span (mm10) Primer Sequence 

C1 chr2:107074862-107075858 FW GGGAACCAGGTCTTTAGCTG 

RV CCTTTCTGATGGTTTGCTGA 

C2 chr2:107072083-107073413 FW TCAGCCTTCCTTCGTAAACC 

RV TGAGGCCAACCCTATGTTTC 

C3 chr2:107070312-107071417 FW GAGGGGGAGAGAGAGAGCAT 

RV AGCCCATCTCCTTCCAGAGT 

C4 chr2:107067807+107068425 FW TTCCAACACCTGGGAGAAAG 

RV GCACTTTGGAAGGCTGAAAC 

C5 chr2:107064477-107065796 FW TCCCAGTGTCTTCTGTGTGTG 

RV CTCCTTTCATTTGTTCATGTGAC 
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