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ABSTRACT OF THE THESIS 
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 The luteinizing hormone (LH) surge, which prompts ovulation, is dependent on 

the coincidence of multiple molecular cues. Specifically, estrogen signaling and circadian 

rhythms work together to gate the LH surge. Although previous studies have shown that 

the absence of either the estrogen receptor α (ERα) or the circadian clock results in 

anovulation, the mechanisms behind these regulatory components are not well 



 

 

xii 

 

understood. Kisspeptin neurons in the anteroventral periventricular nucleus (AVPV) 

initiate the cascade of hormones that ultimately cause the LH surge, and it is thought that 

these neurons are the location of integration of ERα and circadian rhythm signaling. In 

this study, we sought to elucidate mechanisms by which ERα signaling and circadian 

rhythms regulate the expression of the Kiss1 promoter. We found that estrogen induces 

the Kiss1 promoter after both 12 and 24 hours of treatment, and that this induction is 

dependent on the expression of ERα. On a finer temporal scale, estrogen-induced Kiss1 

promoter expression may be dynamic in vitro, but the expression pattern is not circadian, 

indicating that estrogen signaling through ERα alone is not sufficient to drive circadian 

expression of Kiss1. We also found that the molecular clock protein Period 2 (Per2) is 

capable of inducing the Kiss1 promoter. Taken together, these data indicate that ERα and 

Per2 regulate the Kiss1 promoter and may be involved in the temporally controlled, 

estrogen-dependent LH surge.
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INTRODUCTION 

Ovulation, and thus fertility, depends on the precise orchestration of hormonal 

and temporal cues. The preovulatory hormone surge that is required to prompt ovulation 

is gated by two components: estrogen and circadian time. In humans and rodents, the 

preovulatory luteinizing hormone (LH) surge only occurs at the end of the subjective 

night when estrogen levels are high, and ovulation occurs 12-14 hours later (Christian 

and Moenter, 2010). In this way, estrogen and the circadian clock provide critical 

regulation to ensure that the ovum is optimally viable during the active period, when 

reproductive behaviors are most likely to occur.  

The hypothalamic-pituitary-gonadal axis 

Mammalian reproduction is controlled by a dynamic feedback loop wherein 

gonadotropin-releasing hormone (GnRH) neurons and kisspeptin neurons play critical 

regulatory roles. Kisspeptin neurons directly project to and profoundly stimulate 

gonadotropin-releasing hormone (GnRH) neurons. This stimulation leads to a bolus of 

GnRH release, which stimulates pituitary gonadotropes to release LH and follicle-

stimulating hormone (FSH) in a similar surge. LH and FSH then enter the blood stream 

and circulate freely through the blood where they act on the gonads to regulate the 

production and maturation of oocytes and sperm. These processes, in turn, cause the 

release of sex steroid hormones such as estrogen, progesterone, and testosterone, which 

then feed back onto the hypothalamus and regulate GnRH release in either a positive or 

negative fashion. 
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During the majority of the female estrous cycle, estrogen is under negative 

feedback in a self-mediating fashion. However, prior to the LH surge, estrogen feedback 

becomes positive, drastically increasing AVPV kisspeptin expression (Smith et al., 2005), 

which is believed to drive GnRH activity (Liu et al., 2008; Pielecka-Fortuna et al., 2008; 

Zhang et al., 2008) and the LH surge. Rising estrogen is believed to facilitate the LH 

surge by stimulating kisspeptin neurons through ERα (Smith et al., 2005; Wintermantel et 

al., 2006), which is critical for fertility. However, high levels of estrogen are not 

sufficient to prompt the surge, which also requires a temporal signal.  
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Figure 1: Mammalian reproduction is controlled by the HPG axis. Kisspeptin 

neurons stimulate GnRH neurons to act on the anterior pituitary, causing the release of 

LH and FSH. In women, LH and FSH act on the ovaries to produce estrogen. Estrogen 

feeds back onto kisspeptin neurons, GnRH neurons, and the pituitary to tightly regulate 

the levels of circulating sex steroids. 
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Kisspeptin signaling is required for pubertal onset and fertility 

In mice, kisspeptin neurons are located in the AVPV and arcuate (ARC) nuclei of 

the hypothalamus and are critical in the regulation of puberty and fertility. Kisspeptin 

neurons secrete the neuropeptide kisspeptin-54, the gene product of the Kiss1 gene, 

which can be cleaved into the isoforms kisspeptin-10, kisspeptin-13, and kisspeptin-14 

(Kotani et al., 2001). The loss of kisspeptin signaling leads to absent puberty and/or 

idiopathic hypogonadotropic hypogonadism, as demonstrated by animal models lacking 

functional genes for either Kiss1 or its receptor, Kiss1r (Seminara et al., 2003; 

d'Anglemont de Tassigny et al., 2007). Additionally, increased levels of kisspeptin have 

been correlated with precocious puberty in humans, and exogenous kisspeptin 

administration has been shown to advance puberty in rodents, implicating kisspeptin as a 

critical regulator of pubertal onset (Navarro et al., 2004; de Vries et al., 2009; Demirbilek 

et al., 2012). 

The AVPV kisspeptin neuronal population is sexually dimorphic, with many 

more AVPV kisspeptin neurons and higher AVPV Kiss1 expression in females than in 

males, whereas the ARC kisspeptin population is similar between sexes (Clarkson and 

Herbison, 2006; Kauffman et al., 2007). AVPV kisspeptin neurons are activated by high 

levels of estrogen, which is believed to facilitate estrogen-positive feedback onto GnRH 

neurons and initiates the LH surge (Adachi et al., 2007). ARC kisspeptin neurons are 

involved in estrogen-negative feedback regulation of GnRH neurons and GnRH 

pulsatility, which maintains proper levels of circulating sex steroid hormones. Together, 

these data demonstrate the importance of kisspeptin signaling in sex steroid production 

and secretion, and provide mechanisms through which kisspeptin regulates fertility.  
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Estrogen signaling through ERα is required for the LH surge 

High levels of estrogen drive positive feedback on the HPG axis, which is 

required for the production of the LH surge. Classical estrogen signaling occurs in 

multiple modes through the canonical estrogen receptors ERα and estrogen receptor β 

(ERβ). ERα and ERβ are nuclear receptors, and bind estrogen that enters the cell through 

diffusion across the cell membrane. Once bound, receptor-hormone complexes bind to 

estrogen response elements (EREs), conserved sequences in the genome, and affect 

transcription (Marino et al., 2006).  

  It had previously been hypothesized that estrogen positive feedback occurs at the 

level of GnRH neurons, as a GnRH surge induces the LH surge. However, GnRH 

neurons express only ERβ and not ERα (Wintermantel et al., 2006). Because ERβ is not 

required for the LH surge (Couse et al., 2003), it has been implied that the ERα positive 

feedback mechanism on GnRH neurons is indirect. The population of ERα expressing 

neurons that is critical for GnRH stimulation is kisspeptin neurons (Dungan et al., 2006). 

Although kisspeptin neuron populations in the AVPV and ARC both project directly onto 

GnRH neurons, AVPV kisspeptin neurons are of particular importance due to their role in 

driving ERα-mediated positive feedback onto GnRH neurons (Herbison, 2008). In the 

presence of estrogen, AVPV Kiss1 expression is dramatically increased. In female mice, 

absence of ERα in kisspeptin neurons during pubertal development results in a failure to 

achieve maximal GnRH release in adulthood and abnormal estrous cyclicity (Mayer et 

al., 2010). The absence of ERα in kisspeptin neurons also ablates estrogen-dependent 

induction of AVPV Kiss1 expression and the LH surge (Dubois et al., 2015). 

Additionally, deletion of either Kiss1 or its receptor, Kiss1r, results in infertility 



6 

 

 

 

(Clarkson et al., 2008). This evidence establishes ERα signaling in kisspeptin neurons as 

a critical regulator of the LH surge, and likely the site of estrogen gating. 
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Figure 2: ERα signaling mechanism. Estrogen-ERα complexes can act as transcription 

factors by binding at regulatory regions. Estradiol binds its receptor ERα in the cytoplasm 

of the cell, and then enters the nucleus. Once in the nucleus, ERα dimerizes and binds at 

conserved EREs within regulatory regions. ERα can also bind as a monomer to induce 

transcription at half-EREs. TSS indicates transcription start site.  
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Proper circadian rhythms are required for the LH surge 

Proper functioning of the circadian clock is required for the LH surge, which is 

tightly regulated to the end of the subjective night (in the evening for mice and the 

morning for humans). The molecular clock is comprised of four major transcription 

factors: Brain and Muscle Arnt-Like protein-1 (Bmal1), Circadian Locomotor Output 

Cycles Kaput (Clock), Period (Per) and Cryptochrome (Cry) (Welsh et al., 2010). 

BMAL1 and CLOCK heterodimerize and initiate the transcription of the Per and Cry 

genes. Once Per and Cry are translated, PER and CRY proteins dimerize, translocate 

back into the nucleus, and inhibit BMAL1 and CLOCK, thus suppressing their own 

transcription. Once these PER/CRY dimers are sufficiently degraded, transcription is 

reactivated and the cycle begins again. This process takes approximately 24 hours, and is 

regulated by light exposure. The master regulator of circadian rhythms is the 

hypothalamic suprachiasmatic nucleus (SCN), which is able to coordinate the body to the 

day/night cycle through direct light input (Welsh et al., 2010). Most cells of the body, 

including other neural populations and peripheral tissues, also have a molecular clock, 

which is synchronized by the SCN. 
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Figure 3: Schematic of the molecular circadian clock. BMAL1 and CLOCK dimerize 

and bind at E-boxes within the promoters of the Per and Cry genes to initiate their 

transcription. PER and CRY proteins form homo- or heterodimers and suppress Bmal1 

and Clock, thus inhibiting their own transcription. As PER/CRY dimers are degraded, 

BMAL1 and CLOCK can bind at E-boxes again, and thus the cycle starts over. 
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Studies have demonstrated that if the SCN is lesioned, the LH surge will not 

occur (Gray et al., 1978; Samson and McCann, 1979). Similarly, if the components that 

make up the molecular clock are knocked out or mutated, affected animals fail to exhibit 

an LH surge at any time of day (Miller et al., 2004; Boden et al., 2010). There are several 

hypotheses as to how the circadian clock provides the temporal signal that initiates 

ovulation. The source of this signal may be direct projections from the SCN to GnRH or 

kisspeptin neurons, may involve the molecular clocks within GnRH and kisspeptin 

neurons, or may arise from a combination of the two.  

Although the master circadian clock resides in the SCN, circadian clock genes are 

also expressed in other neurons and many peripheral tissues, including kisspeptin 

neurons, GnRH neurons, pituitary gonadotrope cells, and the gonads (Nakamura et al., 

2005; Chassard et al., 2015). This means that in theory, circadian mechanisms could 

control reproduction at any level of the HPG axis. Studies have demonstrated that in 

vitro, GnRH neurons express clock genes and have an endogenous circadian rhythm. 

When circadian clock function is ablated in these cells, GnRH pulse frequency and 

amplitude are diminished (Chappell et al., 2003). Additionally, mice harboring a global 

dominant-negative Clock mutation exhibit irregular estrous cyclicity (Miller et al., 2004). 

However, because this is a global mutant model, clocks in the SCN and kisspeptin 

neurons are also affected, and therefore cannot be ruled out as critical circadian regulators 

of fertility. These data indicate that a functional molecular clock, as well as a functional 

SCN, are required for proper GnRH secretion and fertility.  
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Figure 4: Schematic diagram of clocks within the brain. There are endogenous 

molecular clocks in the SCN, kisspeptin neurons, and GnRH neurons. The SCN projects 

to and can synchronize clocks in kisspeptin and GnRH neurons, but these neurons can 

also oscillate on their own. 
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Estrogen induces circadian oscillations in Kiss1 neurons 

Recent studies have shown that signaling through ERα can induce circadian 

expression of clock-controlled genes (Gery et al., 2007). Estrogen signaling and a 

functional molecular clock are both present in AVPV kisspeptin neurons (Smarr et al., 

2013). In ex vivo experiments, exogenous estrogen treatment of AVPV explants increases 

circadian period, indicating a possible mechanism for estrogen action on molecular clock 

genes present in AVPV neurons (Chassard et al., 2015). It has also been noted that there 

is an estrogen-dependent increase in kisspeptin neuron activation and Kiss1 gene 

transcription two hours before the LH surge (Robertson et al., 2009). This time- and 

estrogen-dependent regulation implies that the location of the temporal gating of the LH 

surge may be in AVPV kisspeptin neurons. It is likely that rising estrogen may affect the 

molecular clock within kisspeptin neurons, and drive temporal events within these 

neurons. 

Both estrogen and proper circadian timing are required and must work together to 

coordinate the LH surge. Proper circadian rhythmicity is required for GnRH and 

kisspeptin peptide release, both of which are critical for the induction of the LH surge and 

therefore fertility. Temporal stimulation of AVPV kisspeptin neurons is believed to 

initiate the cascade that produces the LH surge, but the cause of the temporal signal is 

unknown. While strides have been made in clarifying the link between circadian 

mechanisms, estrogen feedback and signaling, and ovulation, the precise mechanism by 

which these signals work together is still unknown. AVPV kisspeptin neurons are a 

compelling site for the potential integration of ERα signaling and circadian clock 

expression. For this reason, we have focused our studies on elucidating the molecular 
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mechanisms through which estrogen and circadian genes regulate Kiss1 expression 

through action at the Kiss1 promoter. 

Recently, an immortalized AVPV kisspeptin neuronal cell line (KTaV-3) was 

developed by isolating kisspeptin neurons from the mouse hypothalamus and 

immortalization using the Simian virus 40 T antigen (Jacobs et al., 2016). KTaV-3 cells 

express Kiss1 as well as Esr1 and Esr2, which encode ERα and ERβ, respectively, and 

Kiss1 expression is induced by estrogen treatment. Additionally, the expression profiles 

of Per2 and Bmal1 are oscillatory and antiphase of one another as they are in vivo. These 

findings indicating that these cells share characteristics of in vivo AVPV kisspeptin 

neurons.  

A mechanism connecting ERα signaling and Per2 has been identified, which may 

explain the circadian effects of estrogen described previously. Estrogen binding at ERα 

enhances transcriptional activation of Per2 through action at the Per2 promoter (Gery et 

al., 2007). A potential ERE within the Per2 promoter has been identified, suggesting a 

locus through which ERα signaling could mediate Per2 expression. Additionally, studies 

have shown that Kiss1 mRNA expression peaks shortly after Per1 expression (Smarr et 

al., 2013), supporting the argument that the Period genes may play a role in the temporal 

regulation of Kiss1 expression. 

Based on this information, we hypothesized that ERα and circadian clock 

components act at the Kiss1 promoter to induce estrogen-dependent, circadian expression 

of Kiss1. For these experiments, KTaV-3 neurons, representative of AVPV kisspeptin 

neurons, were transfected with a reporter vector containing 4 kb of the Kiss1 promoter 



14 

 

 

 

driving a luciferase reporter. The cells were co-transfected with expression vectors 

containing estrogen receptor 1 cDNA (Esr1), which encodes ERα, and Per2. The cells 

were then treated with either 17-β estradiol (E2) or ethanol (EtOH) control, and changes 

in Kiss1 promoter expression were quantified by luciferase assay. These experiments 

demonstrated that the Kiss1 promoter is induced by E2, and that this induction is 

dependent on expression of ERα. Additionally, it was shown that Per2 is capable of 

inducing the Kiss1 promoter. These experiments provide mechanisms by which estrogen 

and the circadian clock can act on Kiss1 to induce gene expression. 
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MATERIALS AND METHODS 

Cell culture and treatments 

Immortalized KTaV-3 cells (derived from mouse AVPV kisspeptin neurons) were 

kindly provided by Dr. Patrick Chappell (Oregon State University) (Jacobs et al 2016). 

Cells were cultured in DMEM (Corning) supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin (P/S) cocktail (HyClone). Cells were incubated in 

5% CO2 at 37°C. Cells were used between passages 4 and 30.  

Plasmid constructs 

Transfection experiments were performed using a pGL4.10-luciferase reporter 

vector containing 4 kb of the Kiss1 promoter. This vector contains -4058 to +456 bp 

relative to the transcription start site of the Kiss1 promoter upstream of a firefly luciferase 

reporter gene. This vector (pGL4.10-Kiss1-luc) was kindly provided by Dr. Steven 

Kliewer (UT Southwestern). A pcDNA3.1 vector containing the coding sequence for the 

Esr1 gene encoding estrogen receptor alpha (ERα) (pcDNA3.1-ERα) was co-transfected 

with the pGL4.10-Kiss1-luc (Kiss1-luc). The pcDNA3.1-ERα vector contains a 

constitutive CMV promoter driving the ERα coding sequence. Empty vectors for 

pGL4.10-luc and pcDNA3.1 were used as controls.  For other experiments, an expression 

vector containing the mouse Per2 gene (CMV-Sport2-mPer2) was co-transfected with 

the Kiss1-luc. CMV-Sport2-mPer2 was provided by Cheng Lee (Addgene plasmid 

#16204). An expression vector containing the thymidine kinase promoter driving the 

expression of β-galactosidase (β-gal) was used for normalization. 



16 

 

 

 

For each experiment, 500 ng Kiss1-luc was transfected per well. For transfection 

optimization of ERα, 100, 250, 400, or 500 ng pcDNA3.1-ERα per well was co-

transfected with the Kiss1-luc. For optimization of the CMV-Sport2-mPer2, either 200 or 

400 ng per well was transfected. Total plasmid amounts were kept constant by 

supplementing the transfection with the empty vector for the respective plasmid. For 

example, when transfecting 100 ng/well pcDNA3.1-ERα, 400 ng of the empty pcDNA3.1 

vector was co-transfected. 

To optimize the concentration of E2 required to produce an effect on the Kiss1-

luc, cells were treated with 10 pM, 25 pM, 100 pM, 1 nM, 25 nM, 100 nM, or 1 μM E2 

reconstituted in 100% ethanol (EtOH). 

Plasmids were grown in DH5α competent cells (Invitrogen) and then isolated 

using a plasmid DNA Maxiprep Kit (Qiagen) according to the manufacturer’s protocol. 

Plasmids were sequenced by Eton Biosciences to confirm their identity. 

Luciferase reporter assays 

Prior to transfection, KTaV-3 cells were seeded at a density of 40,000 cells/mL in 

12-well tissue culture plates. One day after seeding, cells were transfected using PolyJet 

reagent (SignaGen) using a 3:1 ratio of PolyJet to plasmid DNA per the manufacturer’s 

protocol. Approximately 5 hours after transfection, cells with washed with phosphate-

buffered saline (PBS) and media was changed to phenol red-free DMEM (Gibco) 

supplemented with 10 mM L-Glutamine, 1 mM sodium pyruvate, and 1% P/S cocktail. 

Cells were allowed to recover overnight. The following morning, cells were synchronized 

using a 10 μM forskolin (Abcam) shock for one hour. Upon removal of forskolin, cells 
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were treated with either 1 μM E2 (Sigma) dissolved in 100% EtOH, or 100% EtOH as a 

control. Twelve or 24 hours after treatment, cells were washed with PBS and harvested 

using 60 μL of lysis solution (8.5 mM KH2PO4, 91.5 mM K2HPO4, 0.2% Triton X-100). 

Luciferase and β-Galactosidase were quantified using 25 μL of lysed cells. To measure 

luciferase activity, 100 μL of luciferase assay buffer (25mM Tris [pH 7.4], 15mM 

MgSO4, 10mM ATP, and 65μM firefly D-luciferin) was injected into each sample and 

luminescence was recorded 1 second after injection. To measure β-galactosidase activity, 

100 μL of Tropix Galacto-light β-galactosidase assay buffer (Applied Biosystems) was 

injected into each sample and light was recorded 1 second after injection. All readings 

were performed on a Veritas Microplate luminometer (Turner Biosystems). 

LumiCycle 

For LumiCycle recordings, KTaV-3 cells were seeded at a density of 30,000 

cells/mL in 1.5 cm plates. One day after seeding, cells were transfected with pGL4.10-

Kiss1-luc and pcDNA3.1-ERα using Polyjet reagent according to the manufacturer’s 

protocol. 5 hours after transfection, cells were washed with PBS and media was changed 

to phenol red-free DMEM supplemented with 10% charcoal-stripped FBS, 25 mM 

HEPES (Gibco) and 1% P/S cocktail. Cells were allowed to recover overnight prior to 

treatment. One hour prior to treatment, cells were synchronized using 10 μM forskolin. 

Media was then changed to recording media containing 1 mM firefly D-luciferin (Regis), 

1 μM forskolin, and either 1 μM E2 or EtOH control. Cells were then placed in a 

LumiCycle (Actimetrics) at 37°C without CO2. Recordings were taken every 6 minutes 

for up to one week. 
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Data analysis 

For luciferase and β-gal assays, background activity was recorded and subtracted 

from all readings. Luciferase values were then divided by β-gal values to normalize for 

transfection efficiency. These values were then normalized to empty vector activity. Data 

were then analyzed using either student’s t-test or one- or two-way ANOVA using 

Graphpad (Prism) and significance was determined at p < 0.05. All luminometer 

experiments were done in triplicate, so n = 1 is representative of three samples. For 

optimization experiments (figures 6, 7, 8, 12), n = 1 and error bars are representative of 

standard error of the mean (SEM) of triplicate values. For remaining luminometer 

experiments (figures 9, 10, 13), n = 3-4 and error bars represent SEM of average values 

from each experiment. 

For LumiCycle analyses, LumiCycle software (Actimetrics) was used to 

determine local maxima and the time between peaks. 
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RESULTS 

The Kiss1 promoter contains 12 EREs and 5 E-boxes 

 The Kiss1 promoter construct that we obtained spans from -4058 to +456 bp 

relative to the Kiss1 transcription start site (TSS). Within the region upstream of the TSS, 

we identified 12 sites at which ERα could potentially bind (estrogen response elements), 

and 5 sites at which circadian proteins could bind (E-boxes). 

Three types of estrogen response elements (EREs) were identified within the 

Kiss1 promoter: half-EREs consisting of only one of the 5 bp conserved regions of the 

consensus ERE, stronger half-EREs which are half-EREs containing an extra adenine on 

the 5’ end that increases binding affinity, and imperfect EREs which are consensus EREs 

that vary by one nucleotide (Klinge, 2001). Studies have shown that ERα binding at 

EREs is dependent on the type of ERE present. While homodimers of ERα are capable of 

binding at consensus EREs and imperfect EREs, ERα binds as a monomer at half-EREs. 

Regardless of the type of binding that occurs, ERα can act as a transcription factor to 

regulate downstream genes. 

Additionally, 5 E-boxes were located within the 4 kb Kiss1 promoter. E-boxes are 

palindromic canonical sites at which BMAL1 and CLOCK can bind to initiate or repress 

transcription (Muñoz et al., 2002). The consensus E-box sequence is 5’-CACGTG-3’. 
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Figure 5: Schematic diagram of elements within the 4 kb Kiss1 promoter. There are 

4 half-EREs, 5 stronger half-EREs, and 3 imperfect EREs at which ERα could potentially 

bind. There are 5 E-boxes where circadian proteins could bind.  
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Table 1: Locations of elements within the Kiss1 promoter. Positions of EREs and E-

boxes are given relative to the TSS. 

  

Half-ERE -3954 to -3950 

Imperfect ERE -3761 to -3748 

Imperfect ERE -3713 to -3701 

Half-ERE -3170 to -3166 

Half-ERE -2796 to -2792 

E-box -2380 to -2375 

Imperfect ERE -2112 to -2099 

Stronger half-ERE -1866 to -1861 

E-box -1684 to -1679 

Stronger half-ERE -1155 to -1150 

E-box -1067 to -1062 

E-box -966 to -961 

Half-ERE -936 to -932 

E-box -625 to -620 

Stronger half-ERE -532 to -527 

Stronger half-ERE -106 to -101 

Stronger half-ERE -77 to -72 
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Luciferase reporter assay optimization 

The first experiment performed was to optimize the type of media for these 

experiments, as these cells have never been transfected before. Previous studies have 

shown that phenol red, which acts as a pH indicator and is therefore included in most 

media, may exhibit estrogenic properties (Welshons et al., 1988). Phenol red-containing 

DMEM (PR+) and phenol red-free (PR-) media were tested to determine their effects on 

expression of the Kiss1 promoter in EtOH and E2 conditions. This was to ensure that our 

paradigm worked in PR- media, and to determine whether PR+ media caused the Kiss1 

reporter to behave differently (Figure 6). Cells were cultured in PR+ media, and then 

media was changed to either PR+ or PR- media with either EtOH or E2. PR+ containing 

media resulted in higher values for both the EtOH and E2 treated samples, suggesting 

that PR+ media may induce Kiss1 promoter expression. Although the total luciferase 

activity was lower in the PR- media, the difference between EtOH and E2 values was 

significant in both media types. Additionally, there was a greater fold change in 

luciferase activity in PR- media than PR+ media (1.28x vs. 2.03x). Because these 

experiments sought to determine the effect of phenol red on Kiss1 promoter activity, it 

was determined that all experiments would be done in PR- media to eliminate the 

possibility of phenol red acting on the promoter and mitigate any dampening of estrogen-

induced effects. 
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Figure 6: Optimization of phenol red. Cells were placed in either PR+ or PR- media 

and then treated with either EtOH or E2. PR+ media resulted in significantly higher 

luciferase values for both EtOH and E2 treated conditions. For this experiment, n = 1 and 

error bars represent SEM of triplicate values. Data were analyzed by two-way ANOVA, 

and * indicates p < 0.05, and **** indicates p < 0.0001. 
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Media are often supplemented with fetal bovine serum (FBS) in order to stimulate 

growth. However, FBS contains hormones that may confound the results of estrogen 

treatment of the cells, so alternatives were tested. For normal transfection experiments 

using the luminometer, no serum was required to keep the cells alive for the duration of 

the experiment.  

For circadian experiments, cells are often serum shocked with 50% FBS in order 

to synchronize endogenous molecular clocks so that they oscillate together (Balsalobre et 

al., 1998). However, because serum contains hormones, it is not an ideal method of 

synchronization for these experiments. Another way to synchronize cells is using a 

compound called forskolin, which stimulates cyclic AMP to affect downstream clock 

genes (Yagita and Okamura, 2000). To validate the effectiveness of the forskolin shock, 

we compared cells given no serum shock, 50% FBS, and cells given forskolin (Figure 7). 

Prior to estrogen treatment, we performed either a serum shock with 50% FBS for two 

hours, or a 10 μM forskolin shock for one hour. The shock was then removed and cells 

were placed immediately into either estrogen or control media. We compared Kiss1 

expression from cells given each type of synchronization shock. We found that the fold 

change between EtOH and E2 conditions was 1.75x when given no serum shock, 2.57x 

when given a 50% FBS shock, and 2.03x when given a forskolin shock. This experiment 

demonstrated that a forskolin shock enables E2-dependent Kiss1 expression to a similar 

extent as 50% FBS, but without the potential hormone confounds of FBS. It should also 

be noted that E2 induced the Kiss1 promoter even in the absence of a synchronization 

shock. For this experiment, all samples were treated for 24 hours, therefore E2 induction 

of the Kiss1 promoter may not depend on endogenous synchronization at this time point. 
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For all subsequent experiments, cells were forskolin shocked prior to EtOH or E2 

treatment to ensure that all clocks were oscillating together. 
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Figure 7: Serum shock optimization. Prior to EtOH or E2 treatment, cells were 

synchronized with no shock, 50% FBS, or 10 μM forskolin. E2-dependent induction of 

Kiss1 occurred in all samples with ERα regardless of synchronization method. For these 

data, n = 1 and error bars represent SEM of triplicate values. Triplicate values were 

compared using multiple t-tests with *** denoting p < 0.001. 
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This paradigm of transfecting KTaV-3 cells with Kiss1-luc and ERα has never 

been performed, thus many parameters of these experiments had to be optimized. First, 

we sought to determine the total amounts of Kiss1-luc and ERα optimal for transfection 

(Figure 8). In the absence of ERα, no estrogen-dependent induction of the Kiss1-luc was 

observed, indicating that in this paradigm, endogenous ERα in these cells is not sufficient 

to drive the Kiss1 promoter. Thus, we transfected 500 ng Kiss1-luc along with either 0 

ng, 100 ng, 250 ng, 400 ng, or 500 ng per well of the ERα expression vector. Cells were 

then treated with 1 μM E2 and luciferase was quantified. For the standard luciferase 

assays performed on the luminometer, it was determined that 500 ng ERα yielded the 

strongest induction of the Kiss1 promoter in estrogenic conditions compared to controls. 

There was significant effect of E2 on Kiss1-luc activity when transfected with either 400 

or 500 ng ERα. We then determined the best ratio of Kiss1-luc to ERα in order to 

optimize the potential kinetics of the interaction between ERα and the Kiss1 promoter. 

Ratios of 1:3, 1:1, and 3:1 were tested, with a 1:1 ratio of Kiss1-luc to ERα resulting in 

maximal induction of the Kiss1 promoter (data not shown). 
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Figure 8: Optimization of amount of ERα expression vector. Co-transfection of Kiss1-

luc with 500 ng ERα per well results in the strongest induction of the Kiss1 promoter. 

Cells were transfected with either 500, 400, 250, or 100 ng ERα with the pcDNA3.1 

empty vector (EV) used to keep total DNA transfected consistent. We saw a dose-

dependent effect of ERα on Kiss1 expression, with 500 ng ERα resulting in maximal 

Kiss1 expression. Data were analyzed by one-way ANOVA with all ERα values within a 

treatment group compared to their respective EV. * denotes p < 0.05, and *** denotes p < 

0.001. 
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We also optimized transfection duration. 5 hour, 12 hour, and overnight 

transfections were performed, with maximal transfection efficiency after 5 hours of 

transfection. Transfection efficiency was determined by raw βGal readings (data not 

shown). 

After optimization of the total amounts of plasmids, the ratio of Kiss1-luc to ERα, 

and transfection duration, we treated the cells with different concentrations of E2 to 

determine what concentration gave a significant effect. We tested the following 

concentrations: 10 pM, 25 pM, 100 pM, 1 nM, 25 nM, 100 nM, and 1 μM. A previous 

study using the KTaV-3 cells demonstrated that Kiss1 mRNA is increased maximally 

with 25 pM E2. However, we found that regarding the Kiss1-luc construct, 1 μM E2 

provided the strongest induction (data not shown). 

Finally, treatment time was optimized. To determine the length of E2 treatment 

required for E2 induction of the Kiss1 promoter, cells were harvested 4, 6, 8, 10, 12, or 

24 hours after treatment. Although we saw some induction at all time points, induction 

was consistently strongest after either 12 or 24 hours of treatment (data not shown). 
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Estrogen induction of the Kiss1 promoter requires ERα 

To determine whether the effect of E2 on Kiss1 promoter activity is the direct 

result of E2-induced ERα binding, we performed luciferase assays using Kiss1-luc either 

in the presence or absence of ERα. In a similar paradigm, KTaV-3 cells were transfected 

with Kiss1-luc and either ERα or an empty vector control. Cells were then forskolin 

shocked and E2 treated. After 24 hours of treatment, cells were harvested for luciferase 

assay analysis. We found that E2 induces the Kiss1 promoter only in the presence of ERα 

(Figure 9). Interestingly, ERα induces the Kiss1 promoter even in the absence of E2, but 

there is a significant difference between EtOH and E2 conditions only in the presence of 

ERα.  
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Figure 9: E2 induction of the Kiss1 promoter is dependent on the expression of ERα. 
Cells were transfected with the Kiss1-luc and either EV or ERα expression vector. A 

difference in Kiss1 expression between EtOH and E2 conditions only occurs in the 

presence of ERα. Additionally, ERα appears to induce the Kiss1 promoter even in the 

absence of E2. Data were analyzed by two-way ANOVA, where there are statistically 

significant differences between a, b, and c. For these experiments, n=3-4. 
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Estrogen induces the Kiss1 promoter after 12 and 24 hours of estrogen treatment 

To determine whether E2 is capable of regulating circadian Kiss1 promoter 

expression directly through actions at the Kiss1 promoter, KTaV-3 cells were transfected 

with 500 ng Kiss1-luc and 250 ng ERα. Cells were forskolin shocked to synchronize 

endogenous clocks and treated with 1 μM E2 or EtOH for either 12 or 24 hours. It was 

determined that in the presence of ERα, 1 μM E2 induces the Kiss1 promoter after both 

12 and 24 hours of treatment relative to EtOH treated controls (Figure 10). The difference 

between E2-treated samples at 12 and 24 hours was not significant, so it is not apparent 

that E2 induces circadian expression of Kiss1.  
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Figure 10: Estrogen induces the Kiss1 promoter after 12 and 24 hours. All data were 

normalized to empty vector controls. After both 12 and 24 hours of E2 treatment, Kiss1 

expression is significantly increased compared to EtOH treated controls. Statistics were 

performed using student’s t-test with * denoting p < 0.05, n = 3-4. 
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Kiss1 expression is dynamic only in the presence of estrogen 

Once it was determined that E2 is capable of inducing the Kiss1 promoter in the 

presence of ERα, we sought to determine whether expression of the Kiss1 promoter is 

rhythmic in the presence of estrogen, as has been previously observed in vivo. To better 

understand the dynamics of Kiss1 promoter expression, KTaV-3 cells were transfected 

with Kiss1-luc and ERα and maintained in media containing forskolin, which 

synchronizes endogenous molecular clocks, and luciferin to quantify Kiss1 promoter 

output. Cells were then placed in a LumiCycle, which measures light output every 6 

minutes for up to one week. 

For the LumiCycle experiments, the cells needed to stay alive longer in order for 

luciferase activity to be quantified over the course of several days. For these experiments, 

PR- media without serum was not enough to keep the cells alive for 3-4 days post-

treatment. Charcoal-stripped (FBS) was then added to the media to see if it would allow 

the cells to live longer. CS-FBS eliminates most of the steroid hormones from FBS, and 

therefore was preferable to regular FBS. Supplementing the cells for with CS-FBS 

allowed the cells to live at least 4 days post-treatment, and therefore was used for all 

LumiCycle experiments. 

In addition to optimizing the serum for LumiCycle experiments, other measures 

needed to be taken to ensure that cells would live long enough to record for multiple 

days. The LumiCycle machine records cell activity at 37°C, but in the absence of CO2. 

Because there is no CO2 present, there is nothing to buffer the acidic waste produced by 

the cells. To remedy this problem, we added 25 mM 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES) buffer to our media. This buffered the media to 

allow for less cell death during our experiments. In LumiCycle experiments, we initially 

saw an estrogen-dependent increase in Kiss1 expression, but the expression was not 

dynamic. We had thought that the forskolin shock would be sufficient to drive the 

molecular clocks within the KTaV-3 cells and induce circadian expression of Kiss1. 

Other investigators studying circadian regulation of genes in similar systems supplement 

their recording media with 1 μM forskolin for the duration of the experiment 

(Ramanathan et al., 2012). We then added 1 µM forskolin to our media and observed 

dynamic expression of Kiss1 in estrogen-treated conditions. 

We observed that there is an initial induction of the Kiss1 promoter at an average 

of 21.5 hours post-treatment in E2 conditions and an average of 23.4 hours post-treatment 

in EtOH conditions (figures 11A and 11B). This peak time difference is not significant by 

student’s t-test (p = 0.19). The average amplitudes of the initial peaks in E2-treated, and 

EtOH-treated conditions are 645.7 and 376.7 relative light units (RLU), respectively. The 

difference between peak 1 amplitudes is significant by student’s t-test (p = 0.02). After 

the initial peak, in E2-treated conditions, runs 1 and 3 show a clear second peak, whereas 

runs 2 and 4 show what may be minimal oscillatory expression without clearly defined 

peaks. In run 1, the first peak is at 19.7 hours and the second peak is at 54.3 hours, with 

the difference being 34.6 hours. In run 3, the first peak is at 20.9 hours and the second 

peak is at 36.6 hours, with the difference being 15.7 hours. In EtOH-treated conditions, 

run 1 shows what may be a weak second peak, and run 2 does not show a second peak. 

Given that in vivo, Kiss1 expression is circadian in high E2 conditions, we would expect 

to see the two peaks in expression 24 hours apart in the E2-treated runs; however, that is 
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not what we observed. Nonetheless, this data demonstrates that the Kiss1 promoter 

exhibits dynamic expression in the presence of E2. Strong second peaks were only 

observed in E2-treated conditions, leading us to conclude that E2 induces dynamic, but 

not circadian, expression of the Kiss1 promoter in vitro. 
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Figure 11: Analysis of Kiss1 promoter expression dynamics over the course of 5 

days. A. Kiss1 promoter transfected with 250 ng ERα and treated with 1 μM E2. An 

initial induction of the promoter can be seen at an average of 21.5 hours post-treatment 

with an average peak of 645.7 RLU. Runs 1 and 3 show a clear trough and second peak. 

Runs 2 and 4 show what may be a weak second peak. B. Kiss1 promoter transfected with 

250 ng ERα and treated with EtOH control. An average initial peak of 376.7 RLU can be 

seen at an average of 23.4 hours after treatment. Run 1 shows a weak second peak and 

run 2 does not show a clear second peak.  
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Per2 expression induces the Kiss1 promoter 

Per2 is a core circadian clock component has been demonstrated to have a direct 

affect on ERα, and thus estrogen signaling. We first had to optimize the amount of Per2 

expression vector to transfect. We transfected either 0, 200 or 400 ng per well of Per2 and 

determined that 400 ng Per2 has a stronger effect on the Kiss1 promoter than 200 ng 

Per2. For this reason, we transfected 400 ng per well of Per2 for the remainder of our 

experiments. 
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Figure 12: Optimization of total amount of Per2 expression vector. 0, 200 or 400 ng 

Per2 was transfected per well and luciferase was quantified. 400 ng Per2 results in 

stronger induction of the Kiss1 promoter compared to 0 or 200 ng Per2. For this 

experiment, n = 1 and error bars represent SEM of triplicate values. Data analyzed by 

two-way ANOVA where a, b, and c are statistically different. 
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To determine whether Per2 can affect the Kiss1 promoter, 400 ng of an expression 

vector containing the Per2 gene or the EV was co-transfected with 500 ng Kiss1-luc and 

24 hours after changing the media to serum free PR- DMEM, a luciferase assay was 

performed to quantify Kiss1 promoter expression. These experiments were performed in 

the absence of ERα or E2 to isolate the effects of just Per2. We found that 400 ng Per2 

was capable of inducing the Kiss1 promoter. Statistics were performed using a ratio 

paired t-test with ** indicating p < 0.01. 
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Figure 13: Per2 induces the Kiss1 promoter. After transfection, cells were allowed to 

recover and then media was changed to serum free media for 24 hours. Luciferase was 

quantified and it was found that Per2 increases Kiss1 expression relative to empty vector 

controls. For this experiment, n = 4. Data analyzed by paired ratio t-test, where ** 

denotes p < 0.01. 
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DISCUSSION 

Although it is known that estrogen and circadian rhythms play critical roles in the 

regulation of the LH surge, and therefore ovulation, the mechanisms by which these 

systems act and interact remains to be elucidated. Both high levels of estrogen and a 

functional circadian clock are required for the LH surge to occur, as the LH surge is 

confined to the beginning of the active period and only occurs when estrogen levels are 

high (Christian et al., 2005). Previous studies have shown that knocking out either ERα or 

circadian genes individually from the mouse genome results in the absence of an LH 

surge. It is possible that these mechanisms work independently, but both are required to 

induce circadian Kiss1 expression. This project tested the hypothesis that estrogen 

signaling and circadian rhythms work independently to regulate the Kiss1 promoter. 

Specifically, we sought to determine whether estrogen signaling through ERα was 

sufficient to drive circadian expression of Kiss1, and then whether Per2 can regulate 

Kiss1. 

Our initial experiments explored the mechanism by which estrogen regulates 

Kiss1 expression and the dynamics of this interaction. It was hypothesized that estrogen 

signaling through ERα causes Kiss1 to be expressed in a circadian fashion. In the 

preliminarily defined promoter sequence, comprised of the 4 kb region upstream of the 

Kiss1 transcriptional start site, 12 partial EREs were identified. Because ERα, and not 

ERβ, is required to prompt the LH surge, we specifically aimed to determine whether 

ERα binding at EREs within the Kiss1 promoter drives Kiss1 expression. It was 

determined that estrogen induces the Kiss1 promoter in the presence of ERα, and not 
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without ERα, indicating that the ERα-estrogen complex can drive Kiss1 expression. 

Additionally, we wanted to know whether this interaction facilitated circadian expression 

of Kiss1, or whether Kiss1 expression in these conditions is constitutive. First, Kiss1 

expression was quantified after either 12 hours or 24 hours of estrogen treatment, and it 

was found that Kiss1 expression is comparably elevated at both time points. Next, the 

dynamics of Kiss1 expression were examined on a more refined temporal scale, and it 

was seen that in the presence of estrogen, Kiss1 expression is dynamic, but not circadian. 

These experiments demonstrate that while estrogen signaling through ERα can drive 

Kiss1 expression, alone it is not sufficient to make Kiss1 expression circadian. Rhythmic 

expression may require circadian protein binding at the Kiss1 promoter as an additional 

factor. 

After determining that ERα-mediating estrogen signaling is not sufficient to drive 

circadian expression of Kiss1, we hypothesized that molecular clock proteins may be able 

to bind at the Kiss1 promoter to drive Kiss1 expression, and that this interaction may 

enable circadian expression of Kiss1. Cells were transfected with the Kiss1 promoter and 

a Per2 expression vector to test this hypothesis. Of the clock genes, Per2 was chosen 

because the peak expression of Period genes has been shown to coincide with the peak in 

Kiss1 expression, and Per2 is known to interact with ERα (Gery et al., 2007; Smarr et al., 

2013). It was found that when Per2 was co-transfected with the Kiss1 promoter, Kiss1 

expression was increased relative to empty vector controls. These data indicate that Per2 

can act upon the Kiss1 promoter, and provide a mechanism through which the circadian 

clock is linked to Kiss1 expression. 
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 Our results indicate that circadian expression of Kiss1 may be dependent on both 

ERα signaling and circadian mechanisms working independently at the Kiss1 promoter. 

These experiments have shown that ERα-mediated estrogen signaling and Per2 

expression can both drive Kiss1 expression in isolation. However, the circadian 

component of this expression pattern has yet to be fully understood. Circadian expression 

may require ERα and Per2 binding happening at the same time, or it may require the two 

signals binding at different times. Further studies should explore these ideas to elucidate 

the mechanisms and timing by which ERα and Per2 bind at and regulate the Kiss1 

promoter together to promote circadian expression. 

Another possibility is that estrogen signaling and circadian rhythms are 

interdependent and act together, and that the result of this interaction works to produce 

timed Kiss1 expression and a timed LH surge. Over the past decade, it has been 

established that estrogen signaling directly interacts with the molecular circadian clock. 

Specifically, estrogen has been shown to regulate the clock through Per2, and 

administration of estrogen has been shown to significantly advance the clock. These 

effects are seen both in the SCN and in peripheral reproductive tissues , which indicates 

that this ERα-Per2 interaction may facilitate certain aspects of reproduction and fertility. 

Studies have shown that ERα signaling can induce Per2 expression. An imperfect 

ERE was located within the Per2 promoter, and binding of ERα to this sequence has been 

confirmed (Gery et al., 2007). ERα binding at the promoter was shown to enhance 

transcriptional activation of Per2, although it was not determined that this specific ERE 
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sequence was the critical site of estrogen-dependent regulation. Additionally, knockdown 

of ERα causes diminished oscillatory expression of Per2. 

In addition to ERα being able to induce Per2 transcription, Per2 protein can 

inhibit ERα signaling. ERα and Per2 are able to form a complex, and this binding is 

enhanced in the presence of estrogen. This interaction facilitates the degradation of ERα 

through the proteasome pathway. Overexpression of Per2 has been shown to repress 

downstream targets of ERα signaling only in the presence of estrogen. Knockdown of 

Per2 enhances transcription of ERα signaling targets. These data indicate that Per2 

represses ERα signaling pathways through degradation of ERα in the presence of 

estrogen. This may mean that rather than ERα and Per2 each binding at the promoter to 

initiate transcription, ERα may drive Per2, which in turn could drive Kiss1 expression. 

This interaction could facilitate estrogen-dependent circadian expression of Kiss1. 

Previous studies have shown that in KTaV-3 cells, estrogen treatment induces 

circadian expression of Kiss1 mRNA (Jacobs et al., 2016). However, in our experiments, 

this was not observed. This may be due to the promoter construct used and differences 

between the limited physical conformation of the plasmid, and/or kinetics of transcription 

factors binding at the promoter. It is possible that multiple transcription factors are 

required to bind at the promoter and that there are physical limitations of interactions 

between transcription factors using this plasmid. In mRNA studies, endogenous ERα is 

sufficient to induce Kiss1 expression, but in our experiments, it was necessary to co-

transfect ERα in order to see any effect. Because ERα was added, it may be that the 

amount of ERα was so high that masked any circadian expression. Additionally, it was 
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noted that co-transfection of ERα has an effect on the Kiss1 promoter independent of 

estrogen treatment. This may be another indication that the amount of ERα added was too 

high.  

Further studies should explore which partial EREs and E-boxes are required for 

the induction of Kiss1. Although there are 12 partial ERE and 5 E-box sequences located 

in the 4 kb Kiss1 promoter, it is unlikely that all of these sites are functional locations of 

ERα and circadian protein binding, respectively. Current studies are being performed 

using site-directed mutagenesis to selectively delete different EREs and E-boxes from the 

promoter region. Mutated promoters are being co-transfected with either ERα or Per2, 

and expression profiles of the mutated promoters are being assessed. It may be that there 

are specific elements that are absolutely required for Kiss1 induction, or it may be that 

multiple elements are required to achieve maximal circadian Kiss1 expression. 

Understanding which sequences are required for Kiss1 expression could provide insight 

into potential genetic causes of infertility. 

In addition to determining the roles that ERα and circadian mechanisms play in 

regulating the Kiss1 promoter and each other, studies should be performed to better 

define the Kiss1 promoter region. The 4 kb Kiss1 promoter has not been extensively 

studied or explicitly defined, and it may be that the 4 kb Kiss1 promoter does not include 

all of the elements required to regulate Kiss1 production. Potentially, a longer promoter, 

including more distal EREs, E-boxes, and/or other binding sequences, is required to 

produce circadian expression of Kiss1 in the presence of estrogen. For these reasons, 

alternative Kiss1 promoter sequences should be considered for study. 
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In these studies, we explored the idea that in vitro, estrogen induces circadian 

expression of Kiss1 through action at the Kiss1 promoter. It was first determined that 

ERα-dependent estrogen signaling is capable of producing increased, dynamic Kiss1 

expression, however, this expression is not circadian. The next logical step was to 

determine the effects of the circadian clock component Per2 on Kiss1 expression. Per2 

can induce the Kiss1 promoter, thereby providing a possible mechanism by which the 

circadian clock could regulate Kiss1 expression. Estrogen signaling and circadian 

rhythms both play critical roles in regulating Kiss1, but further research needs to be 

performed to fully understand all of the mechanisms at play.  

Proper Kiss1 expression is required for fertility, and thus its regulation remains an 

important topic of study. Elucidating the mechanisms through which Kiss1 expression is 

controlled may provide insight into potential genetic causes of infertility, and could 

ultimately lead to the development of therapies to remedy infertility or novel forms of 

birth control. Our studies as well as others have implicated estrogen signaling and 

circadian rhythms as critical regulators of Kiss1 expression and fertility. It is critical that 

the roles of ERα signaling and circadian rhythms in fertility continue to be studied to 

deepen our understanding of reproductive physiology. 
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