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Abstract

Substantial progress has been made in recent years toward deciphering the molecular and genetic 

underpinnings of the pubertal process. The availability of powerful new methods to interrogate the 

human genome has led to the identification of genes that are essential for puberty to occur. 

Evidence has also emerged suggesting that the initiation of puberty requires the coordinated 

activity of gene sets organized into functional networks. At a cellular level, it is currently thought 

that loss of transsynaptic inhibition, accompanied by an increase in excitatory inputs, results in the 

pubertal activation of GnRH release. This concept notwithstanding, a mechanism of epigenetic 

repression targeting genes required for the pubertal activation of GnRH neurons was recently 

identified as a core component of the molecular machinery underlying the central restraint of 

puberty. In this chapter we will discuss the potential contribution of various mechanisms of 

epigenetic regulation to the hypothalamic control of female puberty.
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1. Introduction

It is well-established that the initiation of mammalian puberty requires an increased 

secretory activity of a handful of hypothalamic neurosecretory neurons that produce the 

decapeptide gonadotropin-releasing hormone (GnRH). Because GnRH neurons are able to 

produce and release GnRH long before puberty, it is also clear that they are neither the 

ultimate responsible for the initiation of puberty nor constitute – under normal conditions – a 

significant obstacle for the pubertal process to be initiated earlier [reviewed in Ojeda and 

Skinner (2006)]. Instead, the secretory activity of GnRH neurons depends on trans-synaptic 

and glial inputs provided by different neurotransmitters, neuromodulators and cell–cell 

signaling molecules, derived from either neuronal subsets or glial cells functionally 

connected to GnRH neurons [reviewed in Ojeda and Skinner (2006), Terasawa and 

Fernandez (2001), Plant and Witchel (2006)]. While the trans-synaptic input can be either 

excitatory or inhibitory, the glial input is almost invariably excitatory (Prevot, 2002).
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The unquestionable complexity of the cellular systems regulating GnRH neuron activity 

poses two important questions: what is the impact that genes expressed in such diverse cell 

populations may have on the initiation of puberty, and what are the mechanisms providing 

dynamic coordination to genetic networks that – operating within this diversity of cellular 

phenotypes – contribute to the central control of the pubertal process. The availability of 

new tools to explore the human genome has facilitated the identification of several genes 

that are essential for puberty to take place. They include GNRHR, which is necessary for 

pituitary gonadotrophs to respond to GnRH because it encodes the GnRH receptor 

(Bedecarrats and Kaiser, 2007), LEP, the gene encoding leptin, a cytokinine produced by 

adipocytes (Strobel et al., 1998) that is essential not only for the regulation of energy 

homeostasis, but also for the initiation of puberty (Ahima et al., 2000; Elias, 2012), and 

LEPR (encoding the leptin receptor) (Clement et al., 1998). Mutations affecting genes that 

have a primary role in regulating hypothalamic GnRH release include mutations in KISS1R 
(encoding the kisspeptin receptor) (Seminara et al., 2003; de Roux et al., 2003), KiSS1 
(encoding kisspeptins) (Lapatto et al., 2007; Topaloglu et al., 2012), TAC3 (encoding 

neurokinin B, NKB), and TAC3R (encoding the NKB receptor) (Topaloglu et al., 2008). 

Others genes are required for GnRH neuron migration [reviewed in Sykiotis et al. (2010)]. 

More recently, two mutations causing premature puberty, instead of pubertal failure, have 

been described. One of these mutations results in the constitutive activation of KISS1R 
(Teles et al., 2008); the other appears to involve loss of an inhibitory input, because it 

involves inactivating mutations of MKRN3, which encodes a protein likely involved in the 

inhibitory control of puberty (Abreu et al., 2013). Despite the importance of this 

information, the fact that known gene mutations affecting puberty account for only a small 

percentage (less than 2%) of individuals with pubertal disorders, and the demonstration that 

sequence variations in more than 40 genes are associated with an early age at menarche 

(Ong et al., 2009; Perry et al., 2009; Sulem et al., 2009; He et al., 2009; Elks et al., 2010; 

Cousminer et al., 2013; Tanikawa et al., 2013), suggest that puberty is not an event triggered 

by a single gene. Instead, it appears to involve a diversity of genes, which – based on studies 

in animal models – have been postulated to be organized into functionally modules wired 

into larger gene networks (Lomniczi et al., 2013; Ojeda et al., 2006).

Even if the notion of many genes contributing to the pubertal process is accepted at face 

value, gene diversity does not explain how inherited, permanent changes in DNA sequence 

can regulate gene expression dynamically, while also imposing an encompassing level of 

coordination and transcriptional plasticity to gene sets controlling female reproductive 

development. In this article we will develop the concept that a biological regulatory system 

able to perform these functions is epigenetics – i.e., those heritable changes in gene 

expression that occur without changing the primary nucleotide sequence of a gene (Wolffe 

and Matzke, 1999; Herman and Baylin, 2003). Epigenetic mechanisms can not only provide 

gene-specific gatekeeper functions (Garcia-Bassets et al., 2007), but are also endowed with 

an unsuspected degree of plasticity able to transiently change gene expression within hours 

(Miller and Sweatt, 2007), and even minutes (Kangaspeska et al., 2008; Metivier et al., 

2008). It is now clear that epigenetic information is also essential for a variety of neural 

functions, including memory formation (Miller and Sweatt, 2007), recovery of learning and 

memory (Fischer et al., 2007), dendritic development (Wu et al., 2007), neuronal and 
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behavioral plasticity (Kumar et al., 2005), estrogen-induced gene expression (Perillo et al., 

2008; Subramanian et al., 2008), glial–neuronal interactions (Shen et al., 2008), circadian 

rhythms (Nakahata et al., 2008; Bellet and Sassone-Corsi, 2010), and sexual differentiation 

of the brain (McCarthy et al., 2009; Semaan et al., 2012).

2. Neuronal circuits controlling LH release at puberty

As indicated earlier, the transysnaptic control of GnRH neurons is dual, that is, effected by 

counteracting excitatory and inhibitory inputs. A substantial fraction of the excitatory 

transsynaptic input to GnRH neurons is provided by glutamatergic neurons (Ojeda and 

Skinner, 2006; Plant and Witchel, 2006), but a more powerful – and anatomically discrete – 

neuronal system stimulating GnRH release is provided by hypothalamic neurons that secrete 

a set of four biologically active peptides known as kisspeptins (Oakley et al., 2009; 

d’Anglemont et al., 2010). These peptides result from proteolytic processing of a kisspeptin 

precursor that is the product of the KISS1/Kiss1 gene (Ohtaki et al., 2001; Kotani et al., 

2001). All kiss-peptins are potent stimulators of GnRH release (Oakley et al., 2009; Shahab 

et al., 2005). The critical importance of these peptides for puberty was demonstrated 10 

years ago by studies in humans showing that loss of function of GPR54/KISS1R, the gene 

encoding the kisspeptin receptor, results in pubertal failure (Seminara et al., 2003; de Roux 

et al., 2003).

Opposing this excitatory influence, there are three main neuronal subsets providing 

inhibitory transsynaptic regulation to GnRH neurons (Fig. 1): opiatergic [reviewed in 

Terasawa and Fernandez (2001)], RFamide-related peptide (RFRP)-containing neurons 

(Tsutsui et al., 2010), and GABAergic neurons (Terasawa and Fernandez, 2001; Herbison 

and Moenter, 2011).

Opiatergic neurons inhibit GnRH neuronal activity by releasing different peptides that bind 

to specific cell membrane receptors (Kordon et al., 1994) located both on GnRH neurons 

(Dudas and Merchenthaler, 2006) and on neurons controlling GnRH secretion (Ojeda and 

Skinner, 2006; Terasawa and Fernandez, 2001). A prominent example of this latter type of 

interaction is found in the ARC. In this region of the hypothalamus, kisspeptin neurons 

produce the opioid peptide dynorphin, which inhibits GnRH secretion at least in part by 

repressing kisspeptin release via a paracrine/autocrine type of interaction (Navarro et al., 

2009).

RFRP is the mammalian ortholog of the peptide gonadotropin-inhibiting hormone (GnIH), 

first described in birds (Ebling and Luckman, 2008). RFRP neurons use the peptides RFRP1 

and RFRP3 for transsynaptic communication. Both peptides are recognized by a high-

affinity receptor termed GPR147 or NPFFR1 (Tsutsui et al., 2010; Hinuma et al., 2000), and 

a low-affinity receptor termed GPR74 or NPFFR2 (Fukusumi et al., 2006). GPR147 is 

expressed in GnRH neurons (Ducret et al., 2009; Poling et al., 2012), suggesting that RFRP 

neurons can act directly on GnRH neurons to inhibit GnRH secretion.

The actions of GABAergic neurons on the GnRH neuronal network are more complex. 

GABA inhibits GnRH secretion via both GABAA and GABAB receptors expressed on 
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neurons connected to the GnRH neuronal network (Ojeda and Skinner, 2006; Terasawa and 

Fernandez, 2001; Liu and Herbison, 2011), and via GABAB receptors located on GnRH 

neurons (Liu and Herbison, 2011). Despite these inhibitory actions, GABAergic neurons 

also excite GnRH neurons directly via activation of GABAA receptors (Herbison and 

Moenter, 2011).

Finally, not only neurons but also glial cells contribute to the hypothalamic control of 

puberty (Fig. 1) [reviewed in Prevot (2002), Lomniczi and Ojeda (2009)]. A series of studies 

have shown that astrocytes and ependymoglial cells lining the ventro-lateral surface of the 

third ventricle (known as tanycytes) facilitate GnRH secretion by both releasing growth 

factors and small molecules (such as ATP and prostaglandin E2, PGE2) and via cell–cell 

adhesive interactions (Prevot, 2002; Lomniczi and Ojeda, 2009; Clasadonte et al., 2011). 

While the former way of communication is exerted by diffusible factors, glial-GnRH neuron 

adhesive communication requires direct cell–cell contact and involves adhesion molecules 

with unique structural features that allow them to set in motion bidirectional intracellular 

signaling (Lomniczi and Ojeda, 2009). These molecules include sialylated neural cell 

adhesion molecule NCAM (PSA-NCAM) Parkash and Kaur, 2005; Perera et al., 1993, 

Synaptic Cell Adhesion Molecule 1 (SynCAM1) Sandau et al., 2011a,b, and Receptor-like 

Protein Tyrosine Phosphatase-β (RPTPβ) Parent et al., 2007.

2.1. Neuronal circuits required for pulsatile LH release

More than 40 years ago Boyar et al. (1972) introduced the now widely accepted concept that 

an increase in pulsatile LH release is the first endocrine manifestation of the initiation of 

puberty. This study, performed in humans, demonstrated that the amplitude of LH pulses 

detected in the blood stream increases at night during the juvenile-early puberty transition. 

Subsequent studies showed that a diurnal increase in pulsatile LH heralds the onset of 

puberty in other mammalian species, including rodents, sheep and nonhuman primates 

[reviewed in Ojeda and Skinner (2006)]. In rodents, the pubertal increase in LH pulsatility 

takes place in the afternoon, and at the end of late juvenile development, i.e., around 

postnatal day (PND) 28–30 Urbanski and Ojeda, 1985 (Fig. 1). A primary transsynaptic 

mechanism underlying pulsatile GnRH release is thought to be the synchronized activity of a 

subset of neurons located in the arcuate nucleus (ARC) of the hypothalamus, called KNDy 

neurons (Navarro et al., 2011; Lehman et al., 2010) (Fig. 1). They received this name 

because they produce kisspeptin, NKB and dynorphin (Navarro et al., 2011; Wakabayashi et 

al., 2010). KNDy neurons release NKB, which acts on other KNDy neurons via specific 

receptors to stimulate kisspeptin release (Navarro et al., 2011; Wakabayashi et al., 2010). 

NKB and kisspeptin are released periodically, and this oscillatory behavior is determined by 

a phase-delayed inhibitory feedback of dynorphin on NKB release (Navarro et al., 2011; 

Wakabayashi et al., 2010). Direct evidence for a role of KNDy neurons in the genesis of 

pulsatile LH release in rodents was recently provided (Beale et al., 2014). In addition to 

KNDy neurons, it is also likely that pulsatile GnRH release is regulated (directly or 

indirectly) by glutamatergic, GABAergic, opioid and RFRP neurons (Fig. 1).
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2.2. Neuronal circuits required for the preovulatory LH surge

In addition to KNDy neurons of the ARC (Shahab et al., 2005; Clarkson et al., 2009; 

Gottsch et al., 2004), there is another population of kisspeptin neurons located in the 

anteroventral periventricular nucleus (AVPV) of rodents Clarkson et al., 2009; Gottsch et al., 

2004 and the rostral periventricular area of both humans and rodents (Clarkson et al., 2009; 

Gottsch et al., 2004; Hrabovszky et al., 2010). A similar distribution has been observed in 

the ovine brain (Pompolo et al., 2006). These neurons contain neither dynorphin nor NKB 

and do not contribute to the control of pulsatile GnRH release. Instead, AVPV neurons are 

required for the pre-ovulatory surge of gonadotropins (Pinilla et al., 2012)( Fig. 1). 

Accordingly, they do not appear to be involved in the initiation of female puberty, because 

the gonadotropin surge occurs only after the pubertal process is well under way. As in the 

case of ARC-dependent pulsatile GnRH release, the surge mode of GnRH release may be 

regulated by additional excitatory neuronal systems (glutamatergic neurons binding to 

kainate and NMDA receptors and GABA neurons operating via GABAA receptors located 

on GnRH neurons) and by inhibitory neurons, including GABA neurons operating via 

GABAB receptors, opioid neurons operating via multiple receptors, and RFRP neurons using 

GPR147 receptors for transsynaptic inhibition (Fig. 1).

3. Gene networks and the neuroendocrine control of puberty

The concept of a diversity of genes affecting the time of puberty implies that they may be 

functionally organized into networks able to generate a coordinated output of biological 

signals. One such network operating in the peripubertal hypothalamus of rats and monkeys 

was postulated to contain genes that despite of having diverse cellular functions, were earlier 

identified as being involved in tumor suppression/tumor formation (Roth et al., 2007). In the 

hypothalamus, these genes, (referred to as Tumor Related Genes, TRGs), are predicted to be 

organized into a network structure containing “central” nodes that reside at the heart of the 

network, and a host of more peripherally located subordinate genes that are controlled 

transcriptionally by the central nodes. Although subordinate genes can act both as conduits 

of network output and inlets for incoming information, central nodes can also be directly 

influenced by outside inputs [reviewed in Lomniczi et al. (2013)]. The TRG network has 

five putative central nodes (CDP/CUTL1/CUX1, MAF, p53, YY1, and USF2), also called 

hubs. They are not only strongly connected to each other but also to additional upper-

echelon genes (OCT2, TTF1, and EAP1) postulated to be involved in the transcriptional 

regulation of the pubertal process (Ojeda et al., 1999; Mastronardi et al., 2006; Heger et al., 

2007), and that are themselves TRGs (Lomniczi et al., 2013).

One of these upper echelon genes (EAP1) and one predicted subordinate gene (KiSS1), 

deserve special mention, because their predicted regulation by central TRG nodes has been 

experimentally verified (Mueller et al., 2011, 2012). KISS1 was previously known as a 

metastasis suppressor gene (Steeg et al., 2003), and EAP1 was recently shown to be part of a 

transcriptional repressive complex that modulates apoptosis in breast cancer (Yeung et al., 

2011). SynCAM1 (previously known as tumor suppressor of lung cancer, TSLC1) is another 

interesting TRG because of its pivotal role in the developmental control of glia-GnRH 

neuron adhesive communication, and in the mechanism by which astrocytic erbB4 receptors 
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facilitate GnRH release and control normal female reproductive function (Sandau et al., 

2011a,b).

More recently another puberty transcriptional gene network was reported in cattle (Fortes et 

al., 2011). Although the central nodes of this network are different from the TRG central 

nodes, they appear to regulate similar target genes, such as NELL2, NRG1 (which encodes 

an erbB4 ligand), and genes encoding adhesive molecules involved in cell–cell 

communication (such as SynCAM1). Interestingly, one of the transcription factors most 

heavily connected (top 10%) in the bovine puberty gene network is Mll3, a trithorax gene 

that appears to be involved in the epigenetic regulation of puberty (see Section 5 below). By 

doing a connectivity analysis of the core components of each network we noticed that seven 

of the most heavily connected TFs in the bovine network are also first neighbors of the TRG 

central nodes, with MLL3 connected to CUX1/CUTL1, EAP1 and YY1 (Fig. 2A).

The draft model of these networks is bound to be modified as new information becomes 

available and as more gene interactions are elucidated. For instance, the cohort of genes 

shown to be associated with an earlier onset of menarche in humans (Ong et al., 2009; Perry 

et al., 2009; Sulem et al., 2009; He et al., 2009; Elks et al., 2010) is now known to be 

connected to EAP1 and TTF1 (Cukier et al., 2013). Moreover, a recent genome wide 

association study (GWAS) in a Japanese population showed that a SNP near the TTF1 locus 

(most commonly known as Nkx2.1) is significantly associated to early menarche (Tanikawa 

et al., 2013). Another recent study revealed five additional loci linked to pubertal timing 

(Cousminer et al., 2013). Even more interesting, analysis of the potential relationship that 

the five TRG central nodes, in addition to TTF1 and EAP1, may have with menarche-related 

gene using the GeneMANIA (Warde-Farley et al., 2010) network inference software and 

literature database indicates that the TRG central nodes are connected to as many as 22 of 

the menarche-related genes through co-expression or genetic interaction relationships (Fig. 

2B). Moreover, 26 menarche related genes are connected to two or more TRG central nodes. 

Many of the genes that are connected to multiple TRG genes are themselves potential 

regulators of gene expression, such as KDM3B (also known as JMJD1B), a histone 

demethylase involved in removal of the repressive H3K9me2 and H3K9me1 histone marks 

(Kim et al., 2012; Krishnan et al., 2011). Overall, these results indicate the existence of 

significant interrelationships in regulation and expression between TRG central nodes, 

bovine puberty genes, and menarche-related genes discovered through GWAS studies.

In addition to the transcriptional repressors operating with the TRG network (YY1, EAP1, 
CUX1), there is a post-transcriptional repressor system that may contribute to controlling the 

timing of puberty. A central node of this system is LIN28b, which encodes an RNA binding 

protein that inhibits the maturation of let7 miRNAs (Lehrbach et al., 2009; Heo et al., 2009; 

Hagan et al., 2009), a family of microRNAs with tumor suppressor activity (Chang et al., 

2009). The potential contribution of LIN28b to the regulation of puberty was suggested by 

the finding that a single nucleotide polymorphism near the LIN28B gene in human 

chromosome 6(q21) is associated with earlier puberty and shorter stature in girls (Ong et al., 

2009; Perry et al., 2009; Sulem et al., 2009). In rats, the expression of Lin28b has been 

shown to decrease in the hypothalamus during prepubertal development in both males and 

females, a change that coincides with an increase in the abundance of let7a and let7b, two 
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well-known LIN28b targets (Sangiao-Alvarellos et al., 2013). These opposite changes 

suggest that as the repressive effect of LIN28b on let7a and let7b maturation subsides, 

degradation of let7 target genes increases due to increased availability of these miRNAs. 

Should a predominance of these target genes be inhibitory to puberty, the net outcome would 

be expected to be an advancement of the timing of puberty.

4. Modes of epigenetic regulation

There are two well-established, and one emerging mechanism of epigenetic control. The 

former include: (a) chemical modifications of the DNA via DNA methylation and 

hydroxymethylation, and (b) modifications of chromatin structure caused by 

posttranslational modifications (PTMs) of histone proteins that, wrapped around by two 

superhelical turns of DNA, make up the nucleosome, the core unit of chromatin. The third 

and most recently unveiled mechanism of epigenetic control is exerted by non-coding RNAs, 

which provide epigenetic information as either microRNAs (miRNAs) or as long intergenic 

noncoding RNAs (lincRNAs).

4.1. DNA methylation

DNA methylation and hydroxymethylation are two covalent modifications of cytosine 

residues that mostly targets the dinucleotide sequence CpG (Jaenisch and Bird, 2003; 

Bjornsson et al., 2004). DNA methylation consists in the addition of a methyl group to 

position 5 of cytosine, resulting in the formation of 5-methylcytosine (5-mC) (Fig. 3A). 

Oxidation of 5-mC by the TET family of dio-oxygenase enzymes yields 5-

hydroxymethylcytosine (5hmC) Tahiliani et al., 2009; Koh et al., 2011. In general, increased 

DNA methylation (5-mC) is associated with gene repression, and hypomethylation (less 5-

mC, more 5-hmC) is associated with transcriptional activation. The balance of 5-mC and 5-

hmC at a given genomic region depends on the activity of DNA methyltransferases that 

generate 5-mC, and the TET enzymes that catalyze the conversion of 5-mC to 5-hmC (Fig. 

3A). The methyltransferases involved are DNA methyltransferase1 (DNMT1), which 

maintains basal levels of DNA methylation, and DNMT3a and DNMT3b responsible for de 
novo methylation of both unmethylated and hemimethylated DNA (Jaenisch and Bird, 

2003). Although 5-mC and 5-hmC co-exist throughout the genome, their relative abundance 

varies in different regions. Thus, 5hmC has been found to be associated with euchromatin 

(i.e., chromatin in the open state) and enriched in promoter regions of active genes, whereas 

5-mC displays an opposite pattern (Ficz et al., 2011).

4.2. Histone post-translational modifications

Histone PTMs alter the N-terminus tails of the four histones (H2A, H2B, H3, and H4) that 

make up the protein core of nucleosomes (Kouzarides, 2007; Khorasanizadeh, 2004) (Fig. 

3B). These modifications include acetylation, methylation, phosphorylation, ubiquitination, 

and sumoylation (Kouzarides, 2007; Khorasanizadeh, 2004). Acetylation by 

acetyltransferases (HATs), deacetylation by histone deacetylases (HDACs), and methylation 

by methyltransferases (HMTs) are perhaps the best well-characterized. As in the case of 

DNA methylation, some generalizations can be made: acetylation is associated with 

activation of transcription; deacetylation with gene silencing (Kouzarides, 2007; 
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Khorasanizadeh, 2004). The functional consequences of the methylation status of histones 

are more complex. For instance, H3 methylation of lysine 9 and 27 (H3K9me and 

H3K27me) is usually seen in silenced genes (Wang et al., 2008; Ruthenburg et al., 2007) 

whereas trimethylation of histone 3 (H3) at lysine 4 (H3K4me3) is a feature of active 

transcription (Wang et al., 2008; Berger, 2007).

Importantly, changes in DNA methylation and histone modifications are not dissociated 

events as they usually work in sync to regulate gene expression (Cameron et al., 1999; Cedar 

and Bergman, 2009). For instance, H3K4me2/3 prevent DNA methylation (Cedar and 

Bergman, 2009; Ooi et al., 2007), and H3K9me facilitates DNMT3a and DNMTb 

recruitment to target genes (Cedar and Bergman, 2009). DNMTs do not work in isolation 

either; upon recruitment, they associate with HDACs bringing about gene silencing 

(Rountree et al., 2000; Robertson et al., 2000; Burgers et al., 2002). In addition to enzymes 

instituting these histone modifications, there is a similarly complex set of enzymes that 

reverse them (Kouzarides, 2007; Borrelli et al., 2008). Together, “writers” and “erasers” 

(Borrelli et al., 2008) allow epigenetic “readers” (such as PRC1, a subcomplex of the 

Polycomb group [PcG] of transcriptional repressors, see below) to regulate gene activity 

with a degree of flexibility and developmental plasticity not provided by DNA sequence. 

Because complex biological processes require integrative mechanisms of gene regulation 

displaying these attributes, it would appear logical to assume that the role of epigenetics in 

the regulation of puberty is substantial.

4.3. Noncoding RNAs

A series of recent studies have revealed that most of the human genome is transcribed into 

noncoding RNAs (ncRNAs), instead of protein-encoding messenger (m)RNAs Gruber and 

Zavolan, 2013; Batista and Chang, 2013. Non coding RNAs are divided into two main 

groups: small RNAs (sRNAs) and long noncoding RNAs (lncRNAs). While small RNAs are 

20–30 nucleotides in length, lncRNAs are longer than 200 nucleotides (Batista and Chang, 

2013; Filipowicz et al., 2008). There are three classes of sRNAs: microRNAs (miRNAs) 

Filipowicz et al., 2008, endo-small inhibitory RNAs (endo siRNAs) Okamura et al., 2008, 

and piwiRNAs (piRNAs) Kim, 2006, all of them involved in epigenetic silencing (Huang et 

al., 2014). Among them, the best known in terms of epigenetic regulation are miRNAs 

(Gruber and Zavolan, 2013) (Fig. 3C). They target a variety of mRNAs encoding proteins 

required for both DNA methylation and histone modifications (Gruber and Zavolan, 2013), 

including DNA methylation (DNMTs), DNA demethylation (TET1-3), histone 3 K27 

trimethylation (EZH2), and histone deacetylation (HDAC1, 4, 6), among others (Gruber and 

Zavolan, 2013).

The contribution of lncRNAs to epigenetics is more complex. Although lncRNAs do not 

code for any protein, they are polyadenylated (Batista and Chang, 2013). Many of them are 

produced in gene-free regions of the genome; because of this, they are known as long 

intergenic noncoding RNAs (lincRNAs). LincRNAs bind to chromatin modifying complexes 

and guide these complexes to genomic regions involved in the control of gene expression 

(Spitale et al., 2011)( Fig. 3D). They appear to serve as scaffolds that bring together 

chromatin remodeling complexes targeting them to genomic regions involved in the control 

Lomniczi et al. Page 8

Front Neuroendocrinol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of gene expression (Batista and Chang, 2013; Spitale et al., 2011). Perhaps the most well-

recognized lincRNA involved in epigenetic regulation is HOTAIR, which targets the 

silencing complexes PRC2 (a sub-group of the PcG complex of transcriptional repressors, 

see below) and LSD1-coREST complexes to the regulatory regions of downstream genes 

(Chu et al., 2011; Rinn et al., 2007). Because PRC2 catalyzes H3K27 trimethylation and 

LSD1-coREST demethylates H3K4me2, the net outcome of HOTAIR actions is gene 

silencing. Importantly, the very existence of lncRNAs is epigenetically determined as 

thousands of them have been identified in the genome by a chromatin signature consisting of 

trimethylation of histone 3 at lysine 4 (H3K4me3) at the promoter region of RNA 

polymerase II-transcribed genes accompanied by the presence of histone 3 trimethylated at 

lysine 36 (H3K36m3) along the transcribed region, resulting in a chromatin configuration 

known as the K4-K36 bivalency (Guttman et al., 2009).

4.4. Epigenetic regulation of distal enhancer regions

A hot new topic in epigenetic research is the existence of distal enhancers regions that 

regulate gene expression by looping from sites in the noncoding genome to either the 

promoter region of genes to regulate gene transcription, or to intronic sequences within the 

gene to regulate transcriptional elongation (Stadhouders et al., 2012). Distal enhancers are 

usually located thousands of base pairs away from the gene they regulate and their activity is 

defined by the presence of two different chromatin signatures. Active enhancers are marked 

by the simultaneous presence of histone 3 acetylated at lysine 27 (H3K27ac), histone 3 

monomethylated at lysine 4 (H3K4me1), and polymerase II (Stadhouders et al., 2012; Calo 

and Wysocka, 2013). The “writers” of this epigenetic signature are proteins of the Trithorax 

group (TrxG) of epigenetic activators (Herz et al., 2012; Tie et al., 2014; Hu et al., 2013) 

(see below). Latent or “poised” enhancers lack polymerase II; they also contain H3K4me1, 

but instead of H3K27ac, they contain histone 3 trimethylated at lysine 27 (H3K27me3), a 

modification catalyzed by the PRC2 sub-complex of PcG proteins (see below) Herz et al., 

2012; Tie et al., 2014; Hu et al., 2013.

It is becoming rapidly apparent that distal enhancers play a very important role in the 

regulation of gene transcription. They may not only be switched from latent to active by 

incoming stimuli (Ostuni et al., 2013), but can also be affected by common sequence 

variation. A striking example of distal enhancers influencing a phenotypic outcome was 

recently reported by Smemo et al. (2014), who demonstrated that intronic regions in the 

FTO locus known to be associated with risk of obesity in humans directly influence 

expression of the IRX3 homeobox gene through a chromatin looping mechanism. Evidence 

for the role of IRX3 in obesity was provided by the finding that Irx3-deficient mice exhibit 

significant loss of body weight and are resistant to a regime of high-fat diet (Smemo et al., 

2014). Interestingly, FTO has also been shown to be associated with polymorphisms 

influencing age at menarche and appears to be coexpressed with TP53 and YY1 (Fig. 2). 

While the precise mechanism by which sequence variations, such as single nucleotide 

polymorphisms (SNPs) modify the transcriptional output of target genes is not clear in all 

cases, one compelling hypothesis suggests that many such variations alter the ability of 

transcription factors to bind to the enhancer, and therefore alter the ability of the affected 

enhancer to regulate gene expression (Smemo et al., 2014; Andersson et al., 2014).

Lomniczi et al. Page 9

Front Neuroendocrinol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



There is good reason to believe that regulatory mechanisms underlying the neuroendocrine 

control of puberty involve input from distal enhancer regions. Recent evidence reported by 

the FANTOM 5 consortium indicates that SNPs in linkage with variants associated with 

phenotypic outcomes are enriched in regions identified as distal enhancers (Andersson et al., 

2014). This analysis included several of the SNPs described as influencing the age at 

menarche (Elks et al., 2010).

5. An epigenetic mechanism of cellular memory: the counteracting role of 

Polycomb group (PcG) and Trithorax group (TrxG) proteins

It is now well established that PcG and TrxG proteins play a major, evolutionary conserved, 

role in the epigenetic control of gene expression. It is also clear that they have mutually 

antagonistic activities, and that their interplay at genomic regulatory regions provides the 

cell with a mitotically heritable “memory” of which genes are silenced and which are active 

throughout development (Schuettengruber et al., 2011; Diand Helin, 2013; Shilatifard, 

2012).

5.1. The Polycomb group complex: an epigenetic silencer

In mammals the PcG system is composed of two repressive complexes (termed Polycomb 

Repressive Complexes, PRC1 and PRC2) (Fortes et al., 2011; Simon and Kingston, 2009) 

(Fig. 4). There are two types of PRC1 complexes (Schwartz and Pirrotta, 2013; Blackledge 

et al., 2014). Canonical PRC1 complexes contain a catalytic core consisting of one of two 

proteins, RING1 or RING2 (also known as RING1A and RING1B), which have E3 

ubiquitin protein ligase activity, a combination of at least five Pc (Polycomb) proteins known 

as chromobox proteins (CBX2, CBX4, CBX6, CBX7 and CBX8), because they contain a 

conserved chromodomain (CBX) at their amino terminus, two Psc (posterior sex comb) 

proteins (BMI1, also known as PCGF4, for Polycomb group RING finger protein 4), and 

MEL18 (also known as PCGF2), in addition to three polyhomeotic-like proteins (PHC1-3). 

Although there are several mammalian CBX proteins (CBX2, 4, 6, 7, and 8) (Schwartz and 

Pirrotta, 2013), different CBX genes are expressed in different cells (Otte and Kwaks, 2003). 

Non canonical or variant PRC1 complexes lack CBX proteins; instead, RING1 or RING2 

form a complex with either RYBP (RING1 and YY1 binding protein) or YAF2 (YY1-

associated factor) and one of four PCGF proteins (PCGF1, 3, 5 or 6) (Gao et al., 2012). The 

complex containing RYBP was shown to be critical for PRC1-dependent mono-

ubiquitylation of histone 2A at lysine 119 (Blackledge et al., 2014; Tavares et al., 2012). 

This modification (H2AK119ub1) appears to inhibit gene expression by both suppressing 

RNA polymerase activity in bivalent promoters and preventing H3K4 methylation (Di and 

Helin, 2013), a feature of activated genes (Wang et al., 2008; Berger, 2007; Guttman et al., 

2009). Surprisingly, variant PRC1-dependent H2A ubiquitylation was found to recruit PRC2 

and H3K27me3 to PcG target promoters (Blackledge et al., 2014).

The mammalian PRC2 complex contains a catalytic core consisting of one of two 

methyltransferases, enhancer of zeste 1 (EZH1) or EZH2, which trimethylate histone 3 at 

lysine 27. These subunits require two partners, suppressor of zeste (Suz12) and the WD40 

domain protein EED, for catalytic activity (Di and Helin, 2013). In addition, PRC2 contains 
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one of two histone binding proteins (RBBP4 or RBBP7) and the Zinc finger protein AEBP2 

(Schwartz and Pirrotta, 2013).

5.2. The Trithorax group: an antagonist of epigenetic silencing

TrxG proteins counteract the effect of PcG proteins by implementing methylation of H3K4 

(Schuettengruber et al., 2011; Shilatifard, 2012). In mammals, H3K4 methylation is 

mediated by six protein complexes termed COMPASS (Complex of Proteins associated to 

Set1) and COMPASS-like, because they are related to the original yeast SET1 

methyltransferase (Schuettengruber et al., 2011; Shilatifard, 2012) (Fig. 4). Two of these 

complexes (SET1A and SET1B COMPASS) contain Drosophila SET1-related proteins; two 

(known as COMPASS-like) contain the proteins MLL1 or MLL2, which are related to 

Drosophila Trx (Trithorax), and the other two (also termed COMPASS-like) contain either 

MLL3 or MLL4, both of them related to Drosophila Trr (Trithorax-related). Recent studies 

have shown that SET1A/SET1B COMPASS mediates H3K4 trimethylation at promoters of 

active genes (Hu et al., 2013), MLL2 implements this PTM at bivalent promoters (Denissov 

et al., 2014; Wu et al., 2008), i.e. those promoters that are poised for activation (Bernstein et 

al., 2006), and MLL3/MLL4 catalyze monomethylation of H3K4 at enhancers sites (Hu et 

al., 2013).

6. Epigenetic regulation of early neuroendocrine reproductive 

development

6.1. Hypothalamic sexual differentiation

Estrogen-dependent sexual differentiation of the rodent preoptic area (POA) appears to be 

influenced by epigenetic modifications affecting either DNA methylation or the pattern of 

histone PTMs of the estrogen receptor alpha (ERα) gene (McCarthy and Nugent, 2013). 

While a portion of the ERα gene promoter was found to show a developmental pattern of 

DNA methylation that does not correlate with gene expression (Schwarz et al., 2010), DNA 

methylation of another portion of the promoter exhibited a good correlation (Kurian et al., 

2010), suggesting that such changes are subtle and highly circumscribed to a limited number 

of CpG dinucleotides in specific segments of the ERα gene 5’flanking region. Histone 

PTMs appear to play a more decisive role than DNA methylation in the masculinization of 

the POA, as inhibition of HDAC activity targeted to this brain region of neonatal animals 

reduced adult male behavior (Matsuda et al., 2011). This study further demonstrated that 

HDAC2 and HDAC4, possibly associated with both the ERα and aromatase gene promoters, 

are required for male behavior. Whether other histone PTMs contribute to brain sexual 

differentiation is currently unknown.

A gene showing a striking sexually dimorphic expression in the AVPV of rodents is Kiss1 
(Kauffman et al., 2009). Although Kiss1 expression is much greater in females than in 

males, DNA methylation of the Kiss1 promoter is greater in females than in males (Semaan 

et al., 2012). Though evidently counter intuitive, this difference may reflect the reported 

ability of DNA methylation to block the recruitment of transcriptional repressors under some 

conditions (Semaan et al., 2012).
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6.2. GnRH neuronal maturation

The first evidence that GNRH expression may be under epigenetic control during 

development was provided by a study that used cultured GnRH neurons from nonhuman 

primates (Kurian et al., 2010). These investigators showed that methylation at 8 of 14 CpG 

sites in a region located about 2000 bp upstream from the GNRH transcription start site 

decreased in GnRH neurons coinciding with an increase in GnRH expression during in vitro 
embryonic development (Kurian et al., 2010). Because GnRH neurons derived from the 

nasal epithelium mature in vitro at about the same pace and time as GnRH neurons in vivo, 

these findings imply that demethylation of specific regions within the GNRH gene locus 

play a role in the in vivo activation of GNRH transcription. Importantly, this study opens the 

doors for additional investigation of the epigenetic mechanism regulating GnRH neuron 

biology not only during embryonic development, but also during the normal onset of puberty 

and under conditions that either advance or delay the pubertal process.

7. Epigenetic regulation of neuronal circuits controlling the onset of 

puberty

7.1. The kisspeptin gene and the preovulatory surge of gonadotropins

A role for E2 in the epigenetic control of AVPV kisspeptin neurons was recently 

demonstrated by Tomikawa and colleagues who showed that E2 increases acetylated H3 

content at the Kiss1 promoter in the AVPV, but reduces acetylated H3 in the ARC 

(Tomikawa et al., 2012). Furthermore, E2 increased ERα binding to the Kiss1 promoter in 

the AVPV, but not the ARC. Tomikawa and colleagues did not detect changes in Kiss1 
promoter DNA methylation in either the AVPV or ARC in response to estradiol, suggesting 

that DNA methylation may not be an epigenetic cue regulating Kiss1 promoter activity at the 

time of the preovulatory surge of gonadotropins. Lomniczi et al. (2013) made a similar 

observation when studying methylation of the Kiss1 promoter at the time of the pubertal 

increase in pulsatile LH secretion. Interestingly, there is an estrogen-responsive enhancer in 

the 3’-region of the Kiss1 gene, which operates in the AVPV, but not the ARC (Tomikawa et 

al., 2012), suggesting an epigenetic contribution to E2 positive feedback. Whether the 

inhibitory effect of estrogen on ARC Kiss1 expression also involves an epigenetic 

component remains to be elucidated.

7.2. The kisspeptin gene and the initiation of puberty

For years a prevailing view to explain the initiation of puberty assumed the existence of a 

pubertal “brake” (Grumbach and Styne, 1992). According to this notion, during the 

prepubertal period the secretory activity of GnRH neurons is under trans-synaptic inhibitory 

control. At puberty this inhibition would be lifted, resulting in increased GnRH release 

[reviewed in Terasawa (1999)]. A different, but not mutually exclusive, view is that puberty 

can only occur if there is activation of excitatory inputs (Ojeda, 1991). This latter concept 

was strongly supported by the demonstration that activation of kisspeptin neurons, which 

provide a significant fraction of the stimulatory inputs controlling GnRH neurons, is 

essential for puberty to occur [reviewed in Pinilla et al. (2012)]. Based on these and other 

observations the original concept has been refined to state that a concomitant decrease in 
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inhibitory inputs and an increase in excitatory neurotransmission are the essential 

underpinnings of the pubertal process (Ojeda and Terasawa, 2002).

Notwithstanding the potential importance of this trans-synaptic interplay, very recent 

evidence suggests that the inhibitory and stimulatory control of puberty may not be 

exclusively provided by parallel cell–cell communication pathways impinging on GnRH 

neurons. Instead, a critical inhibitory/excitatory Yin-Yang mechanism regulating puberty 

appears to reside at a transcriptional level within neurons involved in stimulating GnRH 

release. The existence of a transcriptionally repressive mode controlling puberty-activating 

genes was initially suggested by the fact that some central nodes of the TRG network (YY1, 

EAP1, and the CUX isoform CUX1p120) can repress Kiss1 transcriptional activity (Heger 

et al., 2007; Mueller et al., 2011). Definitive proof was provided by the demonstration that 

the PcG silencing complex prevents the premature initiation of puberty by repressing the 

transcriptional activity of Kiss1 in KNDy neurons of the ARC (Lomniczi et al., 2013).

In this study the hypothalamus was interrogated via DNA arrays during the juvenile and 

peripubertal stages of female rat reproductive maturation. Three developmental phases were 

selected for inquiry: early juvenile (day 21); late juvenile (day 28), and the day of the first 

preovulatory surge of gonadotropins (days 30–36). Day 21 corresponds to the initiation of 

the juvenile period (Ojeda and Urbanski, 1994), day 28 to the beginning of puberty, and the 

first preovulatory surge of gonadotropins to the completion of puberty. Day 28 was 

considered as the approximated age when puberty is initiated in female rats, because it is at 

this time that a diurnal change in pulsatile LH release is first detected (Urbanski and Ojeda, 

1985).

Because the Kiss1 and Tac2 genes are active within the same neurons, and their protein 

products are functionally connected (NKB stimulates kisspeptin release via TAC3R 

receptors) (Navarro et al., 2011; Wakabayashi et al., 2010), they have been postulated to be 

unique members of a class of “puberty-activating” genes (Lomniczi et al., 2013). Using the 

Kiss1 gene as a prototype, it was shown that two essential components of the PcG complex 

(Eed and Cbx7) are expressed in KNDy, and – importantly – that their encoded proteins are 

associated with the 5’ flanking region of the Kiss1 gene (Lomniczi et al., 2013). The results 

showed that at the end of juvenile development, methylation of the Eed and Cbx7 promoters 

increases in the ARC concurrent with decreased expression of both genes. These changes 

were accompanied by eviction of EED and CBX proteins from the Kiss1 promoter, and a 

notable change in the chromatin status of the promoter, which displayed increased levels of 

acetylated H3 (H3K9, 14ac) and trimethylated H3 (H3K4me3), two modifications associated 

with gene activation. As predicted by these changes, Kiss1 expression increased in the ARC 

at this time.

Unexpectedly, the content of H3K27me3, a histone modification catalyzed by PRC2 (Wang 

et al., 2008; Ruthenburg et al., 2007) decreased significantly later during peripubertal 

maturation, on the day of the first preovulatory surge of gonadotropins. This developmental 

pattern suggests that association of H3K27me3 and H3K4me3 to the Kiss1 promoter 

behaves as predicted by the hypothesis of bivalent domains (Bernstein et al., 2006), i.e., both 
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marks co-exist in the regulatory region of genes “poised” for activation in response to 

incoming inputs (Bernstein et al., 2007).

The study of Lomniczi et al. (2013) also demonstrated that systemic administration of 5-

azacytidine, an inhibitor of DNA methylation, prevented both the peripubertal decline in 

Cbx7 and Eed mRNA expression, and the eviction of CBX7 and EED from the Kiss1 
promoter. In addition, it prevented the association of activating histone marks to the 

promoter, and the increase in Kiss1 expression that occur at end of juvenile development. 

These observations are consistent with the interpretation that if an increase in DNA 

methylation of PcG promoters is prevented, eviction of EED/CBX7 occupancy of the Kiss1 
promoter fails to occur, and this diminishes the accessibility of activating histone marks to 

the promoter. The importance of PcG-mediated silencing for the timing of puberty was 

demonstrated by experiments in which EED was overexpressed in the ARC of early juvenile 

rats (via lentiviral-mediated delivery). In these animals, exogenous EED was recruited to the 

Kiss1 promoter, and Kiss1 expression was reduced as evidenced by the lower number of 

immunoreactive kisspeptin neurons in the ARC and a reduction in Kiss1 mRNA levels. 

Pulsatile GnRH release was blunted, puberty was delayed, and estrous cyclicity was 

disrupted. Importantly, the number of pups delivered by animals receiving EED in the ARC 

was markedly reduced suggesting that if the repressive influence of the PcG complex on 

KNDy neurons is maintained beyond juvenile days, fertility is compromised (Lomniczi et 

al., 2013).

The prepubertal increase in H3K4me3 abundance at the Kiss1 promoter is extremely 

interesting because it implies the recruitment of an activating complex concomitant to the 

loss of PcG inhibition. A likely candidate for this role is the TrxG complex because these 

proteins are known to antagonize PcG silencing by catalyzing H3K4 trimethylation and 

facilitating H3 acetylation (Shilatifard, 2012; Simon and Kingston, 2009). By doing so, the 

TrxG complex may provide the necessary trans-activational component to puberty-activating 

genes at the time when the inhibitory influence of repressive epigenetic information is 

waning. The potential importance of the TrxG complex in the control of puberty is suggested 

by the finding that inactivating mutations of CHD7, a chromatin remodeling protein that 

antagonizes PcG action by binding to H3K4me2 and H3K4me3 via its chromodomain, are 

associated with hypothalamic hypogonadism in humans (Bianco and Kaiser, 2009; Kim et 

al., 2008). Notwithstanding the potential importance of TrxG proteins as transcriptional 

activators of the pubertal process, the alternative contribution of other trans-activating 

protein complexes known to “read” the H3K4me3 mark needs consideration. A potential 

candidate for this role is the SAGA complex, which binds to the DNA of H3K4me2/3 

containing promoters via the subunit Sgf29 (Vermeulen et al., 2010).

Another aspect made evident by the study of Lomniczi et al. is that the decrease in PcG 

expression that antedates the onset of puberty is not an estrogen (E2)-dependent 

phenomenon. Indeed, there are no canonical estrogen responsive elements (EREs) in PcG 

promoters. Moreover, E2 action is associated with gene activation instead of gene repression 

as evidenced by the ability of E2 to induce demethylation of DNA and loss of H3K9me2/3 

from E2-target promoters (Kangaspeska et al., 2008; Metivier et al., 2008; Perillo et al., 

2008). Although E2 may not be responsible for the dissociation of PcG proteins from the 
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Kiss1 promoter in KNDy neurons, it appears to elicit epigenetic modifications affecting 

either other puberty-related genes or the Kiss1 gene itself expressed in AVPV kisspeptin 

neurons. This idea is supported by studies showing that E2 induces changes in H3 

acetylation at the Kiss1 promoter in AVPV kisspeptin neurons (Tomikawa et al., 2012), 

triggers fluctuations in DNA methylation (Kangaspeska et al., 2008; Metivier et al., 2008), 

induces the formation of co-activating complexes containing histone acetyl-transferases and 

histone methyltransferases (Metivier et al., 2003), and enhances gene transcription by 

inducing demethylation of H3K9me2/3 (Garcia-Bassets et al., 2007; Perillo et al., 2008). 

Moreover, expression of ERα itself is regulated by DNA methylation (Issa et al., 1994; 

Westberry et al., 2008; Belinsky et al., 2002).

8. Environmental cues affecting the timing of puberty via epigenetic 

mechanisms

8.1. Nutrition

The influence of metabolic cues on female hypothalamic reproductive maturation was 

documented many years ago (Kennedy and Mitra, 1963; Frisch and Revelle, 1970; Frisch, 

1980). Several metabolic signals have been postulated to play an important role in this 

process (Elias, 2012; Heger et al., 1999; Fernandez-Fernandez et al., 2006), and solid 

evidence has been provided that peripheral hormones exert these effects by modifying the 

activity of hypothalamic kisspeptin neurons. While leptin and IGF1 increase Kiss1 
expression both directly and indirectly (Roa et al., 2010; Hiney et al., 2009), the gut-derived 

hormone, ghrelin, and the liver derived hormone FGF21, whose levels rise in fasting, repress 

the initiation of puberty (Tena-Sempere, 2008; Owen et al., 2013) by inhibiting Kiss1 
mRNA expression in the ARC (Forbes et al., 2009) and AVPV (Owen et al., 2013), 

respectively.

There is a critical period during late gestation in humans and early postnatal life in rodents, 

in which the building blocks of energy homeostasis, including the hypothalamic regulation 

of food intake and energy balance, become established by a “developmental program” 

[reviewed in Remmers and Delemarre-van de Waal (2011), Gabory et al. (2011)]. If the 

availability of nutrients is increased or limited during this time, the program is irreversibly 

affected, resulting in persistent alterations in energy homeostasis and increased susceptibility 

to diabetes, cardiovascular and metabolic disease (Remmers and Delemarre-van de Waal, 

2011; Grove et al., 2005).

Numerous reports (Kennedy and Mitra, 1963; Frisch and Revelle, 1970; Frisch et al., 1975; 

Ronnekleiv et al., 1978; Sloboda et al., 2009; Castellano et al., 2011; Wang et al., 2011) have 

also made clear that female puberty is delayed by early life nutritional challenge. A pivotal 

component of this developmental delay is the hypothalamic Kiss1 system. Kiss1 expression 

is reduced by early undernutrition (Castellano et al., 2005; True et al., 2011), and the 

connectivity of ARC kisspeptin neurons is impaired (Caron et al., 2012). Conversely, 

increasing nutrient availability during the critical period of nutritional programming 

advances puberty (Frisch et al., 1975; Castellano et al., 2011) and this advancement is 

associated with activation of the Kiss1 gene (Castellano et al., 2011).
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Epigenetics plays a central role in developmental programming (Bellet and Sassone-Corsi, 

2010; Remmers and Delemarre-van de Waal, 2011; Gabory et al., 2011; Castellano et al., 

2011), linking early-life alterations in energy balance to a variety of adult metabolic 

disorders (Remmers and Delemarre-van de Waal, 2011; Gabory et al., 2011; Vaquero and 

Reinberg, 2009; Choi and Friso, 2010). Among the major epigenetic modifications 

regulating transcriptional activity, chromatin remodeling stands out as a powerful means of 

epigenetic control underlying the mechanism by which external inputs modify gene 

expression in the brain and other tissues (Borrelli et al., 2008). Because cellular metabolites 

are used as a source of histone post-translational modifications (Cheung et al., 2000) – a 

central component of chromatin transitions – it would appear intuitively evident that changes 

in metabolic state affecting reproductive maturation would use epigenetic mechanisms to 

modify the expression of specific genes. After all, chromatin modifications are intimately 

involved in the regulation of energy homeostasis (Gabory et al., 2011; Vaquero and 

Reinberg, 2009). Surprisingly, however, little, if anything is known about the role of epi-

genetics in conveying nutritional status information to the cellular networks involved in the 

hypothalamic control of GnRH secretion.

Two regulatory systems stand out as candidates to serve as epigenetic links between early 

alterations in nutritional input and the neuroendocrine control of puberty. One of these 

systems is represented by the sirtuins, a class of histone deacetylases (HDACs) Bellet and 

Sassone-Corsi, 2010; Vaquero and Reinberg, 2009; Shoba et al., 2009; Ruderman et al., 

2010. The other is the hexosamine biosynthetic pathway (HBP).

8.1.1. The sirtuins—SIRT1 (one of the sirtuins) can silence gene expression by both 

promoting the synthesis of repressive histone marks and by forming inhibitory complexes 

with other transcriptional repressors (Vaquero and Reinberg, 2009; Ruderman et al., 2010; 

Mulligan et al., 2011; Vaquero et al., 2007). SIRT1 enzymatic activity depends on the 

availability of nicotinamide adenine dinucleotide (NAD+), which serves as a cofactor. 

Because of this, SIRT1 acts as a fuel-sensing molecule that allows the cell to respond to both 

reduction and increases in nutrient availability (Vaquero and Reinberg, 2009; Shoba et al., 

2009; Ruderman et al., 2010). At the chromatin level, SIRT1 promotes the formation of 

facultative heterochromatin (Vaquero et al., 2007) (a tightly packed chromatin region that 

can be dynamically and reversibly restored to the more open conformation of euchromatin). 

SIRT1 changes chromatin structure by deacetylating histone 4 at lysine 16 (H4K16) and 

histone 3 at lysine 9 (H3K9ac) Vaquero and Reinberg, 2009, two histone marks associated 

with gene activation (Wang et al., 2008; Ruthenburg et al., 2007; Guttman et al., 2009). In 

addition, SIRT1 promotes methylation of histone 3 at lysine 9 (H3K9me3) Vaquero and 

Reinberg, 2009, a modification associated with gene silencing (Wang et al., 2008; 

Ruthenburg et al., 2007; Guttman et al., 2009; Schaefer et al., 2009). SIRT1 interacts with 

the PcG complex to silence genes (Furuyama et al., 2004; Chopra and Mishra, 2005; 

Hussain et al., 2009; Pruitt et al., 2006; O’Hagan et al., 2011), is activated in the 

hypothalamus by decreased nutrient availability (Cakir et al., 2009; Dietrich et al., 2010; 

Ramadori et al., 2008), and is abundant in the ARC (Cakir et al., 2009; Dietrich et al., 2010; 

Ramadori et al., 2008). These considerations suggest that SIRT1 either by itself or in 
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collaboration with the PcG complex may serve as an epigenetic link between energy balance 

and reproductive function. Future studies are needed to test the validity of this notion.

8.1.2. The hexosamine biosynthetic pathway (HBP)—This pathway integrates the 

metabolism of amino acids, fat, carbohydrates and nucleotides (Love and Hanover, 2005; 

Butkinaree et al., 2010) via the synthesis of uridine diphosphate N-Acetylglucosamine 

(UDP-GlcNAc), a cytoplasmic sugar nucleotide synthesized from glucose, acetylCoA, 

glutamine and UTP (Marshall et al., 1991). The cytoplasmic levels of UDP-GlcNAc 

fluctuate in response to changes in nutrient influx into the cell, and represent the rate 

limiting step in the synthesis of β-D-N-acetylglucosamine (O-GlcNAc), a moiety that is 

added to and removed from target proteins via a process known as O-GlcNAc cycling. O-

GlcNAc cycling requires two enzymes: N-acetylglucosamine transferase (OGT), which adds 

GlcNAc at Ser or Thr residues of target proteins, and O-GlcNAcase (OGA), which removes 

O-GlcNAc moieties from these sites. Both enzymes are highly conserved throughout 

evolution and encoded by single genes.

There is now indisputable evidence that O-GlcNAc cycling plays a critical role in 

maintaining chromatin structure and regulating gene transcription (Butkinaree et al., 2010; 

Hanover, 2010; Hanover et al., 2012). Because O-GlcNAcylation has been shown to 

contribute to both PcG-mediated repression (Love and Hanover, 2005; Hanover, 2010) and 

TrxG-mediated activation of gene transcription (Deplus et al., 2013; Fujiki et al., 2011, 

2009) it appears plausible that early life nutrient excess may influence neuroendocrine 

reproductive development via a mechanism involving the balancing effect of a nutrient 

sensor (O-GlcNAcylation) on two opposing epigenetic forces of transcriptional regulation 

(PcG and TrxG). Studies addressing this issue should shed new light into the biological 

importance of this mechanism.

8.2. The circadian clock

8.2.1. Circadian rhythms—Several physiological functions contributing to body 

homeostasis, such as hormone secretion, body temperature, sleep-wake cycles, locomotor 

activity and feeding behavior, are regulated by an internal clock that controls their circadian 

(“circa diem”, about-a-day) rhythms of activity (Bellet and Sassone-Corsi, 2010; Masri and 

Sassone-Corsi, 2013). Intense efforts to unravel the molecular bases of these rhythms and 

the biological underpinnings of the process controlling them have shown that circadian 

rhythms are governed by the suprachiasmatic nucleus (SCN). Signals emanating from SCN 

neurons synchronize the circadian oscillations displayed by most cells in the body. These 

oscillations occur autonomously in the absence of external clues, because they are driven by 

peripheral clocks intrinsic to each cell type. However, the periodicity of peripheral clocks is 

not exactly 24 h and thus they need to be synchronized (entrained) by external cues (also 

called zeitgebers). This entrainment is provided by the SCN, which after detecting diurnal 

changes in luminosity conveys this information to a network of peripheral clocks 

(Etchegaray et al., 2003) to reset their activity daily, thereby preventing them to free-run out 

of phase (Bellet and Sassone-Corsi, 2010; Masri and Sassone-Corsi, 2013).
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From the molecular standpoint, the clock machinery consists of a network of transcriptional-

translational feedback loops initiated by the binding of CLOCK and BMAL1, two basic 

helix-loop-helix-PAS transcription factors, to DNA sequences termed E-boxes present in the 

regulatory regions of downstream clock-controlled genes (CCGs) Masri and Sassone-Corsi, 

2013. The best characterized CCGs are the period genes Per1, Per2 and Per3, and the 

cryptochrome genes Cry1 and Cry2. The protein products of these genes form a 

heterodimeric repressive complex that inhibit CLOCK-BMAL1-mediated activation of Per 
and Cry genes, in addition to other CCGs. Protein degradation of the PER/CRY repressive 

complex maintains the amplitude of the oscillatory activation, and eventually diminishes the 

repressive effect to a point that allows the initiation of a new CLOCK-BMAL1 driven 

transcriptional cycle every 24 h (Bellet and Sassone-Corsi, 2010; Masri and Sassone-Corsi, 

2013). DNA microarray analysis of various tissues has revealed that the abundance of 10–

15% of all transcripts is subjected to circadian oscillation (Akhtar et al., 2002; Duffield et 

al., 2002). Many of these genes are directly targeted by CLOCK-BMAL1. Others encode 

transcription factors that regulate the expression of additional downstream CCGs. An 

example of this class is provided by TTF1, which is regulated by CLOCK-BMAL1 and in 

turn controls GnRH expression in the prepubertal hypothalamus (Matagne et al., 2012). That 

Kiss1 and Tac2 may be CCGs directly regulated by CLOCK-BMAL1 is suggested by the 

presence of canonical and non-canonical E-boxes in the regulatory region of both genes and 

the ability of the CLOCK-BMAL1 heterodimer to enhance Kiss1 transcription (unpublished 

results).

8.2.2. Chromatin remodeling and circadian biology—Almost 15 years ago Crosio 

et al. (2000) provided the first evidence that a chromatin PTM (phosphorylation of H3 at 

Ser10) plays a role in circadian gene expression. Subsequent studies expanded this finding 

by showing that histone PTMs at CCG promoters vary in a circadian fashion (Etchegaray et 

al., 2003; Doi et al., 2006; Naruse et al., 2004), and that both H3K4me3, a histone PTM 

associated with gene activation, and H3K27me3, a histone PTM associated with gene 

repression, occur in a circadian fashion (Ripperger and Schibler, 2006; Etchegaray et al., 

2006). Whereas H3K4me3 abundance parallels CLOCK-BMAL1 binding (Ripperger and 

Schibler, 2006), that of H3K27me3 is required for implementation of the repressive phase of 

the circadian clock (Etchegaray et al., 2006). Perhaps the most revealing finding linking 

epigenetics to the circadian clock was the demonstration that CLOCK itself has HAT 

activity (Doi et al., 2006). This study demonstrated that CLOCK not only catalyzes the 

acetylation of H3 at lysine 9 and 14 (H3K9, 14ac) in a circadian manner, but even more 

importantly, it showed that this activity is essential for circadian gene expression (Doi et al., 

2006). The HAT activity of CLOCK is counteracted by the HDAC activity of SIRT1 

(Vaquero and Reinberg, 2009; Ruderman et al., 2010). Although neither CLOCK nor SIRT1 

expression vary in a circadian fashion, the association of both into a complex recruited to 

CCG promoters is circadian (Nakahata et al., 2008). It thus appears that the biology of the 

circadian clock is inextricably linked to chromatin transitions occurring at CCG regulatory 

regions. Identifying the neuronal and glial networks where these mechanisms may operate to 

set in motion the circadian activation of the pubertal process is undoubtedly an exciting 

subject of future investigation.
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8.2.3. Circadian clock function involves histone PTMs catalyzed by PcG and 
TrxG proteins—Ten years ago Etchegaray et al. (2003) provided the first evidence that 

transcriptional regulation of the core clock mechanism involves chromatin remodeling. 

These authors showed oscillatory acetylation of H3K9 and RNA polymerase II (Pol II) 

binding at CCG promoters. Importantly, they also showed that the mechanism by which 

CRY1 terminates CLOCK-BMAL1 transactivation of CCGs to reinitiate a circadian cycle 

involves a reduction in HAT activity, which by altering chromatin structure reduces the 

accessibility of CLOCK-BMAL1 heterodimers to their target E-box sequences. Because H3 

acetylation is a PTM associated with TrxG-dependent H3K4me3, these early findings hinted 

at a potential role of TrxG complexes in circadian biology. That this is indeed the case was 

demonstrated several years later by the finding that MLL1, a TrxG protein (Fig. 4), is 

essential for circadian gene transcription. MLL1 implements cyclic H3K4 trimethylation, 

forms a complex with CLOCK and BMAL1, contributes to both H3 acetylation and to the 

cyclic recruitment of CLOCK-BMAL1 heterodimers to circadian promoters, and is required 

for circadian gene expression (Katada and Sassone-Corsi, 2010). It is therefore plausible that 

a mechanism involving these TrxG-clock gene interactions may contribute to the circadian 

activation of the pubertal process. Lack of Mll1 abolishes circadian changes in expression of 

circadian genes (Katada and Sassone-Corsi, 2010) and its recruitment to these promoters 

requires the presence of the CLOCK/BMAl1 complex (Katada and Sassone-Corsi, 2010).

PcG proteins counteract the effect of TrxG proteins by facilitating the repressive effect of 

CRY proteins on CLOCK-BMAL1 transcriptional activation (Etchegaray et al., 2006). In the 

absence of the PcG protein EZH2, circadian periodicity is disrupted (Etchegaray et al., 

2006). Ezh2 encodes a PcG protein of the PRC2 subcomplex responsible for the tri-

methylation of lysine 27 on histone 3 (H3K27me3). EZH2 co-precipitates with CLOCK/

BMAL1 throughout the circadian cycle, bind to both the Perl and Per2 promoters coinciding 

with the presence of H3K27me3 at these sites, and is required for the transcriptional 

repressive activity of CRY1 (Etchegaray et al., 2006), a protein encoded by the clock 

controlled gene Cryl. This gene is a direct CLOCK/BMAL1 target that forms a 

heterodimeric complex with PER proteins to repress CLOCK/BMAL1-mediated gene 

activation, and thus is required for the oscillatory activity of the clock’s transcriptional cycle 

(Bellet and Sassone-Corsi, 2010). Loss of Ezh2 reduces the ability of CRY1 to repress 

CLOCK/BMAL1 mediated transcription, and disrupts the circadian cycle due to the inability 

of CRY proteins to inhibit transcription in the absence of H3K27me3 (Etchegaray et al., 

2006).

These findings establish an essential role for both PcG and TrxG proteins in the maintenance 

of circadian rhythms, and support the existence of a similar mechanism underlying the ARC 

control of pulsatile GnRH release at puberty. It is, therefore, clear that by dynamically 

changing opposite chromatin states at specific promoters PcG and TrxG proteins play a 

fundamental role in establishing and maintaining circadian periodicity at puberty.

8.2.4. Circadian regulation of pulsatile and surge LH release at puberty—
Studies in ovariectomized rats treated with estradiol have shown that both AVPV Kiss1 

mRNA levels and the activity of AVPV kisspeptin neurons are increased by estradiol in a 

circadian-dependent manner (Robertson et al., 2009). This diurnal rhythmicity is not 
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apparent in the absence of estrogen. Whether diurnal changes in Kiss1 (and/or Tac2/Dyn) 

expression occurs in KNDy neurons in association to the onset of puberty has never been 

explored, despite speculation that “rhythmic (ARC) Kiss1 expression and (kisspeptin) 

release may be responsible for the diurnal rhythms of LH secretion observed in 

(peripubertal) females (Tolson and Chappell, 2012). Because the pubertal increase in 

pulsatile LH release occurs in the presence of low – and unchanging – estrogen levels, it is 

likely that a circadian change in KNDy neuron activity is also estrogen-independent. This 

notion is supported by the increased activity of SCN neurons projecting to the ARC 

observed during the last part of the light cycle in the absence of changes in estrogen 

production (Saeb-Parsy and Dyball, 2003).

8.3. Endocrine disruptors

In recent years there has been an increasing awareness that man-made agents, such as 

pesticides, alcohol, asbestos, arsenic, heavy metals, air pollution, and a variety of agents 

structurally similar to steroid or amine hormones, can disrupt endocrine and neuroendocrine 

development by altering epigenetic regulatory mechanisms (Collotta et al., 2013; 

Christensen and Marsit, 2011; Fleisch et al., 2012; Knower et al., 2014). Of these agents, the 

latter group, collectively known as endocrine disruptor chemicals (EDCs), is probably the 

most studied [for recent reviews see [231,233].

Bisphenol A (BPA) is an EDC that requires special mention because of its widespread 

prevalence. BPA is used in in the manufacturing of a variety of consumer products, 

including plastic bottles, lining of metal cans for food and drinks, pacifiers, microwave 

wraps, water pipe linings, etc. The use of BPA is so pervasive that it has been detected in 

body fluids of more than 90% of the human population of the US (Calafat et al., 2005). BPA 

appears to alter development by increasing the methylation status of several genes (such as 

LAMP3, BRCA1, CCNA1 and others) (Qin et al., 2012), upregulating EZH2 expression 

(Doherty et al., 2010), and dysregulating miRNA expression (Tilghman et al., 2012). 

Though mostly obtained in breast cancer cells, these results suggest that man-made 

environmental toxins can affect cellular function by disrupting epigenetic regulation at 

various levels of control, including DNA methylation, histone PTMs and miRNA function.

Comparatively speaking much less is known about the effect of EDCs on the neuroendocrine 

control of puberty, although some evidence exists linking them to sexual precocity in 

humans (Parent et al., 2005, 2001). Evidently much remains to be done to obtain a more 

conclusive picture of the epigenetic processes affected by environmental toxins and the 

consequences that such actions might have on pubertal development. Although not discussed 

here, the contribution of environmentally induced trans-generational epigenetic inheritance 

(Guerrero-Bosagna and Skinner, 2012) to the timing of puberty remains as an exciting 

subject of investigation in need of attention.

9. Conclusions and perspectives

It is becoming increasing clear that epigenetic mechanisms play a significant role in the 

regulation of neuroendocrine reproductive development and the timing of puberty. Based on 

the information currently available, we speculate that the initiation of puberty requires a 
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switch from transcriptional inhibition to transcriptional activation. We envision a scenario in 

which transcriptional repression is provided by epigenetic mechanism involving the PcG 

silencing complex, whereas transcriptional activation requires the contribution of TrxG 

proteins (Fig. 5). We further speculate that these interactions are integral components of a 

fundamental mechanism underlying the epigenetic control of puberty-activating genes, 

epitomized by the Kiss1 gene.

There is little doubt that we are just seeing the tip of the iceberg, and that much remains to 

be done to both identify the various epigenetic mechanism regulating puberty and the 

environmental stimuli that set them in motion. We speculate that a dynamic interplay of 

epigenetic repression and activation of gene transcription resides at the heart of the process 

by which different environmental stimuli, such as light, nutrition and endocrine disruptors, 

regulate pubertal development (Fig. 6). However, there is a plethora of questions that need to 

be addressed. For instance, what is the role of DNA methylation, histone PTMs and ncRNAs 

in the regulation of specific hypothalamic cell populations controlling puberty (e.g. 

kisspeptin, NKB, glutamatergic, and GABAergic neurons, in addition to astroglial cells and 

tanycytes)? Does the makeup of the epigenetic machinery differ from cell type to cell type? 

Is the composition and activity of transcriptional repressors and activators similar in 

different hypothalamic cell types controlling puberty? Do they use the same or different 

partners according to the chemical phenotype of the cell involved? Are different 

hypothalamic cell subsets affected differently by different environmental stimuli such as 

nutrition, the circadian clock, and environmental toxins? What are the epigenetic pathways 

used by such different environmental inputs to convey and direct information to the different 

components of the hypothalamic epigenome? What is the role played by microRNAs and 

lncRNAs in the regulation of hypothalamic cellular subsets involved in the control of 

puberty? Contemporary techniques for the isolation of specific cell populations coupled with 

genome-wide characterization of histone and DNA methylation landscapes may provide an 

effective tool to begin the daunting task of answering these questions. If, as one may suspect, 

different puberty-controlling cell populations in the hypothalamus have their own epigenetic 

landscape, it would be important to identify the factors that determine this cellular 

specificity and gain insights into the mechanism underlying the establishment of cell-

specific epigenomes. There is little doubt that the emerging field of epigenetic of puberty is 

in its infancy, but it is also clear that, if the necessary effort and resources are provided, rapid 

maturation and coming of age of this exciting field of research may be closer than 

anticipated. Presumably too, these efforts will lead to the identification of epigenetic defects 

as an underlying cause of idiopathic precocious puberty and constitutional delayed puberty 

in humans.
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Ac acetyl

ARC arcuate nucleus

ASH2 absent, small, or homeotic-like 2

AVPV anteroventral periventricular nucleus

BMAL1/ARNTL brain and muscle ARNT-like 1/aryl hydrocarbon receptor 

nuclear translocator-like

BMI1 B lymphoma Mo-MLV insertion region 1 homolog

BPA bisphenol A

BRCA1 breast cancer 1

CBX chromobox

CCCs clock-controlled genes

CCNA cyclin A2

CDP/CUX1/CUTL1 cut-like homeobox 1

CHD7 chromodomain helicase DNA binding protein 7

CLOCK clock circadian regulator

COMPASS complex of proteins associated to Set1

CRC chromatin remodeling complex

CRY cryptochrome circadian clock

CXXC1 CXXC finger protein 1

DMN dorso medial nucleus

DNMTs DNA methyltransferasess

DYN dynorphin

E2 estrogen

EAP1/IRF2BPL enhanced at puberty/interferon regulatory factor 2 binding 

protein-like

EDCs endocrine disruptor chemicals

EED embryonic ectoderm development

endo siRNAs endo-small inhibitory RNAs

ERa estrogen receptor alpha

EREs estrogen responsive elements
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EZH1/2 enhancer of Zeste 1 or 2

FGF21 fibroblast growth factor 21

FTO fat mass and obesity associated

GABA gamma-aminobutyric acid

Glu glutamate

GnIH gonadotropin-inhibiting hormone

GnRH gonadotropin-releasing hormone

GNRHR GnRH receptor

GWAS genome wide association study

H histone

HATs histone acetyltransferases

HBP hexosamine biosynthetic pathway

HCF1 host cell factor C1

HDACs histone deacetylases

hDPY30 human protein dumpy (Dpy)-30 homolog

HMTs histone methyltransferases

IGF1 insulin-like growth factor 1

IRX3 iroquois homeobox 3

K lysine

KDM3B/ JMJD1B lysine (K)-specific demethylase 3B

KiSS1 gene encoding kisspeptins

KISS1R/GPR54 gene encoding kisspeptin receptor/G-protein coupled 

receptor 54

KNDy neurons that produce kisspeptin, neurokinin B and 

dynorphin

LAMP3 lysosomal-associated membrane protein 3

LEP leptin

LEPR leptin receptor

LH luteinizing hormone

lincRNAs long intergenic noncoding RNAs
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MAF v-maf avian musculoaponeurotic fibrosarcoma oncogene 

homolog

Me methyl

MEL18/PCGF2 polycomb group RING finger protein 2

Menin multiple endocrine neoplasia I

miRNAs microRNAs

MKRN3 makorin ring finger protein 3

MLL myeloid/lymphoid or mixed-lineage leukemia

NAD+ nicotinamide adenine dinucleotide

NCOA6 nuclear receptor coactivator 6

ncRNAs noncoding RNAs

NELL2 NEL-like 2

NRG1 neuregulin 1

OCT2/POU2F2 POU class 2 homeobox 2

OGA O-GlcNAcase

O-GlcNAc β-D-N-acetylglucosamine

OGT N-acetylglucosamine transferase

p53/TP53 tumor suppressor protein p53

PA1/PAGR1 PAXIP1 associated glutamate-rich protein 1

PcG polycomb group

PCGFs polycomb group RING finger proteins

PER period circadian clock

piRNAs piwiRNAs

PHC polyhomeotic-like protein

PMN pre mammillary nucleus

POA preoptic area

Pol II RNA polymerase II

PRC polycomb repressive complex

PTIP/PAXIP1 PAX interacting (with transcription-activation domain) 

protein 1
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PTMs posttranslational modifications

RBBP4, 5, 7 retinoblastoma binding proteins 4, 5 and 7

RFRP RFamide-related peptide

RING1/2 really interesting new gene finger domain protein 1 or 2

RISC RNA induced silencing complex

RPTPβ Receptor-like Protein Tyrosine Phosphatase-β

RYBP RING1 and YY1-bindingprotein

SCN suprachiasmatic nucleus

SET1A/B Su (var), enhancer of zeste, and trithorax] domain-

containing A or B

SIRT1 Sirtuin 1; SNP, single nucleotide polymorphism

sRNAs small RNAs

SUZ12 suppressor of ZESTE12

SynCAM1/TSLC1 Synaptic Cell Adhesion Molecule 1/Tumor Supressor of 

Lung Cancer 1

TAC3/NKB Tachykinin 3/Neurokinin B

TAC3R Tachykinin 3 receptor

TET Tet eleven translocation methylcytosine dioxygenase

TFs transcription factors

TRGs tumor related genes

Trx trithorax

TrxG trithorax group

TTF1/Nkx2.1 thyroid transcription factor 1/NK2 homeobox 1

Ub ubiquitin

UDP-GlcNAc uridine diphosphate N-Acetylglucosamine

USF2 upstream transcription factor 2

UTX/KDM6A ubiquitously transcribed x chromosome tetratricopeptide 

repeat protein/lysine (K)-specific demethylase 6A

WDR5 WD (tryptophan-aspartic acid) repeat domain

WDR82 WD (tryptophan-aspartic acid) repeat domain 82
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YAF2 YY1-associated factor 2

YY1 YIN-YANG-1

ZNF zinc finger protein
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Fig. 1. The hypothalamic control of pulsatile and surge LH release.
The hypothalamic control of puberty involves excitatory and inhibitory transsynaptic inputs 

to GnRH neurons, in addition to facilitatory glia-to-neuron signaling. According to this 

concept, the initiation of puberty involves a shift from a predominantly inhibitory (shown by 

downward arrows) to an excitatory mode of control (upward arrows). This shift results in 

diurnal activation of pulsatile GnRH release, which leads to increased LH pulsatility, the 

first endocrine manifestation of puberty. The change in pulsatile GnRH release results from 

activation of excitatory networks (neuronal and glial) operating in the ARC of the 

hypothalamus, with KNDy neurons playing a central role. The neuronal and glial systems 

involved appear to predominantly target GnRH nerve terminals at the median eminence. The 

preovulatory surge of gonadotropins is a later event at puberty and is triggered by activation 

of AVPV kisspeptin neurons responding to an elevation in circulating estrogen levels. The 

potential involvement of other excitatory neurons, such as those that use glutamate (Glu) and 

GABA acting via GABAA receptors for neurotransmission, is also indicated. However not 

all the excitatory or inhibitory systems regulating pulsatile GnRH release are located in the 

ARC or AVPV. Additional inhibitory neurons, such as those releasing GnIH are located in 

the dorsomedial nucleus (DMN), and groups of excitatory/inhibitory neurons are located in 

the medial preoptic area (POA), medial amygdala and ventral premammillary nucleus 

(VPMN).
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Fig. 2. Network connectivity of the most interconnected bovine puberty genes and human 
menarche-related genes to the central nodes of a TRG network derived from rats and nonhuman 
primates.
(A) The ten most connected genes of a bovine puberty gene network (Fortes et al., 2011) are 

first neighbors of the TRG central nodes (depicted as yellow diamonds). (B) Genes 

identified by GWAS as associated to the age of human menarche (Ong et al., 2009; Perry et 

al., 2009; Sulem et al., 2009; He et al., 2009; Elks et al., 2010; Cousminer et al., 2013; 

Tanikawa et al., 2013) are also highly connected to both the five original TRG central nodes 

(Roth et al., 2007 and to the upper-echelon transcriptional regulators TTF1/NKX2.1 and 
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EAP1/IRF2BPL (yellow diamonds). Bovine puberty genes and menarche-related genes 

connected to multiple TRGs are depicted as green circles. Genes connected to at least one 

TRGs are shown as blue circles. Genes not connected to any TRG are represented as red 

circles. In both cases the connectivity is via co-expression (blue), predicted interaction (red), 

shared protein domain (gray), physical interactions (black), and genetic interaction (green) 

indicated by the GeneMANIA network construction algorithm. The thickness of each line 

indicates the strength of the evidence supporting that type of interaction in the Gene MANIA 

database. The distribution of nodes in B does not reflect a hierarchical distribution; instead it 

intends to emphasize the different degrees of connectivity that exists between central TRGs 

and menarche-related genes.
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Fig. 3. Modes of epigenetic regulation.
(A) DNA methylation. Methylation of cytosine at position 5 is carried out by DNMTs 

(DNMT1, DNMT3a and DNMT3b), and inactivation of this methyl group by 

hydroxymethylation is carried out by the TET enzymes. Names in blue color indicate 

repression and red color indicates activation of gene expression. (B) Histone PTMs. Only the 

PTMs catalyzed by the PcG and TrxG complexes (methylation, ubiquitination) or associated 

(acetylation) with TrxG-dependent PTMs are shown. Histone PTM in blue = PTM 

associated with gene repression; histone PTM in red = PTM associated with gene activation. 
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(C) miRNAs. The pathway leading to miRNA production is outlined and the fact that 

miRNAs silence mRNA expression by inducing either mRNA degradation or translational 

repression is emphasized. (D) Long intergenic noncoding RNAs. Two mechanisms of 

lincRNA action are depicted. In one of them, lincRNAs modify gene expression by serving 

as landing pads for transcription factors that either repress or activate transcription. The 

other mechanism consists of lincRNAs directing the organization of chromatin states to 

specific genomic regions involved in gene regulation. DNMTs = DNA methyltransferases, 

TETs = ten eleven translocation (dioxygenase) enzymes; H = histone; Pasha = nuclear 

protein that is part of the microprocessor complex required for miRNA processing. Pasha 

associates with the RNA III enzyme Drosha. Drosha = RNA III enzyme that cleaves pri-

miRNA (the primary transcript of miRNAs) to precursor (pre)-miRNA, which contains a 

stem-loop structure; Dicer = endoribonuclease that cleaves pre-miRNA into 20–25 mer 

double-stranded miRNAs; TRBP = human immunodeficiency virus transactivating response 

RNA-binding protein; it recruits Dicer to Ago2 for miRNA processing; Ago2 = Argonaut 2, 

the catalytic component of RISC; RISC = RNA induced silencing complex; Pol II = RNA 

polymerase 2; TF = transcription factor; CRC = chromatin remodeling complex.
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Fig. 4. Subunit composition of the PcG and COMPASS families.
The three major Polycomb repressive complexes (PRCs) are depicted. The PRC2 complex 

contains the histone methyltransferase enhancer of zeste homologue 1 (EZH1) or EZH2), 

which together with embryonic ectoderm development (EED) and suppressor of zeste 12 

homolog (SUZ12) catalyzes the trimethylation of histone H3 at lysine K27 (H3K27me3). 

Multiple forms of the PRC1 complex exist. Canonical PRC1 complexes contain 

combinations of at least five Pc (Polycomb) proteins (known as chromobox proteins: CBX2, 

CBX4, CBX6, CBX7 and CBX8), two Psc (posterior sex comb) proteins (BMI1, also known 

as PCGF4 (polycomb group RING finger protein 4), MEL18 (also known as PCGF2) and 

one of two RING proteins, RING1 or RING 2 that provide the catalytic core to the complex 

because they have E3 ubiquitin ligase activity. In addition PRC1 complexes contain three 

polyhomeotic-like proteins (PHC1-3). Non canonical PRC1 complexes lack CBX proteins 

and contain instead a RING1 or RING2 protein that forms a complex with either RYBP 

(RING1 and YY1 binding protein) or YAF2 (YY1-associated factor) and one of four PCGF 

proteins different from BMI1 and MEL18 (PCGF1, 3, 5 or 6). The six known mammalian 

COMPASS complexes are also shown. Although all of them methylate H3K4 at lysine 4, 
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different complexes are responsible for the mono, di or tri methylation of this amino acid 

(see text for details). Modified from Mohan et al. (2012).
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Fig. 5. Postulated epigenetic mechanisms controlling the onset of female puberty.
This model predicts the existence of an antagonistic (Yin-Yang) mechanism of 

transcriptional regulation underlying the developmental changes in expression of genes that 

facilitate pubertal development. According to this concept, the transcriptional activity of 

these genes (Kiss1, Tac2, Nell2, TTF1, others) is repressed during prepubertal development 

by silencing molecules, such as the PcG complex. PcG proteins catalyze the formation of a 

repressive chromatin structure characterized by an abundance of histone PTMs associated 

with gene silencing(such as H3K27me3). As puberty approaches, these “writers” of a 

repressive chromatin configuration are evicted from, and the content of histone repressive 
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marks is reduced at, promoter regions controlling puberty-activating genes. Along with this 

change, writers of histone PTMs associated with transcriptional activation, such as 

H3K4me3 and H3K9, 14ac, are recruited to these regulatory regions resulting in enhanced 

gene expression. A strong candidate for this activational role is the TrxG activating complex, 

which antagonizes the silencing effect of PcG by both catalyzing the methylation of histone 

3 at lysine 4 (H3K4me3, an activating histone mark) and binding to promoter DNA 

containing this mark. It is also envisioned that a similar relationship operates in distal 

enhancers regions controlling puberty-related genes. In this case, PcG deposition of the 

histone repressive mark H3K27me3, coupled to the presence of H3K4me1 and the absence 

of Pol II, define the presence of a latent enhancer. This inactive enhancer acquires an active 

configuration following the implementation of H3K27ac by the TrxG complex, and the 

recruitment of Pol II in the presence of H3K4me1 (also catalyzed by TrxG).
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Fig. 6. 
Different external and internal environmental stimuli (nutrition/metabolism, light/circadian 

clocks, endocrine disruptors) are envisioned to affect the timing and progression of puberty 

by altering the counteractive activity of PcG/TrxG-mediated epigenetic machinery. 

According to this model the different stimuli depicted can affect the time of puberty by 

modifying the function of either the PcG or TrxG complex or both.
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