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Sleep deprivation disrupts the lives of millions of people every day and has a profound impact on the molecular biology of the brain. These effects begin as changes within a neuron, at the DNA and RNA level, and result in alterations in neuronal plasticity and dysregulation of many cognitive functions including learning and memory. The epigenome plays a critical role in regulating gene expression in the context of memory storage. In this review article, we begin by describing the effects of epigenetic alterations on the regulation of gene expression, focusing on the most common epigenetic mechanisms: (i) DNA methylation; (ii) histone modifications; and (iii) non-coding RNAs. We then discuss evidence suggesting that sleep loss impacts the epigenome and that these epigenetic alterations might mediate the changes in cognition seen following disruption of sleep. The link between sleep and the epigenome is only beginning to be elucidated, but clear evidence exists that epigenetic alterations occur following sleep deprivation. In the future, these changes to the epigenome could be utilized as biomarkers of sleep loss or as therapeutic targets for sleep-related disorders.
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INTRODUCTION

Sleep is a fundamental requirement to maintain a healthy lifestyle and yet, millions of people across the world are sleep-deprived. In the United States alone, one-third of adults do not get sufficient sleep (Liu et al., 2016). Disruption of the classic sleep/wake cycle is commonly caused by staying awake due to work or lifestyle choices (Boivin and Boudreau, 2014). Sleep disruption can also be caused by the use of stimulants or health problems, including stress or sleep-related disorders (Drake et al., 2004, 2006).

The innate need for sleep is seen throughout evolution (Miyazaki et al., 2017) and its absence can cause a wide range of disturbances throughout the body. Sleep loss commonly disrupts metabolism, increases the risk of obesity, and has been associated with altered expression of metabolic genes and hormones (Skuladottir et al., 2016). Long-term comorbidities arising from sleep deprivation can include heart disease, stroke and high blood pressure (Javaheri et al., 2018). Additionally, indirect consequences associated with sleep loss, including increased accidents, are due to decreased alertness and changes in behavior (Boivin and Boudreau, 2014).

The brain is one of the organs most impacted by sleep or the lack thereof. Synaptic plasticity and the maintenance of synapse strength require sleep, and cognitive abilities, including learning and memory (Vecsey et al., 2015; Tudor et al., 2016), are impaired following sleep deprivation. Even a short period of sleep deprivation, 1 h after cognitive learning, can impair memory formation (Prince et al., 2014) and the hippocampal memory system appears to be especially sensitive to sleep loss (Havekes et al., 2016; Havekes and Abel, 2017). The alterations in the brain found following sleep deprivation can manifest as numerous phenotypes. These phenotypes can include altered mood states (Cote et al., 2013), the aggravation of certain psychiatric disorders (Wehr et al., 1987; Lewis et al., 2017) and neurodegenerative disorders like Alzheimer’s Disease due to increased accumulation of Amyloid-β (Kang et al., 2009).

The burden of sleep deprivation varies from person to person (Frey et al., 2004) suggesting that numerous biological and environmental factors contribute to how sleep deprivation affects an individual. One twin study showed that behavioral performance following sleep deprivation was highly heritable (Kuna et al., 2012), emphasizing a critical genetic component to sleep. Furthermore, dramatic gene expression changes have been found following sleep deprivation (Cirelli and Tononi, 1999; Cirelli et al., 2004; Vecsey et al., 2012) and certain gene expression patterns can be associated with levels of sensitivity to sleep deprivation (Arnardottir et al., 2014).

Gene expression is regulated by a variety of processes, including epigenetic mechanisms. Broadly, the term epigenetics refers to adaptations to the genome that do not alter the underlying genetic sequence. Specifically, epigenetic mechanisms control gene expression, and therefore the function of the cell, by modifying chromatin structure and accessibility of the genome (Brown et al., 2012; Espada and Esteller, 2013). There are three principal epigenetic mechanisms: (i) DNA methylation and hydroxymethylation; (ii) histone modifications; and (iii) non-coding RNAs (Espada and Esteller, 2013). The DNA modifications that occur as a consequence of these epigenetic mechanisms form the epigenome, which varies across cells and generations due to the fact that epigenetic modifications are dynamic and sensitive to their environment.

The impact of sleep deprivation on the epigenome has been studied in both animal and human model systems, but caveats in both systems are important to keep in mind when interpreting the results of these studies. Several sleep deprivation approaches have been developed for rodents (Havekes et al., 2012), allowing for control over the environment and the collection of specific brain tissue. However, an underlying problem of this model is that results identified in rodents may not parallel what is seen in humans. Studies of sleep deprivation in humans alleviate this issue but must be done in accessible samples, predominantly saliva or blood, and can be confounded by environmental factors. In addition, acute sleep deprivation studies may not entirely recreate the continual chronic wakefulness commonly seen in humans. Despite this, changes to the epigenome following chronic wakefulness are expected to resemble those changes observed after acute sleep deprivation, but would likely be more pronounced.

Chronically restricted sleep is an adverse environmental factor that affects a vast number of people, a consequence of living in an age of increasing access to technology, societal pressures and the expectation of long workdays. Consistent with this reality, our sleep environment can have a significant impact on the brain epigenome. Focusing on the epigenome can provide insight into the molecular mechanisms of sleep deprivation and generate biomarkers to identify prolonged-forced wakefulness and sensitivity to sleep loss. Further, identifying epigenetic changes that occur as a consequence of sleep deprivation could lead to the development of novel therapies to treat sleep-related disorders and the cognitive deficits associated with sleep loss. Biomarkers are biological changes that are easily quantified and associated with a phenotype; they have been employed to predict the presence, progression and therapeutic outcome of numerous disorders. Biomarkers have more therapeutic promise if their expression is consistent across multiple cell types as this allows identification through accessible samples like blood or saliva. Epigenetic changes that are consistent in both the brain and the blood of humans and mice have been observed for certain biomarkers. For example, increased DNA methylation in the brain-derived neurotrophic factor (Bdnf) gene has been associated with early-life environmental toxins in the brain and blood of mice, and in human cord blood (Kundakovic et al., 2015). Further, the methylation of a single base within the spindle and kinetochore associated complex subunit 2 (SKA2) gene has been proposed as a biomarker for suicidal behavior, with replication in brain and blood samples (Guintivano et al., 2014).

In this review article, we consider the link between sleep deprivation and the epigenetic landscape (Figure 1). We will focus on the epigenome; specifically, we will discuss the studies investigating DNA methylation, hydroxymethylation, histone modifications and non-coding RNAs following sleep deprivation, with a primary focus on acute sleep deprivation. It is important to note that, in addition to the information discussed here, there are numerous other avenues left to explore that link sleep deprivation with epigenetic modifications. This includes investigation into stimulants, medications, sleep-related disorders that may alter the epigenome in unique ways and the study of how chronic sleep loss differentially impacts the epigenome. Finally, we will discuss the current relationship between sleep and the epigenome as well as future directions for the continued study of the effects of sleep deprivation on epigenetic modifications.
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FIGURE 1. A schematic of the three primary epigenetic mechanisms found to be altered following sleep deprivation. Work and lifestyle, health conditions and stimulants can lead to sleep deprivation which causes subsequent neurobiological alterations. Histone modifications, non-coding RNA molecules and DNA methylation/hydroxymethylation work independently or together to change target gene and protein expression. Some of the resulting phenotypes include decreased cognitive deficits and metabolic changes. Pink tags represent methylated cytosines, blue tags represent unmethylated cytosines, and purple tags represent hydroxymethylated cytosines. The green and blue circles represent DNA methyltransferase (DNMT) and Ten-eleven translocation (TET) enzymes. Black arrows indicate the direction of expression, if known and additional question marks indicate speculative hypotheses without experimental evidence.



SLEEP AND THE METHYLOME

The addition of a methyl group to a cytosine-guanine dinucleotide (CpG), termed DNA methylation, is considered the most common epigenetic modification. The DNA methylation patterns that occur throughout the genome are referred to as the methylome, and DNA methylation within the promoter region to the first exon of a gene generally correlates with decreased gene expression (Brenet et al., 2011). This decrease in gene expression occurs, in part, due to methyl-CpG binding protein 2 (MeCP2) which binds to the methylated DNA, alters the chromatin structure, and recruits transcriptional repressors to the methylation site (Nan et al., 1998; Martinowich et al., 2003). MeCP2 is abundant in the brain, indicating that functional DNA methylation is prevalent and essential for normal brain function and, when disrupted, may cause neurobiological changes.

DNA methylation levels are established and maintained throughout the genome by a family of enzymes called DNA methyltransferases (DNMTs), which include: DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3-like (DNMT3L). DNMT1 maintains the methylome during DNA replication (Espada and Esteller, 2013) and DNMT3A and DNMT3B are involved in the creation of de novo DNA methylation marks (Okano et al., 1999). DNMT3L has no enzymatic activity but is essential for DNA methylation during development (Espada and Esteller, 2013) and may be considered a partner of DNMT3A and DNMT3B. The function of DNMT2 is poorly understood, but it has the enzymatic ability to methylate DNA (Kaiser et al., 2016) and is also considered an RNA methyltransferase (Goll et al., 2006). The counterparts to the DNMTs are the Ten-eleven translocation (TET) enzymes: TET1, TET2 and TET3. These enzymes control DNA demethylation by adding a hydroxyl group to the methyl group, creating an intermediate, yet still functional base, 5-hydroxymethylcytosine (5hmC; Tahiliani et al., 2009). It is thought that 5hmC is particularly crucial in the brain due to its high abundance there compared to other organs (Li and Liu, 2011) and its enrichment in synapse-related genes (Khare et al., 2012). Furthermore, hydroxymethylation levels are enriched at exon-intron boundaries in the brain, which emphasizes a role for methylation in RNA splicing in these tissues (Khare et al., 2012).

There is substantial evidence to suggest that DNA methylation is critically affected by sleep. In mice, gene expression of Dnmt3a1 and Dnmt3a2 is increased following acute sleep deprivation, suggesting DNA methylation may be increased upon sleep loss (Massart et al., 2014). Further, twins with distinct diurnal preferences have different DNA methylation patterns (Wong et al., 2015) and short sleepers (<6.8 h) have altered DNA methylation patterns in 52 genes when compared to long sleepers (>7.8 h; Huang et al., 2017). In rats, deprivation of rapid eye movement (REM) sleep results in a significant change in the expression of genes related to DNA methylation (Narwade et al., 2017). There is also substantial evidence linking the methylation status of circadian clock genes and sleep loss (Qureshi and Mehler, 2014). One study investigated DNA methylation levels in males following one night of sleep deprivation (Cedernaes et al., 2015). They focused on circadian rhythm genes, including clock circadian regulator (CLOCK), cryptochrome circadian clock 1 (CRY1), brain and muscle ARNT-like 1 (BMAL1) and period circadian clock 1 (PER1). Two CpG sites in predicted PER1 enhancer regions and one CpG site in the CRY1 promoter region were found to be significantly hypermethylated in sleep-deprived adipose tissue samples. Notably, this did not correlate with a difference in gene expression. The lack of alterations in gene expression could be due to a delayed response, as suggested by the authors, intimating that gene expression does not immediately change following a difference in DNA methylation. It could also be due to the possibility that multiple CpG sites must be altered, or that other interactors, such as histone modifications and non-coding RNAs, are required in addition to DNA methylation in order to alter gene expression. The identification of DNA methylation changes in circadian rhythm genes (Cedernaes et al., 2015) extends on findings from a previous study that found hypermethylation of cryptochrome circadian clock 2 (CRY2) and hypomethylation of CLOCK in long-term night-shift workers (Zhu et al., 2011). These studies provide evidence that individuals subjected to acute sleep deprivation and those subjected to chronic sleep deprivation have comparable changes in their epigenetic landscape, at least with regard to circadian genes.

In addition to DNA methylation changes on circadian genes, altered DNA methylation patterns have been observed in genes involved in metabolism. Dysregulation of metabolic pathways is a common clinical outcome of sleep deprivation and metabolic enzymes regulate hippocampal memory (Mews et al., 2017), which is impacted by sleep deprivation. An enzyme critical in fatty acid desaturation, Stearoyl-CoA Desaturase 1 (SCD1), had increased DNA methylation near its transcription start site following sleep deprivation in male blood samples (Skuladottir et al., 2016). The previous studies show that DNA methylation changes can occur as a result of sleep deprivation, and may lead to the disruption of physiological processes such as metabolism and the regulation of circadian rhythms.

Hypothesis-driven approaches, like those mentioned previously, have the benefit of avoiding corrections for multiple testing, but will only add to the evidence regarding genes previously associated with sleep. Hypothesis-free approaches, like the genome-wide studies described below, are also required to identify novel genes or genomic regions associated with sleep loss. However, the vast amount of data generated can lead to errors. The first genome-wide study assessing the effects of acute sleep deprivation on DNA methylation was performed by Massart et al. (2014). Using custom arrays encompassing all promoter regions throughout the mouse genome, they compared the DNA methylation status of sleep-deprived and non-sleep-deprived male mice. A total of 227 probes showed altered DNA methylation following sleep deprivation and several of these correlated with changes in the expression of their target genes. One of the most significant changes was increased DNA methylation in an intron of the disks large homolog 4 (Dlg4) gene. The Dlg4 gene encodes for the Postsynaptic Density Protein 95 (PSD-95), which forms scaffolds at excitatory synapses. Mice deficient in Dlg4 exhibit autism-like behaviors, such as increased repetitive and anxiety-like behaviors (Feyder et al., 2010). The increase in DNA methylation found in the intron of Dlg4 corresponded with its increased expression, supporting the hypothesis that DNA methylation in the gene body positively correlates with gene expression. A genome-wide DNA methylation study using blood samples from healthy males, found 269 probes were significantly altered in sleep-deprived subjects (Nilsson et al., 2016). The main limitation of this study was the absence of supporting gene expression data. However, as a secondary analysis the authors correlated their findings to a previous study (Möller-Levet et al., 2013) to identify potential genes with altered expression and DNA methylation changes following sleep deprivation. One CpG site upstream of the inhibitor of growth 5 (ING5) gene had decreased DNA methylation with a similar decrease in expression of ING5. This gene encodes for a tumor suppressor but has also been associated with histone acetylation (Doyon et al., 2006), suggesting that various epigenetic mechanisms may work together to alter gene expression.

Hydroxymethylation levels have been studied at the genome-wide level following sleep deprivation (Massart et al., 2014). Because conventional bisulfite sequencing cannot distinguish between DNA methylation and hydroxymethylation, Massart et al. (2014) designed an array to specifically detect hydroxymethylation in all promoters, introns, and exons. Using a false discovery rate (FDR) of less than 0.10, they found sleep deprivation altered 5hmC patterns in 4697 genes. The regions identified were mainly exons and the 3′ untranslated region (UTR), which is dissimilar to typical DNA methylation patterns. Several synaptic adhesion genes had modified hydroxymethylation patterns following sleep deprivation, providing further evidence for the role of sleep in synaptic plasticity (Massart et al., 2014; O’Callaghan et al., 2017). Notably, hydroxymethylation may influence DNA methylation, as increased levels of hydroxymethylation were found at the 3’UTR of Dnmt3a1 and Dnmt3a2, which correlated with increased expression of these genes following sleep deprivation.

Within specific genomic regions and throughout the genome, changes in DNA methylation and hydroxymethylation can be seen following sleep deprivation. These changes correlate with altered gene expression and help identify pathways dysregulated by sleep loss. Further work is required to define sleep-specific DNA methylation patterns, identify target genes affected by sleep deprivation, and determine the consequences of these changes.

INVOLVEMENT OF HISTONE ACETYLATION IN SLEEP

Histone acetylation is the most extensively studied post-translational modification (PTM) in the nervous system (Peixoto and Abel, 2013). It is catalyzed by lysine acetyltransferases (HATs/KATs) that transfer an acetyl moiety from acetyl-CoA to lysine residues on a target protein. Lysine deacetylases (HDACs/KDACs) catalyze the reverse of this reaction. The dynamic interplay between HATs and HDACs results in the regulation of gene expression events that are critical for neuronal function. Histone acetylation weakens histone-DNA interactions resulting in a relaxed chromatin conformation, facilitating recruitment of transcriptional machinery. HATs have distinct preferences for certain substrates within the chromatin that marks the histones for specific events. Patterns of histone acetylation, in combination with other PTMs, are thought to serve as a code that regulates the signals for gene expression. Importantly, reduced expression or function of HATs may lead to neuronal dysfunction associated with decreased histone acetylation as is observed in several mouse models of neurodegenerative diseases and disrupted sleep-wake cycles in flies (Raggi and Ferri, 2010; Pirooznia et al., 2012).

Histone acetylation is critical for regulating gene expression and is related to various neurobiological mechanisms. Different forms of behavior and memory storage involve transcriptional and translational processes that occur during a specific time frame following a learning event (Hernandez and Abel, 2008; Peixoto et al., 2015). The transcriptional state of various genes is regulated by PTMs of histones and non-histone proteins and a recent report identified a link between metabolic enzymes, neuronal histone acetylation, and memory formation (Mews et al., 2017). Given the significant impact sleep deprivation has on gene expression, it is easy to surmise that sleep loss would alter histone modifications, thus affecting gene transcription.

The circadian clock is thought to be closely linked to the epigenetic state of chromatin and cooperativity between HATs and HDACs tightly regulates the rhythmic transcription of clock-target genes. The CLOCK protein is a transcription factor and a histone acetyltransferase, with histones H3 and H4 being the primary substrates for acetylation (Doi et al., 2006; Hirayama et al., 2007), and is one of the most important regulators of genes related to circadian rhythm (Figure 2). In addition to its role as a histone acetyltransferase, the CLOCK protein can also directly acetylate proteins involved in circadian function, including BMAL1. The rhythmic acetylation of BMAL1 by CLOCK supports recruitment of the CRY1 protein to the CLOCK/BMAL1 heterodimer complex, promoting transcriptional silencing of CLOCK target genes, as has been shown in the liver (Hirayama et al., 2007). In addition, recruitment of CRY1 to the CLOCK/BMAL1 heterodimer complex silences transcription of the Per1 gene by bringing the transcriptional co-repressor SIN3 transcription regulator family member B (SIN3B) and HDAC1/2 to its promoter (Naruse et al., 2004). The Per1 promoter is also regulated by SIN3A and HDAC1, which are recruited by period circadian clock 2 (Per2) and polypyrimidine tract-binding protein-associated splicing factor (PSF; Duong et al., 2011). The CLOCK/BMAL1 heterodimer complex can also recruit sirtuin 1 (SIRT1) to facilitate rhythmic histone acetylation at the Dbp gene promoter leading to periodic expression of the Dbp transcript (Asher et al., 2008; Nakahata et al., 2008). Moreover, CLOCK rhythmically acetylates the Per1 promoter and regulates circadian expression of Per1 and D-box binding PAR BZIP transcription factor (Dbp) (Doi et al., 2006). CLOCK and BMAL1 also associate with transcription coactivators and acetyltransferases: cAMP responsive element binding protein (CREB)-binding protein (CBP), p300 and CBP-associated factor (PCAF; Takahata et al., 2000; Etchegaray et al., 2003; Curtis et al., 2004). Furthermore, mouse models in which circadian genes have been deleted display disrupted sleep homeostasis (von Schantz, 2008). Therefore, epigenetic mechanisms to modulate circadian genes are critical for the maintenance of circadian rhythm and sleep homeostasis.
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FIGURE 2. CLOCK regulates target gene expression. (A) Clock circadian regulator (CLOCK) acetylates brain and muscle ARNT-like 1 (BMAL1) and forms a heterodimer that recruits transcriptional silencer cryptochrome circadian clock 1 (CRY1) or SIN3 Transcription Regulator Family Member B (SIN3B) and histone deacetylase 1/2 (HDAC1/2) to silence period circadian clock 1 (Per1) gene expression. (B) CLOCK/BMAL1 heterodimer recruits sirtuin 1 (SIRT1) to the D-Box Binding PAR BZIP Transcription Factor (Dbp) promoter that rhythmically acetylates histones leading to periodic Dbp gene expression. (C) CLOCK itself rhythmically acetylates histones at Per1 and Dbp gene promoters to regulate transcription. Acetylation is represented by dark red circles.



The hippocampus is vulnerable to sleep deprivation (Prince and Abel, 2013; Havekes and Abel, 2017), which causes hippocampus-dependent spatial memory loss. This effect can be rescued upon treatment with the HDAC inhibitor, Trichostatin A (TSA; Duan et al., 2016). Recent evidence suggests that sleep deprivation reduces mRNA and protein levels of CBP HAT and increases levels of HDAC2, leading to a significant decrease in histone acetylation. BDNF gene transcription is a critical component of learning and memory, and is responsive to histone acetylation (Leal et al., 2015). Reduced occupancies of acetylated histones at the BDNF promoter IV have been observed in hippocampus samples from sleep-deprived rats, resulting in an impaired BDNF- Tropomyosin receptor kinase B (TrkB) signaling cascade (Duan et al., 2016). Another study also reported reduced BDNF transcription and translation along with decreased CREB expression after prolonged sleep deprivation (Guzman-Marin et al., 2006). These studies suggest that histone modifications, specifically in the hippocampus, are associated with sleep deprivation and cognitive deficits including memory impairment.

It is clear that the study of histone modifications associated with sleep is still in its infancy. The need for further exploration in this area will allow identification of precise epigenetic marks on the chromatin that are altered after sleep deprivation, enabling the identification of sleep-specific biomarkers or therapeutic targets for treating sleep-related disorders and the cognitive deficits associated with sleep loss.

SLEEP-RELATED NON-CODING RNAs

It is an intriguing phenomenon that a substantial portion of the genome is made up of non-coding RNAs, although this is a controversial topic regarding how much of it is functional, rather than junk, RNA (Palazzo and Lee, 2015). These molecules are actively transcribed from DNA but typically do not code for proteins. They are several types of non-coding RNAs, but in the context of sleep, we will only discuss two. These non-coding RNAs can be grouped according to their size, the most common being long non-coding RNAs (lncRNAs) and microRNAs. Many have functions yet to be determined, but their abundance in normal and aberrant cells implicates a role for them in most biological pathways.

LncRNAs are larger than microRNAs (>200 base-pairs) and have many roles, including recruitment of epigenetic and regulatory components to target genomic loci, and regulation of splicing and translation (Shi et al., 2017). When located in the nucleus they modify chromatin structure and interact with chromatin-modifying enzymes to alter gene expression (Whitehead et al., 2009). An emerging area of research is in the ability of certain lncRNAs to encode small proteins, called micropeptides, challenging the theory that they are just non-coding molecules. Indeed, micropeptide-generating lncRNAs have been found in the brain (Mills et al., 2016). In addition, a large portion of tissue-specific lncRNAs are in the brain (Derrien et al., 2012) suggesting that they play an important role in neuronal function. For example, brain cytoplasmic RNA1 (BC1) acts as a translational repressor (Zhong et al., 2009). LncRNAs have also been linked to circadian machinery; deletion of the lncRNA 116HG causes dysregulation of circadian genes Clock, Cry1 and Per2 (Powell et al., 2013). Using a mouse lncRNA array, differential expression of several lncRNAs was observed following sleep deprivation, with increased expression of A230107N01Rik being the most significant result (Davis et al., 2016). However, of the lncRNAs affected by sleep deprivation, there has currently been no associated function identified. It is important to note, especially in genome-wide studies, that expression of lncRNAs in most cell types is much lower than that of protein-coding transcripts (Derrien et al., 2012), making it difficult to reliably determine their expression in genome-wide experiments.

Mature microRNAs are single-stranded, small molecules (~22 nucleotides) predominantly found in the cytoplasm. MicroRNAs are first transcribed as longer primary transcripts, although some may be polycistronic (Sarnow et al., 2006). Primary transcripts are cleaved by Drosha to create precursor microRNAs. After translocation to the cytoplasm, precursor microRNAs are cleaved by Dicer to form the mature microRNA, which is loaded into the RNA-induced silencing complex (RISC). Mature microRNAs direct the RISC to bind to target seed sites. In most cases, incomplete complementarity to the target site results in repression of translation, while complete complementarity results in mRNA degradation through direct endonuclease cleavage (Krol et al., 2010). It was initially thought that microRNA binding sites resided in the 3’UTR of genes, but further research in the human brain has shown that microRNA binding sites can occur throughout the gene body (Boudreau et al., 2014). MicroRNAs are abundant in the brain, can be found within dendritic spines, and have been associated with many neurological processes, including synaptic plasticity (Lugli et al., 2008).

Several studies have shown that microRNAs are associated with circadian expression and sleep. This includes: CREB-regulated miR-132 and CLOCK/BMAL1-regulated miR-291-1, which have been associated with circadian timing (Cheng et al., 2007); the miR-192/194 cluster, which represses Per1–3 (Nagel et al., 2009); and miR-142-3p which may modulate BMAL1 protein expression (Shende et al., 2013). In addition, the circadian-related microRNAs, mir-132 (Davis et al., 2011) and miR-138 (Davis et al., 2012), have been associated with sleep loss in rats. Further, in depressed subjects with late insomnia, genetic variants have been found in the precursor miR-182, which may inhibit Adenylate Cyclase 6 (ADCY6), CLOCK and DSIP (also known as TSC22 Domain Family Member 3) expression (Saus et al., 2010). One genome-wide study performed to assess a link between microRNAs and sleep loss found let-7b and miR-125a were significantly altered in four brain regions following sleep deprivation (Davis et al., 2007). Numerous microRNAs were also found to be differentially expressed in specific brain regions, suggesting sleep may incur a tissue-specific regulation of microRNA expression. A subsequent microarray experiment in male mice sleep deprived for 6 h found enrichment of genes targeted by specific microRNAs and altered expression of 10 microRNAs (Mongrain et al., 2010). The altered expression of microRNAs after sleep loss is consistent with previous work showing that sleep deprivation inhibits mRNA processing and translation in the hippocampus (Vecsey et al., 2012). Sleep-related non-coding RNAs may be possible modulators of this impact on translation. Unfortunately, the abundance of predicted non-coding RNAs and their targets hinders the utility of hypothesis-driven experiments that could address this possibility. The implementation of deep RNA-sequencing analyses alongside validation through cloning will help identify non-coding RNAs associated with sleep.

CONCLUSIONS AND FUTURE DIRECTIONS

The prevalence of sleep deprivation throughout the world and the co-morbidity of sleep-related conditions with a wide range of diseases emphasize the importance of uncovering the molecular mechanisms related to sleep deprivation. This review aims to discuss the evidence that epigenetic mechanisms are altered following sleep deprivation, and to develop a framework that begins to delineate the effects of sleep loss on the epigenome. The evidence considered here suggests sleep deprivation is associated with several changes to the epigenome, particularly with regard to DNA methylation, histone modifications, and non-coding RNAs (Figure 1). It is important to note that the three epigenetic alterations discussed are not independent and may also regulate each other.

Details of how sleep deprivation causes these epigenetic changes are not fully understood. However, it is well known that sleep deprivation alters numerous signaling pathways, which could regulate epigenetic mechanisms. One example is the cyclic adenosine 3′,5′-monophosphate (cAMP) pathway, which is disrupted following sleep deprivation (Vecsey et al., 2009; Havekes et al., 2014, 2016). The cAMP response element-binding (CREB) protein mediates histone deacetylase inhibitors, suggesting that the cAMP pathway may alter histone modifications following sleep deprivation.

This review also highlights the infancy of studies on the effects of sleep deprivation on epigenetic modifications. One important unanswered question is if sleep recovery following deprivation can restore the epigenome to its initial state. To answer this question, future sleep studies should obtain samples after recovery from sleep deprivation. This will allow investigation into the fluidity of epigenetic marks following sleep deprivation, and determine if the changes are sustained or returned to baseline once sleep is restored. Another avenue to explore is the link between non-CpG methylation and sleep deprivation. The methylation of a cytosine preceding a base other than a guanine has been observed in both mouse and human brain samples (Xie et al., 2012; Lister et al., 2013) and becomes more abundant than methylated CpG sites in adult neurons. An additional interesting line of investigation would be RNA modifications, specifically methylation of N6-adenosine (m6A), which is emerging as a new type of epigenetic alteration. Decreased methylation of tRNAs causes tRNA fragments to activate cell stress response systems and repress translation (Blanco et al., 2014). Additionally, RNA methylation has been found in microRNAs (Berulava et al., 2015) and mRNAs as a label for degradation (Wang et al., 2014). Thus, we have only just begun to investigate the effects of sleep deprivation on the epigenome, leaving many exciting areas left to explore.

One other area to explore is the effects on the epigenome following the use of stimulants as a form of sleep deprivation. Two of the most common stimulants are caffeine and modafinil. Both can attenuate the negative effects of sleep deprivation (Wadhwa et al., 2015; Crawford et al., 2017) and promote prolonged wakefulness. Modafinil affects numerous neurotransmitter systems in the brain, including the dopaminergic system, by increasing extracellular levels of dopamine (Volkow et al., 2009) and can improve cognitive function (Minzenberg and Carter, 2008). In contrast, caffeine does not directly target the dopaminergic system, but blocks the neurotransmitter, adenosine, from binding to its receptor, resulting in improved cognitive function and increased alertness (Fredholm et al., 1999; Pasman et al., 2017). Therefore, understanding how stimulants may restore or alter the epigenome may shed further light on sleep-specific epigenetic modifications.

As the population continues to push the limits of prolonged wakefulness, the need to understand the molecular basis of sleep is becoming more prevalent. It is now well-known that sleep deprivation changes the transcriptome but how this occurs is not fully understood. The unique abundance of regulators of epigenetic mechanisms suggests that dysregulation of our epigenome could lead to altered synaptic plasticity and impaired learning and memory, as is observed in sleep-deprived individuals. Further epigenetic studies on the gene and genome-wide level are required to identify disrupted epigenomic regions that could predict therapeutic targets or potential biomarkers for the cognitive deficits caused by sleep deprivation.

AUTHOR CONTRIBUTIONS

TA proposed the outline and edited the manuscript. MEG and SC wrote the manuscript.

FUNDING

This work was supported by the Roy J. Carver Chair in Neuroscience (TA), the National Institutes of Health (NIH) R01 grant (MH 099544) (PIs: M. Frank and TA) and the NIH P50 grant (AG 017628) (PI: AI. Pack).

ACKNOWLEDGMENTS

We would like to thank Dr. Sarah L. Ferri for valuable input on this review. We gratefully acknowledge Jennifer Barr of the Scientific Editing and Research Communication Core at the University of Iowa Carver College of Medicine for critical reading of the manuscript.

REFERENCES

Arnardottir, E. S., Nikonova, E. V., Shockley, K. R., Podtelezhnikov, A. A., Anafi, R. C., Tanis, K. Q., et al. (2014). Blood-gene expression reveals reduced circadian rhythmicity in individuals resistant to sleep deprivation. Sleep 37, 1589–1600. doi: 10.5665/sleep.4064

Asher, G., Gatfield, D., Stratmann, M., Reinke, H., Dibner, C., Kreppel, F., et al. (2008). SIRT1 regulates circadian clock gene expression through PER2 deacetylation. Cell 134, 317–328. doi: 10.1016/j.cell.2008.06.050

Berulava, T., Rahmann, S., Rademacher, K., Klein-Hitpass, L., and Horsthemke, B. (2015). N6-adenosine methylation in MiRNAs. PLoS One 10:e0118438. doi: 10.1371/journal.pone.0118438

Blanco, S., Dietmann, S., Flores, J. V., Hussain, S., Kutter, C., Humphreys, P., et al. (2014). Aberrant methylation of tRNAs links cellular stress to neuro-developmental disorders. EMBO J. 33, 2020–2039. doi: 10.15252/embj.201489282

Boivin, D. B., and Boudreau, P. (2014). Impacts of shift work on sleep and circadian rhythms. Pathol. Biol. 62, 292–301. doi: 10.1016/j.patbio.2014.08.001

Boudreau, R. L., Jiang, P., Gilmore, B. L., Spengler, R. M., Tirabassi, R., Nelson, J. A., et al. (2014). Transcriptome-wide discovery of microRNA binding sites in human brain. Neuron 81, 294–305. doi: 10.1016/j.neuron.2013.10.062

Brenet, F., Moh, M., Funk, P., Feierstein, E., Viale, A. J., Socci, N. D., et al. (2011). DNA methylation of the first exon is tightly linked to transcriptional silencing. PLoS One 6:e14524. doi: 10.1371/journal.pone.0014524

Brown, S. J., Stoilov, P., and Xing, Y. (2012). Chromatin and epigenetic regulation of pre-mRNA processing. Hum. Mol. Genet. 21, R90–R96. doi: 10.1093/hmg/dds353

Cedernaes, J., Osler, M. E., Voisin, S., Broman, J. E., Vogel, H., Dickson, S. L., et al. (2015). Acute sleep loss induces tissue-specific epigenetic and transcriptional alterations to circadian clock genes in men. J. Clin. Endocrinol. Metab. 100, E1255–E1261. doi: 10.1210/JC.2015-2284

Cheng, H. Y., Papp, J. W., Varlamova, O., Dziema, H., Russell, B., Curfman, J. P., et al. (2007). microRNA modulation of circadian-clock period and entrainment. Neuron 54, 813–829. doi: 10.1016/j.neuron.2007.05.017

Cirelli, C., Gutierrez, C. M., and Tononi, G. (2004). Extensive and divergent effects of sleep and wakefulness on brain gene expression. Neuron 41, 35–43. doi: 10.1016/s0896-6273(03)00814-6

Cirelli, C., and Tononi, G. (1999). Differences in brain gene expression between sleep and waking as revealed by mRNA differential display and cDNA microarray technology. J. Sleep Res. 8, 44–52. doi: 10.1046/j.1365-2869.1999.00008.x

Cote, K. A., McCormick, C. M., Geniole, S. N., Renn, R. P., and MacAulay, S. D. (2013). Sleep deprivation lowers reactive aggression and testosterone in men. Biol. Psychol. 92, 249–256. doi: 10.1016/j.biopsycho.2012.09.011

Crawford, C., Teo, L., Lafferty, L., Drake, A., Bingham, J. J., Gallon, M. D., et al. (2017). Caffeine to optimize cognitive function for military mission-readiness: a systematic review and recommendations for the field. Nutr. Rev. 75, 17–35. doi: 10.1093/nutrit/nux007

Curtis, A. M., Seo, S. B., Westgate, E. J., Rudic, R. D., Smyth, E. M., Chakravarti, D., et al. (2004). Histone acetyltransferase-dependent chromatin remodeling and the vascular clock. J. Biol. Chem. 279, 7091–7097. doi: 10.1074/jbc.M311973200

Davis, C. J., Bohnet, S. G., Meyerson, J. M., and Krueger, J. M. (2007). Sleep loss changes microRNA levels in the brain: a possible mechanism for state-dependent translational regulation. Neurosci. Lett. 422, 68–73. doi: 10.1016/j.neulet.2007.06.005

Davis, C. J., Clinton, J. M., and Krueger, J. M. (2012). MicroRNA 138, let-7b, and 125a inhibitors differentially alter sleep and EEG delta-wave activity in rats. J. Appl. Physiol. 113, 1756–1762. doi: 10.1152/japplphysiol.00940.2012

Davis, C. J., Clinton, J. M., Taishi, P., Bohnet, S. G., Honn, K. A., and Krueger, J. M. (2011). MicroRNA 132 alters sleep and varies with time in brain. J. Appl. Physiol. 111, 665–672. doi: 10.1152/japplphysiol.00517.2011

Davis, C. J., Taishi, P., Honn, K. A., Koberstein, J. N., and Krueger, J. M. (2016). P2X7 receptors in body temperature, locomotor activity and brain mRNA and lncRNA responses to sleep deprivation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 311, R1004–R1012. doi: 10.1152/ajpregu.00167.2016

Derrien, T., Johnson, R., Bussotti, G., Tanzer, A., Djebali, S., Tilgner, H., et al. (2012). The GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene structure, evolution and expression. Genome Res. 22, 1775–1789. doi: 10.1101/gr.132159.111

Doi, M., Hirayama, J., and Sassone-Corsi, P. (2006). Circadian regulator CLOCK is a histone acetyltransferase. Cell 125, 497–508. doi: 10.1016/j.cell.2006.03.033

Doyon, Y., Cayrou, C., Ullah, M., Landry, A. J., Côté, V., Selleck, W., et al. (2006). ING tumor suppressor proteins are critical regulators of chromatin acetylation required for genome expression and perpetuation. Mol. Cell 21, 51–64. doi: 10.1016/j.molcel.2005.12.007

Drake, C. L., Jefferson, C., Roehrs, T., and Roth, T. (2006). Stress-related sleep disturbance and polysomnographic response to caffeine. Sleep Med. 7, 567–572. doi: 10.1016/j.sleep.2006.03.019

Drake, C., Richardson, G., Roehrs, T., Scofield, H., and Roth, T. (2004). Vulnerability to stress-related sleep disturbance and hyperarousal. Sleep 27, 285–291. doi: 10.1093/sleep/27.2.285

Duan, R., Liu, X., Wang, T., Wu, L., Gao, X., and Zhang, Z. (2016). Histone acetylation regulation in sleep deprivation-induced spatial memory impairment. Neurochem. Res. 41, 2223–2232. doi: 10.1007/s11064-016-1937-6

Duong, H. A., Robles, M. S., Knutti, D., and Weitz, C. J. (2011). A molecular mechanism for circadian clock negative feedback. Science 332, 1436–1439. doi: 10.1126/science.1196766

Espada, J., and Esteller, M. (2013). Mouse models in epigenetics: insights in development and disease. Brief. Funct. Genomics 12, 279–287. doi: 10.1093/bfgp/elt005

Etchegaray, J. P., Lee, C., Wade, P. A., and Reppert, S. M. (2003). Rhythmic histone acetylation underlies transcription in the mammalian circadian clock. Nature 421, 177–182. doi: 10.1038/nature01314

Feyder, M., Karlsson, R. M., Mathur, P., Lyman, M., Bock, R., Momenan, R., et al. (2010). Association of mouse Dlg4 (PSD-95) gene deletion and human DLG4 gene variation with phenotypes relevant to autism spectrum disorders and Williams′ syndrome. Am. J. Psychiatry 167, 1508–1517. doi: 10.1176/appi.ajp.2010.10040484


Fredholm, B. B., Battig, K., Holmen, J., Nehlig, A., and Zvartau, E. E. (1999). Actions of caffeine in the brain with special reference to factors that contribute to its widespread use. Pharmacol. Rev. 51, 83–133.


Frey, D. J., Badia, P., and Wright, K. P. Jr. (2004). Inter- and intra-individual variability in performance near the circadian nadir during sleep deprivation. J. Sleep Res. 13, 305–315. doi: 10.1111/j.1365-2869.2004.00429.x

Goll, M. G., Kirpekar, F., Maggert, K. A., Yoder, J. A., Hsieh, C. L., Zhang, X., et al. (2006). Methylation of tRNAAsp by the DNA methyltransferase homolog Dnmt2. Science 311, 395–398. doi: 10.1126/science.1120976

Guintivano, J., Brown, T., Newcomer, A., Jones, M., Cox, O., Maher, B. S., et al. (2014). Identification and replication of a combined epigenetic and genetic biomarker predicting suicide and suicidal behaviors. Am. J. Psychiatry 171, 1287–1296. doi: 10.1176/appi.ajp.2014.14010008

Guzman-Marin, R., Ying, Z., Suntsova, N., Methippara, M., Bashir, T., Szymusiak, R., et al. (2006). Suppression of hippocampal plasticity-related gene expression by sleep deprivation in rats. J. Physiol. 575, 807–819. doi: 10.1113/jphysiol.2006.115287

Havekes, R., and Abel, T. (2017). The tired hippocampus: the molecular impact of sleep deprivation on hippocampal function. Curr. Opin. Neurobiol. 44, 13–19. doi: 10.1016/j.conb.2017.02.005

Havekes, R., Bruinenberg, V. M., Tudor, J. C., Ferri, S. L., Baumann, A., Meerlo, P., et al. (2014). Transiently increasing cAMP levels selectively in hippocampal excitatory neurons during sleep deprivation prevents memory deficits caused by sleep loss. J. Neurosci. 34, 15715–15721. doi: 10.1523/JNEUROSCI.2403-14.2014

Havekes, R., Park, A. J., Tudor, J. C., Luczak, V. G., Hansen, R. T., Ferri, S. L., et al. (2016). Sleep deprivation causes memory deficits by negatively impacting neuronal connectivity in hippocampal area CA1. Elife 5:e13424. doi: 10.7554/eLife.13424

Havekes, R., Vecsey, C. G., and Abel, T. (2012). The impact of sleep deprivation on neuronal and glial signaling pathways important for memory and synaptic plasticity. Cell Signal. 24, 1251–1260. doi: 10.1016/j.cellsig.2012.02.010

Hernandez, P. J., and Abel, T. (2008). The role of protein synthesis in memory consolidation: progress amid decades of debate. Neurobiol. Learn. Mem. 89, 293–311. doi: 10.1016/j.nlm.2007.09.010

Hirayama, J., Sahar, S., Grimaldi, B., Tamaru, T., Takamatsu, K., Nakahata, Y., et al. (2007). CLOCK-mediated acetylation of BMAL1 controls circadian function. Nature 450, 1086–1090. doi: 10.1038/nature06394

Huang, H., Zhu, Y., Eliot, M. N., Knopik, V. S., McGeary, J. E., Carskadon, M. A., et al. (2017). Combining human epigenetics and sleep studies in Caenorhabditis elegans: a cross-species approach for finding conserved genes regulating sleep. Sleep 40:zsx063. doi: 10.1093/sleep/zsx063

Javaheri, S., Zhao, Y. Y., Punjabi, N. M., Quan, S. F., Gottlieb, D. J., and Redline, S. (2018). Slow wave sleep is associated with incident hypertension: the sleep heart health study. Sleep 41:zsx179. doi: 10.1093/sleep/zsx179

Kaiser, S., Jurkowski, T. P., Kellner, S., Schneider, D., Jeltsch, A., and Helm, M. (2016). The RNA methyltransferase Dnmt2 methylates DNA in the structural context of a tRNA. RNA Biol. 14, 1241–1251. doi: 10.1080/15476286.2016.1236170

Kang, J. E., Lim, M. M., Bateman, R. J., Lee, J. J., Smyth, L. P., Cirrito, J. R., et al. (2009). Amyloid-beta dynamics are regulated by orexin and the sleep-wake cycle. Science 326, 1005–1007. doi: 10.1126/science.1180962

Khare, T., Pai, S., Koncevicius, K., Pal, M., Kriukiene, E., Liutkeviciute, Z., et al. (2012). 5-hmC in the brain is abundant in synaptic genes and shows differences at the exon-intron boundary. Nat. Struct. Mol. Biol. 19, 1037–1043. doi: 10.1038/nsmb.2372

Krol, J., Loedige, I., and Filipowicz, W. (2010). The widespread regulation of microRNA biogenesis, function and decay. Nat. Rev. Genet. 11, 597–610. doi: 10.1038/nrg2843

Kuna, S. T., Maislin, G., Pack, F. M., Staley, B., Hachadoorian, R., Coccaro, E. F., et al. (2012). Heritability of performance deficit accumulation during acute sleep deprivation in twins. Sleep 35, 1223–1233. doi: 10.5665/sleep.2074

Kundakovic, M., Gudsnuk, K., Herbstman, J. B., Tang, D., Perera, F. P., and Champagne, F. A. (2015). DNA methylation of BDNF as a biomarker of early-life adversity. Proc. Natl. Acad. Sci. U S A 112, 6807–6813. doi: 10.1073/pnas.1408355111

Leal, G., Afonso, P. M., Salazar, I. L., and Duarte, C. B. (2015). Regulation of hippocampal synaptic plasticity by BDNF. Brain Res. 1621, 82–101. doi: 10.1016/j.brainres.2014.10.019

Lewis, K. S., Gordon-Smith, K., Forty, L., Di Florio, A., Craddock, N., Jones, L., et al. (2017). Sleep loss as a trigger of mood episodes in bipolar disorder: individual differences based on diagnostic subtype and gender. Br. J. Psychiatry 211, 169–174. doi: 10.1192/bjp.bp.117.202259

Li, W., and Liu, M. (2011). Distribution of 5-hydroxymethylcytosine in different human tissues. J. Nucleic Acids 2011:870726. doi: 10.4061/2011/870726

Lister, R., Mukamel, E. A., Nery, J. R., Urich, M., Puddifoot, C. A., Johnson, N. D., et al. (2013). Global epigenomic reconfiguration during mammalian brain development. Science 341:1237905. doi: 10.1126/science.1237905

Liu, Y., Wheaton, A. G., Chapman, D. P., Cunningham, T. J., Lu, H., and Croft, J. B. (2016). Prevalence of healthy sleep duration among Adults—united states, 2014. MMWR Morb. Mortal. Wkly. Rep. 65, 137–141. doi: 10.15585/mmwr.mm6506a1

Lugli, G., Torvik, V. I., Larson, J., and Smalheiser, N. R. (2008). Expression of microRNAs and their precursors in synaptic fractions of adult mouse forebrain. J. Neurochem. 106, 650–661. doi: 10.1111/j.1471-4159.2008.05413.x

Martinowich, K., Hattori, D., Wu, H., Fouse, S., He, F., Hu, Y., et al. (2003). DNA methylation-related chromatin remodeling in activity-dependent BDNF gene regulation. Science 302, 890–893. doi: 10.1126/science.1090842

Massart, R., Freyburger, M., Suderman, M., Paquet, J., El Helou, J., Belanger-Nelson, E., et al. (2014). The genome-wide landscape of DNA methylation and hydroxymethylation in response to sleep deprivation impacts on synaptic plasticity genes. Transl. Psychiatry 4:e347. doi: 10.1038/tp.2013.120

Mews, P., Donahue, G., Drake, A. M., Luczak, V., Abel, T., and Berger, S. L. (2017). Acetyl-CoA synthetase regulates histone acetylation and hippocampal memory. Nature 546, 381–386. doi: 10.1038/nature22405

Mills, J. D., Ward, M., Chen, B. J., Iyer, A. M., Aronica, E., and Janitz, M. (2016). LINC00507 is specifically expressed in the primate cortex and has age-dependent expression patterns. J. Mol. Neurosci. 59, 431–439. doi: 10.1007/s12031-016-0745-4

Minzenberg, M. J., and Carter, C. S. (2008). Modafinil: a review of neurochemical actions and effects on cognition. Neuropsychopharmacology 33, 1477–1502. doi: 10.1038/sj.npp.1301534

Miyazaki, S., Liu, C. Y., and Hayashi, Y. (2017). Sleep in vertebrate and invertebrate animals and insights into the function and evolution of sleep. Neurosci. Res. 118, 3–12. doi: 10.1016/j.neures.2017.04.017

Möller-Levet, C. S., Archer, S. N., Bucca, G., Laing, E. E., Slak, A., Kabiljo, R., et al. (2013). Effects of insufficient sleep on circadian rhythmicity and expression amplitude of the human blood transcriptome. Proc. Natl. Acad. Sci. U S A 110, E1132–E1141. doi: 10.1073/pnas.1217154110

Mongrain, V., Hernandez, S. A., Pradervand, S., Dorsaz, S., Curie, T., Hagiwara, G., et al. (2010). Separating the contribution of glucocorticoids and wakefulness to the molecular and electrophysiological correlates of sleep homeostasis. Sleep 33, 1147–1157. doi: 10.1093/sleep/33.9.1147

Nagel, R., Clijsters, L., and Agami, R. (2009). The miRNA-192/194 cluster regulates the Period gene family and the circadian clock. FEBS J. 276, 5447–5455. doi: 10.1111/j.1742-4658.2009.07229.x

Nakahata, Y., Kaluzova, M., Grimaldi, B., Sahar, S., Hirayama, J., Chen, D., et al. (2008). The NAD+-dependent deacetylase SIRT1 modulates CLOCK-mediated chromatin remodeling and circadian control. Cell 134, 329–340. doi: 10.1016/j.cell.2008.07.002

Nan, X., Ng, H. H., Johnson, C. A., Laherty, C. D., Turner, B. M., Eisenman, R. N., et al. (1998). Transcriptional repression by the methyl-CpG-binding protein MeCP2 involves a histone deacetylase complex. Nature 393, 386–389. doi: 10.1038/30764

Naruse, Y., Oh-hashi, K., Iijima, N., Naruse, M., Yoshioka, H., and Tanaka, M. (2004). Circadian and light-induced transcription of clock gene Per1 depends on histone acetylation and deacetylation. Mol. Cell. Biol. 24, 6278–6287. doi: 10.1128/mcb.24.14.6278-6287.2004

Narwade, S. C., Mallick, B. N., and Deobagkar, D. D. (2017). Transcriptome analysis reveals altered expression of memory and neurotransmission associated genes in the REM sleep deprived rat brain. Front. Mol. Neurosci. 10:67. doi: 10.3389/fnmol.2017.00067

Nilsson, E. K., Bostrom, A. E., Mwinyi, J., and Schioth, H. B. (2016). Epigenomics of total acute sleep deprivation in relation to genome-wide DNA methylation profiles and RNA expression. OMICS 20, 334–342. doi: 10.1089/omi.2016.0041

O’Callaghan, E. K., Ballester Roig, M. N., and Mongrain, V. (2017). Cell adhesion molecules and sleep. Neurosci. Res. 116, 29–38. doi: 10.1016/j.neures.2016.11.001

Okano, M., Bell, D. W., Haber, D. A., and Li, E. (1999). DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian development. Cell 99, 247–257. doi: 10.1016/s0092-8674(00)81656-6

Palazzo, A. F., and Lee, E. S. (2015). Non-coding RNA: what is functional and what is junk? Front. Genet. 6:2. doi: 10.3389/fgene.2015.00002

Pasman, W. J., Boessen, R., Donner, Y., Clabbers, N., and Boorsma, A. (2017). Effect of caffeine on attention and alertness measured in a home-setting, using web-based cognition tests. JMIR Res. Protoc. 6:e169. doi: 10.2196/resprot.6727

Peixoto, L., and Abel, T. (2013). The role of histone acetylation in memory formation and cognitive impairments. Neuropsychopharmacology 38, 62–76. doi: 10.1038/npp.2012.86

Peixoto, L. L., Wimmer, M. E., Poplawski, S. G., Tudor, J. C., Kenworthy, C. A., Liu, S., et al. (2015). Memory acquisition and retrieval impact different epigenetic processes that regulate gene expression. BMC Genomics 16:S5. doi: 10.1186/1471-2164-16-S5-S5

Pirooznia, S. K., Chiu, K., Chan, M. T., Zimmerman, J. E., and Elefant, F. (2012). Epigenetic regulation of axonal growth of Drosophila pacemaker cells by histone acetyltransferase tip60 controls sleep. Genetics 192, 1327–1345. doi: 10.1534/genetics.112.144667

Powell, W. T., Coulson, R. L., Crary, F. K., Wong, S. S., Ach, R. A., Tsang, P., et al. (2013). A Prader-Willi locus lncRNA cloud modulates diurnal genes and energy expenditure. Hum. Mol. Genet. 22, 4318–4328. doi: 10.1093/hmg/ddt281

Prince, T. M., and Abel, T. (2013). The impact of sleep loss on hippocampal function. Learn. Mem. 20, 558–569. doi: 10.1101/lm.031674.113

Prince, T. M., Wimmer, M., Choi, J., Havekes, R., Aton, S., and Abel, T. (2014). Sleep deprivation during a specific 3-hour time window post-training impairs hippocampal synaptic plasticity and memory. Neurobiol. Learn. Mem. 109, 122–130. doi: 10.1016/j.nlm.2013.11.021

Qureshi, I. A., and Mehler, M. F. (2014). Epigenetics of sleep and chronobiology. Curr. Neurol. Neurosci. Rep. 14:432. doi: 10.1007/s11910-013-0432-6

Raggi, A., and Ferri, R. (2010). Sleep disorders in neurodegenerative diseases. Eur. J. Neurol. 17, 1326–1338. doi: 10.1111/j.1468-1331.2010.03034.x

Sarnow, P., Jopling, C. L., Norman, K. L., Schütz, S., and Wehner, K. A. (2006). MicroRNAs: expression, avoidance and subversion by vertebrate viruses. Nat. Rev. Microbiol. 4, 651–659. doi: 10.1038/nrmicro1473

Saus, E., Soria, V., Escaramis, G., Vivarelli, F., Crespo, J. M., Kagerbauer, B., et al. (2010). Genetic variants and abnormal processing of pre-miR-182, a circadian clock modulator, in major depression patients with late insomnia. Hum. Mol. Genet. 19, 4017–4025. doi: 10.1093/hmg/ddq316

Shende, V. R., Neuendorff, N., and Earnest, D. J. (2013). Role of miR-142–3p in the post-transcriptional regulation of the clock gene Bmal1 in the mouse SCN. PLoS One 8:e65300. doi: 10.1371/journal.pone.0065300

Shi, C., Zhang, L., and Qin, C. (2017). Long non-coding RNAs in brain development, synaptic biology, and Alzheimer’s disease. Brain Res. Bull. 132, 160–169. doi: 10.1016/j.brainresbull.2017.03.010

Skuladottir, G. V., Nilsson, E. K., Mwinyi, J., and Schiöth, H. B. (2016). One-night sleep deprivation induces changes in the DNA methylation and serum activity indices of stearoyl-CoA desaturase in young healthy men. Lipids Health Dis. 15:137. doi: 10.1186/s12944-016-0309-1

Tahiliani, M., Koh, K. P., Shen, Y., Pastor, W. A., Bandukwala, H., Brudno, Y., et al. (2009). Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science 324, 930–935. doi: 10.1126/science.1170116

Takahata, S., Ozaki, T., Mimura, J., Kikuchi, Y., Sogawa, K., and Fujii-Kuriyama, Y. (2000). Transactivation mechanisms of mouse clock transcription factors, mClock and mArnt3. Genes Cells 5, 739–747. doi: 10.1046/j.1365-2443.2000.00363.x

Tudor, J. C., Davis, E. J., Peixoto, L., Wimmer, M. E., van Tilborg, E., Park, A. J., et al. (2016). Sleep deprivation impairs memory by attenuating mTORC1-dependent protein synthesis. Sci. Signal. 9:ra41. doi: 10.1126/scisignal.aad4949

Vecsey, C. G., Baillie, G. S., Jaganath, D., Havekes, R., Daniels, A., Wimmer, M., et al. (2009). Sleep deprivation impairs cAMP signalling in the hippocampus. Nature 461, 1122–1125. doi: 10.1038/nature08488

Vecsey, C. G., Park, A. J., Khatib, N., and Abel, T. (2015). Effects of sleep deprivation and aging on long-term and remote memory in mice. Learn. Mem. 22, 197–202. doi: 10.1101/lm.036590.114

Vecsey, C. G., Peixoto, L., Choi, J. H., Wimmer, M., Jaganath, D., Hernandez, P. J., et al. (2012). Genomic analysis of sleep deprivation reveals translational regulation in the hippocampus. Physiol. Genomics 44, 981–991. doi: 10.1152/physiolgenomics.00084.2012

Volkow, N. D., Fowler, J. S., Logan, J., Alexoff, D., Zhu, W., Telang, F., et al. (2009). Effects of modafinil on dopamine and dopamine transporters in the male human brain: clinical implications. JAMA 301, 1148–1154. doi: 10.1001/jama.2009.351

von Schantz, M. (2008). Phenotypic effects of genetic variability in human clock genes on circadian and sleep parameters. J. Genet. 87, 513–519. doi: 10.1007/s12041-008-0074-7

Wadhwa, M., Sahu, S., Kumari, P., Kauser, H., Ray, K., and Panjwani, U. (2015). Caffeine and modafinil given during 48 h sleep deprivation modulate object recognition memory and synaptic proteins in the hippocampus of the rat. Behav. Brain Res. 294, 95–101. doi: 10.1016/j.bbr.2015.08.002

Wang, X., Lu, Z., Gomez, A., Hon, G. C., Yue, Y., Han, D., et al. (2014). N6-methyladenosine-dependent regulation of messenger RNA stability. Nature 505, 117–120. doi: 10.1038/nature12730

Wehr, T. A., Sack, D. A., and Rosenthal, N. E. (1987). Sleep reduction as a final common pathway in the genesis of mania. Am. J. Psychiatry 144, 201–204. doi: 10.1176/ajp.144.2.201

Whitehead, J., Pandey, G. K., and Kanduri, C. (2009). Regulation of the mammalian epigenome by long noncoding RNAs. Biochim. Biophys. Acta 1790, 936–947. doi: 10.1016/j.bbagen.2008.10.007

Wong, C. C., Parsons, M. J., Lester, K. J., Burrage, J., Eley, T. C., Mill, J., et al. (2015). Epigenome-wide DNA methylation analysis of monozygotic twins discordant for diurnal preference. Twin Res. Hum. Genet. 18, 662–669. doi: 10.1017/thg.2015.78

Xie, W., Barr, C. L., Kim, A., Yue, F., Lee, A. Y., Eubanks, J., et al. (2012). Base-resolution analyses of sequence and parent-of-origin dependent DNA methylation in the mouse genome. Cell 148, 816–831. doi: 10.1016/j.cell.2011.12.035

Zhong, J., Chuang, S. C., Bianchi, R., Zhao, W., Lee, H., Fenton, A. A., et al. (2009). BC1 regulation of metabotropic glutamate receptor-mediated neuronal excitability. J. Neurosci. 29, 9977–9986. doi: 10.1523/JNEUROSCI.3893-08.2009

Zhu, Y., Stevens, R. G., Hoffman, A. E., Tjonneland, A., Vogel, U. B., Zheng, T., et al. (2011). Epigenetic impact of long-term shiftwork: pilot evidence from circadian genes and whole-genome methylation analysis. Chronobiol. Int. 28, 852–861. doi: 10.3109/07420528.2011.618896

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Gaine, Chatterjee and Abel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fncir-12-00014-g002.gif
A CLOCK mediated gene silencing

Per1 gene promoter

B SIRT1 recruitment

C Histone acetylation

Per1and Dbp gene promoter





OPS/images/crossmark.jpg





OPS/images/fncir-12-00014-g001.gif
SLEEP J

DEPRIVATION

lrmmzsa nnﬁ'rn

LLLLLL L

IA230107N01 Rik

Non-coding RNA expression changes

Histone modifications

DNA methylation and hydroxmethylation changes

TARGET GENE/PROTEIN
EXPRESSION CHANGES






OPS/images/cover.jpg
’ frontiers
in Neural Circuits










OPS/images/logo.jpg
’ frontiers
in Neural Circuiits





