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Abstract. The circadian clock, a fundamental timekeeping system, is regulated by complex
epigenetic mechanisms. This review explores the role of DNA methylation, histone
modifications, and the NAD+-dependent deacetylase SIRT1 in modulating circadian gene
expression. Rhythmic epigenetic changes at clock gene promoters contribute to their periodic
transcription, while interactions between circadian transcription factors and epigenetic modifiers
ensure robust gene expression rhythms. Dysregulation of the circadian epigenome has been
associated with various diseases, including cancer, where altered DNA methylation patterns of
clock genes have been observed. Understanding the mechanisms and consequences of circadian
epigenetic dysregulation may lead to novel diagnostic and therapeutic approaches for circadian-
related diseases. To fully elucidate the intricate relationship between the circadian clock and the
epigenome, a multidisciplinary approach combining experimental and computational methods is
necessary. High-throughput analytical techniques, functional genomics, epigenetic editing tools,
and systems biology modeling will provide a comprehensive view of the circadian epigenome.
Ultimately, a deeper understanding of the epigenetic regulation of the circadian clock will
advance our knowledge of biological timekeeping and inform the development of
chronotherapeutic strategies for improving human health in the modern 24/7 society.
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1. Introduction

The circadian clock is an intrinsic timekeeping system that allows organisms to anticipate and adapt to
daily environmental changes. In mammals, the central clock is located in the suprachiasmatic nucleus
(SCN) of the hypothalamus and is synchronized with oscillators in peripheral tissues [1]. The molecular
clock mechanism consists of an interlocking transcription-translational feedback loop in which the
CLOCK and BMALI heterodimeric transcription factors activate the expression of the Period (Per) and
Cryptochrome (Cry) genes. In turn, the PER and CRY proteins form a complex that inhibits CLOCK-
BMALI activity, thereby inhibiting their own transcription [2]. Additional feedback loops including
ROR and REV-ERB nuclear receptor further regulates this core loop.

Notably, up to 10% of the transcriptome is under circadian control, and disturbances in clock function
can have profound physiological consequences [3]. Accumulating evidence suggests that epigenetic
mechanisms, such as DNA methylation and histone modifications, play a crucial role in regulating
circadian gene expression. DNA methylation, which is often associated with transcriptional silencing,
has been found to regulate clock genes. Rhythmic histone modifications have also been observed at the
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promoters of clock genes, with activation marks coinciding with the time of peak transcription [4]. The
NAD+-dependent deacetylase SIRT1 has emerged as a link between metabolism and the circadian clock,
acting on both histone and non-histone proteins [5]. These findings have important clinical implications,
as circadian rhythm disturbances have been associated with a variety of diseases, including sleep
disorders, metabolic syndrome, and cancer [6].

Notably, altered DNA methylation patterns of clock genes have been observed in cancer, suggesting
that abnormal epigenetic regulation of the clock may contribute to disease development. Understanding
the epigenetic mechanisms of the circadian clock will provide insights on how environmental and
metabolic factors affect circadian rhythms and may open new avenues for the treatment of circadian
rhythm-related diseases. This article reviews the latest understanding of epigenetic regulation of the
circadian clock and discusses the clinical significance of these findings.

2. Theoretical studies

Theoretical and mechanistic studies have provided important insights into the epigenetic regulation of
the circadian clock. The core circadian clock proteins CLOCK and BMALT1 have been shown to interact
with a variety of epigenetic modifiers (as indicated in the Figure 1). CLOCK itself possesses histone
acetyltransferase (HAT) activity and rhythmically acetylates histones H3 and H4 at clock gene
promoters[7]. CLOCK also acetylates its binding partner BMAL1, which is important for circadian
function[8]. Histone methyltransferases MLL1 and MLL3 have been found to interact with CLOCK-
BMALIland promote the rhythmicity of H3K4 trimethylation (an activating chromatin mark) at clock
gene promoters[9]. In contrast, the histone deacetylase SIRT1 is recruited to clock gene promoters by
CLOCK-BMALI and rhythmically deacetylates H3K9/K 14, contributing to the repressive phase of the
transcription cycle [10].
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Figure 1. The core network of epigenetic regulation in circadian rhythm

Genome-wide studies have revealed extensive rhythmic epigenetic modifications in the liver, and a
large portion of the cyclical transcriptome also exhibits circadian histone modifications and chromatin
states[11]. DNA methylation has also been implicated in circadian regulation, with clock genes showing
tissue-specific methylation patterns that correlate with the amplitude of their cycles[12]. Interestingly,
DNA methylation was found to be rhythmic at a subset of CpG sites in mouse liver, suggesting dynamic
regulation [13].

Theoretical models have been developed to describe how the interplay between circadian
transcription factors and epigenetic modifications generates robust gene expression rhythms [14]. These
models incorporate feedback loops between clock proteins, chromatin modifiers, and metabolic
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regulators. For example, the NAD+ biosynthetic enzyme NAMPT is controlled by circadian rhythms,
and rhythmic NAD+ production in turn regulates SIRT1 activity, forming a metabolic feedback loop
[15].

3. Existing Problems

Despite significant progress, several key issues regarding epigenetic regulation of the circadian clock
remain unresolved. First, the exact mechanism by which clock proteins coordinate the recruitment of
epigenetic modifiers to specific target genes is not fully understood. It is still unclear how the timing
and specificity of these interactions are regulated and how they promote tissue-specific circadian
transcriptional programs.

Second, although rhythmic epigenetic modifications have been observed in clock genes, their
functional significance remains to be determined. Genetic deletion of individual histone modifiers often
has only modest effects on circadian rhythms, suggesting the possibility of redundant or compensatory
mechanisms [9]. More targeted approaches, such as specific manipulation of epigenetic marks at clock
gene promoters, may be needed to directly assess their role in circadian regulation.

Third, the relationship between epigenetic modifications and clock-controlled physiological
processes remains poorly understood. Although circadian disruption has been associated with altered
DNA methylation patterns in cancer, causality remains unclear. It is unclear whether epigenetic
dysregulation is a cause or consequence of circadian dysfunction in disease states.

Finally, the potential for targeting epigenetic mechanisms in the treatment of circadian-related
diseases remains largely unexplored. Although some studies have shown that inhibition of histone
deacetylases can alter circadian rhythms and alleviate metabolic disorders [16], the therapeutic potential
of specific epigenetic modulation of the biological clock requires further investigation.

4. Potential solutions

To address these outstanding questions, a combination of experimental and computational approaches
is needed. High-resolution epigenetic modification analysis of clock-controlled genes in different tissues
and time points can provide a more comprehensive understanding of the circadian epigenome.
Chromatin immunoprecipitation sequencing (ChIP-seq) and whole-genome bisulfite sequencing can
map histone modifications and DNA methylation on a genome-wide scale [11,13]. These data can be
integrated with RNA sequencing and metabolomics to understand the functional consequences of
epigenetic changes on gene expression and metabolic output.

Genetic manipulation of epigenetic regulators in a tissue-specific and time-controlled manner can
help to dissect their role in circadian regulation. CRISPR-based epigenetic editing tools, such as
CRISPR-dCas9 fused to histone modifying enzymes or DNA methyltransferases, can target epigenetic
states at specific loci [17]. Applying these tools to clock gene promoters can directly test the causal role
of specific epigenetic marks on circadian transcription. Inducible knockout or overexpression of key
epigenetic enzymes (such as SIRT1 or MLL1) in specific tissues can also provide insights into their
circadian functions.

Computational modeling and systems biology approaches that integrate multi-omics data and
generate testable hypotheses will be essential [18]. Machine learning algorithms can be used to predict
the epigenetic state of DNA sequence features and identify cis-regulatory modules that drive circadian
gene expression. Network analysis can uncover key regulatory hubs and feedback patterns in the
circadian epigenome. These models can guide experimental design and help prioritize targets for
therapeutic intervention.

Translational research in animal models and human samples is essential to understanding the clinical
relevance of circadian epigenetics. Comparison of the epigenetic profiles of clock genes in normal and
diseased tissues (e.g., tumor samples) can reveal the role of epigenetic dysregulation in pathogenesis
[19]. Longitudinal studies tracking epigenetic changes and circadian disruption over time can help
establish causal relationships. Testing the effects of drugs that modulate the circadian clock (e.g.,
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melatonin or metabolic modulators) on the epigenome and disease outcomes can provide insights into
potential therapeutic strategies.

5. Conclusion

Epigenetic mechanisms, including histone modifications and DNA methylation, play a key role in
regulating the circadian clock. Rhythmic epigenetic changes at the promoters of clock genes contribute
to their periodic transcription, and the interaction between circadian transcription factors and epigenetic
modifiers ensures a robust gene expression rhythm. The NAD+-dependent deacetylase SIRT1 has
emerged as a key link between cellular metabolism and the circadian clock, highlighting the close
connection between epigenetics and metabolic status. Importantly, dysregulation of the circadian
epigenome is associated with a variety of diseases, including cancer. Altered DNA methylation patterns
of clock genes have been observed in several cancer types, suggesting that epigenetic disruption of
circadian rhythms may contribute to disease occurrence.

Understanding the mechanisms and consequences of circadian epigenetic dysregulation may lead to
novel diagnostic and therapeutic approaches for circadian-related diseases. To fully elucidate the
complex interaction between the circadian clock and the epigenome, a multidisciplinary approach
combining experimental and computational methods is needed. High-throughput analytical techniques,
functional genomics, and epigenetic editing tools will provide a comprehensive view of the circadian
epigenome and enable targeted manipulation of specific regulatory elements. Systems biology modeling
and machine learning will be necessary to integrate multidimensional data and generate predictive
models of circadian gene regulation.

Ultimately, a deeper understanding of the epigenetic regulation of the circadian clock will not only
advance our fundamental understanding of biological timekeeping but will also inform the development
of chronotherapeutic strategies for a wide range of diseases. By harnessing the power of the circadian
epigenome, we may be able to optimize the timing and efficacy of medical interventions and improve
human health in an increasingly 24/7 society.

References

[1] Mohawk, J. A., Green, C. B., & Takahashi, J. S. (2012). Central and peripheral circadian clocks
in mammals. Annu Rev Neurosci, 35(1), 445-462. https://doi.org/10.1146/annurev-neuro-
060909-153128

[2] Takahashi, J. S. (2017). Transcriptional architecture of the mammalian circadian clock. Nat Rev
Genet, 18(3), 164-179. https://doi.org/10.1038/nrg.2016.150

[3] Zhang, R., Lahens, N. F., Ballance, H. 1., Hughes, M. E., & Hogenesch, J. B. (2014). A circadian
gene expression atlas in mammals: Implications for biology and medicine. Proc Natl Acad Sci
US A, 111(45), 16219-16224. https://doi.org/10.1073/pnas.1408886111

[4] Aguilar-Arnal, L., & Sassone-Corsi, P. (2015). Chromatin landscape and circadian dynamics:
Spatial and temporal organization of clock transcription. Proc Natl Acad Sci U S 4, 112(22),
6863-6870. https://doi.org/10.1073/pnas. 1411264111

[5] Masri, S., & Sassone-Corsi, P. (2013). The circadian clock: A framework linking metabolism,
epigenetics and neuronal function. Nat Rev Neurosci, 14(1), 69-75. https://doi.org/10.1038/
nrn3393

[6] Sassone-Corsi, P., & Sahar, S. (2009). Metabolism and cancer: the circadian clock connection.
Nat Rev Cancer, 9(12), 886-896. https://doi.org/10.1038/nrc2747

[7] Doi, M., Hirayama, J., & Sassone-Corsi, P. (2006). Circadian Regulator CLOCK Is a Histone
Acetyltransferase. Cell, 125(3), 497-508. https://doi.org/10.1016/j.cell.2006.03.033

[8] Sassone-Corsi, P., Hirayama, J., Sahar, S., Grimaldi, B., Tamaru, T., Takamatsu, K., & Nakahata,
Y. (2007). CLOCK-mediated acetylation of BMALI controls circadian function. Nature,
450(7172), 1086-1090. https://doi.org/10.1038/nature06394

78



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Proceedings of the 4th International Conference on Biological Engineering and Medical Science
DOI: 10.54254/2753-8818/72/2024.18872

Sassone-Corsi, P., & Katada, S. (2010). The histone methyltransferase MLL1 permits the
oscillation of circadian gene expression. Nat Struct Mol Biol, 17(12), 1414-1421. https://doi.
org/10.1038/nsmb.1961

Nakahata, Y., Kaluzova, M., Grimaldi, B., Sahar, S., Hirayama, J., Chen, D., Guarente, L. P., &
Sassone-Corsi, P. (2008). The NAD +-Dependent Deacetylase SIRT1 Modulates CLOCK-
Mediated Chromatin Remodeling and Circadian Control. Cell, 134(2), 329-340. https://doi.
org/10.1016/j.cell.2008.07.002

Koike, N., Yoo, S.-H., Huang, H.-C., Kumar, V., Lee, C., Kim, T.-K., & Takahashi, J. S. (2012).
Transcriptional Architecture and Chromatin Landscape of the Core Circadian Clock in
Mammals. Science, 338(6105), 349-354. https://doi.org/10.1126/science.1226339

Azzi, A., Dallmann, R., Casserly, A., Rehrauer, H., Patrignani, A., Maier, B., Kramer, A., &
Brown, S. A. (2014). Circadian behavior is light-reprogrammed by plastic DNA methylation.
Nat Neurosci, 17(3), 377-382. https://doi.org/10.1038/nn.3651

Vollmers, C., Schmitz, Robert J., Nathanson, J., Yeo, G., Ecker, Joseph R., & Panda, S. (2012).
Circadian Oscillations of Protein-Coding and Regulatory RNAs in a Highly Dynamic
Mammalian Liver Epigenome. Cell Metab, 16(6), 833-845. https://doi.org/10.1016/j.cmet.
2012.11.004

Woller, A., Duez, H., Staels, B., & Lefranc, M. (2016). A Mathematical Model of the Liver
Circadian Clock Linking Feeding and Fasting Cycles to Clock Function. Cell Rep, 17(4),
1087-1097. https://doi.org/10.1016/j.celrep.2016.09.060

Nakahata, Y., Sahar, S., Astarita, G., Kaluzova, M., & Sassone-Corsi, P. (2009). Circadian
Control of the NAD* Salvage Pathway by CLOCK-SIRT]1. Science, 324(5927), 654-657. https:
//doi.org/10.1126/science.1170803

Bellet, M. M., Orozco-Solis, R., Sahar, S., Eckel-Mahan, K., & Sassone-Corsi, P. (2011). The
time of metabolism: NAD+, SIRT1, and the circadian clock. Cold Spring Harb Symp Quant
Biol, 76, 31-38. https://doi.org/10.1101/sqb.2011.76.010520

Thakore, P. 1., Black, J. B, Hilton, I. B., & Gersbach, C. A. (2016). Editing the epigenome:
technologies for programmable transcription and epigenetic modulation. Nat Methods, 13(2),
127-137. https://doi.org/10.1038/nmeth.3733

Millius, A., & Ueda, H. R. (2017). Systems biology-derived discoveries of intrinsic clocks. Front
Neurol, 8, 25-25. https://doi.org/10.3389/fneur.2017.00025

Hoffman, A. E., Zheng, T., Ba, Y., Stevens, R. G., Yi, C. H., Leaderer, D., & Zhu, Y. (2010).
Phenotypic effects of the circadian gene Cryptochrome 2 on cancer-related pathways. BMC
Cancer, 10(1), 110-110. https://doi.org/10.1186/1471-2407-10-110

Ayyar, V. S., & Sukumaran, S. (2021). Circadian rhythms: influence on physiology,
pharmacology, and therapeutic interventions. J Pharmacokinet Pharmacodyn, 48(3), 321-338.
https://doi.org/10.1007/s10928-021-09751-2

McClung, C. A. (2011). Circadian rhythms and mood regulation: Insights from pre-clinical
models. Eur Neuropsychopharmacol, 21(4), S683-S693. https://doi.org/10.1016/j.euroneuro.
2011.07.008

Roybal, K., Theobold, D., Graham, A., DiNieri, J. A., Russo, S. J., Krishnan, V., Chakravarty, S.
, Peevey, J., Oehrlein, N., Birnbaum, S., Vitaterna, M. H., Orsulak, P., Takahashi, J. S., Nestler,
E.J., Carlezon, W. A., & McClung, C. A. (2007). Mania-Like Behavior Induced by Disruption
of CLOCK. Proc Natl Acad Sci U S A, 104(15), 6406-6411. https://doi.org/10.1073/pnas.
0609625104

79



