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Abstract

The mammalian molecular clock is comprised of a complex network of transcriptional programs
that integrate environmental signals with several physiological pathways in a tissue-specific
manner. Basic clock features have been elucidated, and emerging technologies are starting to
uncover the underlying molecular mechanisms, setting the stage for a ‘systems’ view of the
molecular clock. Here we consolidate recent results from genome-wide studies of genetic and
epigenomic factors with our understanding of the classic clock mechanism. In addition to its
importance in human physiology and disease, the clock mechanism serves as a robust model to
uncover or test general principles of dynamic /n vivo transcription regulation.

INTRODUCTION

The old adage “you are what you eat” highlights the interconnected relationship between
humans and their environment. In addition to the molecules we ingest, we are physically
connected to the natural rhythm of the sun, which provides light and heat with a period of 24
hours. This rhythm has shaped everything from human behavior, such as periodic sleeping
and eating, to the molecular clocks that exist in most cells of our body. In mammals,
peripheral organs including the liver contain molecular clocks that are entrained by fasting-
feeding cycles as well as inputs from the brain, which has it own clock controlled by light-
dark cycles through the retina-suprachiasmatic nucleus tract situated in the hypothalamus.
Molecular clocks coordinate gene expression programs in several physiological systems,
allowing cells to preemptively adjust to rhythmic environmental changes. For decades,
epidemiological and molecular research have stressed the importance of synchronicity
between the 24 hour day and the endogenous molecular clocks, to explain how light
pollution and aberrant eating schedules may contribute to disease in industrialized societies’.

The existence of a transcriptionally based eukaryaotic circadian clock was discovered in
Drosophila as was much of its mechanistic underpinnings?=4. Mammalian clocks, using
many of these same principles but far more complicated, have been investigated primarily in
mice®8. In all mammalian tissues, the engine of the molecular clock consists of a

o whom correspondence should be addressed., lazar@mail.med.upenn.edu.
These authors contributed equally to this work.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Papazyan et al.

Page 2

transcription-translation feedback loop that is initiated by the basic helix loop helix (bHLH)
domain containing transcription factor (TF) BMALL (the protein product of Arnt). BMAL1
dimerizes with either Circadian Locomoter Output Cycles Kaput (CLOCK) or Neuronal
PAS Domain Protein 2 (NPAS2) bHLH-containing proteins and binds to E-boxes near
Period (Per) and Cryptochrome (Cry) during the activation phase. PER/CRY proteins,
assembled into a large complexes’, feed back by suppressing BMAL1/CLOCK activity in
the repression phase. These proteins ultimately degrade and new BMAL1 complexes re-
initiate the activation phase roughly every 24 hours®-19. Additional components of the core
clock stimulated by BMAL1/CLOCK include RAR-related Orphan Receptor (ROR) and
Reverse of c-erbAa (Rev-erba), which bind ROR DNA elements (RORE) elements to
stimulate or repress transcription, respectively. BMAL1/CLOCK also stimulate the
expression of D Site of Albumin Promoter (DBP) and E4 Promoter Binding Protein
(E4BP4), which bind to D-box elements in the genome and contribute to the circadian
output of the molecular clock.

Recent genome-wide studies have started to unveil the molecular milieu of clock TF
binding811. Clock TF binding is sequence-specific, and in this context the TFs are direct
readers of the genome. However, different regions of the genome are more easily accessible
than others due to chromatin and the epigenome (i.e. heterochromatin versus euchromatin),
providing additional nodes of transcriptional regulation. Moreover, the ensemble of binding
sites at a promoter and associated enhancers underpin the binding energetics of a myriad of
tissue-specific TFs that cooperatively bind to regulate transcription. In addition to directly
binding DNA, clock factors recruit chromatin-modifying enzymes that alter the local
epigenome. Therefore, clock factors, just like TFs, play a fundamental role in bridging the
genome with the epigenome.

Clock TF binding motifs

A combination of 3 binding elements -- E-boxes, RORE, and D-boxes -- found near
transcriptional starts sites (TSS) and enhancers coordinate core clock TF binding and gene
transcription. Additional factors that contribute to entraining the clock to external inputs
(light/feeding) include, but are not limited to, humoral factors such as insulin, glucagon and
glucocorticoids as wells as TFs such as CAMP response element-binding protein
(CREB)12.13, The exact molecular nature of how these external pathways intersect with the
core clock mechanism are under active investigation4-15,

Clock factor binding motifs are found throughout the mammalian genome, yet an
infinitesimally small proportion is bound by clock TFs underscoring the importance of
additional genetic and epigenetic components in the core clock mechanism. Moreover, TFs
bind to thousands of sites in the genome, but it is unlikely that each binding event is
functionall8. Thus, apart from identifying binding sites, additional sources of information
are required to define biologically functional cistromes. Functional sites are often enriched
with cooperatively binding TFs as well as contain unique epigenetic signatures1:17,
highlighting the combinatorial nature of mammalian transcription regulation. Whether
epigenetic or genetic mechanisms dominate in this context is very much under intense
investigation. It is important to note that biological specificity of TF binding and function is
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largely dictated by Gibbs free energy, whereby small gains in binding energy through
cooperative interactions results in logarithmic increases in affinity. Thus, we favor the view
that differential expression of TFs and cofactors underlies much of the tissue specificity of
clock factors, and epigenomic elements coordinately contribute to the energetics of
cooperative binding.

Genome-wide examination of circadian enhancer RNA (eRNA) expression, which mark
active enhancers, by global run-on sequencing (GRO-seq) has identified functional TF
cistromes in the mouse liver!1, This study showed that enrichment of specific TF motifs in
eRNA demarcate different circadian periods. Specifically, the most enriched site at Zeitgeber
time 6~9 (ZT; where ZTO is ‘lights on’ and ZT12 is ‘lights off’), ZT 9~15, ZT 18~24, and
ZT 0~3 were found to be E-boxes, D-boxes, RORE/Rev-DR2, and ETS motifs, respectively.
This unbiased analysis verified the essential role of TF binding to their motifs in the control
of circadian gene transcription. In this section, we will focus on circadian motifs and
emerging models of clock TF binding modes.

E-box motif—E-box motifs contain a core CANNTG sequence that is recognized by
bHLH domain containing TFs. The flanking sequences of E-boxes confer additional levels
of specificity to the dozens of bHLH-containing proteins in the mammalian proteome by
extending the motif and altering DNA shapel8. Its importance to the circadian clock was
first appreciated when it was discovered in the promoter of Perin Drosophila-®, and later in
mammals20. Notably, besides binding to single E-boxes, BMAL1/CLOCK also bind to
tandem E-boxes spaced 6 or 7 nucleotides apart with much higher affinity due to cooperative
effects, leading to increased recruitment of the transcriptional machinery2®. Comparison of
the BMAL1 binding and eRNA expression at the Ar1d1 (Rev-erba ) locus shows that not
every consensus E-box is bound by BMALL (Figure 1a and 1b), indicating its binding is also
dictated by the epigenome or interactions with other TFs. Furthermore, BMAL1 target genes
may have active enhancers that are not directly bound by BMALL1 (Figure 1c). This, together
with the fact that E-box controlled clock targets have variable expression phases®22 suggest
additional higher order levels of clock gene regulation by unknown circadian TFs or
epigenomic mechanisms.

Despite minor differences in E-box preferences among bHLH proteins, several can impinge
on BMALL binding sites, particularly when their expression levels are altered due to
disease23-25, Oncogenic Myc, a bHLH containing protein, directly activates expression of
multiple repressors of the clock including Rev-erba and Rev-erbp through binding E-boxes
at their promoters?4. This leads to disruption of circadian BMAL1 oscillation as well as
circadian glucose metabolism?4. USF1, a bHLH protein, binds to E-box motifs to regulate
transcriptionZ® and ChIP analysis has shown that it can bind to enhancers of Dbp, Perl and
Per2. Furthermore, upregulation of USF1 in mice, caused by a genetic variation in the UsfZ
promoter sequence, rescues circadian phenotypes in CLOCK mutants2>, supporting an
activating role for USF1 in E-box mediated transcription.

RORE/RevDR2 motif—The RORE motif is composed of an AT-rich sequence preceding a
core motif of PUGGTCAZ?’. It was first discovered as the binding sites for RORs with high
specificity228, where they function to activate gene transcription?®. Later, it was shown that
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two other members of the nuclear receptor superfamily, Rev-erba and Rev-erbp, bind
RORE30-32, Rev-erba not only binds to the RORE as a monomer, but could also function as
a homodimer to repress transcription of genes containing a novel sequence of two tandem
RORE sites separated by 2 bp (Rev-DR2)33. It has been shown that total body as well as the
tissue specific knockout of RORs29:34:35 or Rev-erbs36-39 |eads to disruption or phase shift
of the molecular clock in various tissues. Indeed, both RORs and Rev-erbs bind to RORE/
Rev-DR2 motif in a circadian manner and they work coordinately to maintain the robust
circadian expression of core clock genes, such as BMAL1, NPAS2, CRY1, E4BP43°,

D-box motif—D-boxes are variants of bZIP motifs and are 9- to 10-bp palindromes
composed of two GTAAY half-site sequences. This motif is bound by the proline and acidic
amino acid-rich basic leucine zipper (PAR-bZIP) TF family in a phase-specific manner,
including DBP, E4BP4, HLF, TEF. All of these TFs are expressed in a circadian manner in
several tissues controlled by BMAL1/CLOCK through E-box motifs in their promoters?L,
DBP, HLF and TEF are transcription activators and are very similar in their primary amino
acid sequences, with evidence of redundancy in their function®C. Intriguingly,
DBP/TEF/HLF triple total body knockout do not affect circadian behaviors and clock gene
expression?0, suggesting that DBP/HLF/TEF are more likely to control clock output genes
instead of the core clock mechanism.

On the other hand, E4BP4 is a transcriptional repressor whose expression is controlled by
Rev-erba through its RevDR2 maotif, resulting in expression phase opposite to those of
DBP/HLF/TEF. Indeed, the genes and enhancers repressed by Rev-erba are shared targets
of E4BP4 through the D-box motifll. Thus, E4BP4 is thought to control a distinct arm of the
clock output that coordinates with DBP/HLF/TEF to switch between the on-off
transcriptional states of the target genes in a D-box dependent manner. This regulatory role
of E4ABP4, however, has yet to be confirmed by genetic loss-of-function or genome-wide
ChiIP-seq studies.

Models of TF crosstalk at circadian motifs

Competitive binding—Changes in circadian TF concentrations in the nucleus are major
determinants of their binding and transcriptional activity. Moreover, several TFs (activators
and repressors) can bind to similar genomic sequences and compete for binding sites near
genes they regulate (Figure 2a). As an example, ROR and Rev-erb both bind strongly to
RORE sites32. Indeed, although RORa protein levels are nearly constant in the liver2?,
RORa binding to RORE is very rhythmic and in opposite phase to Rev-erb binding,
supporting a competition model dominated by diurnally expressed Rev-erb proteins3.
Moreover, knockouts of the ROR co-activator SRC2 or the Rev-erb co-repressors NCOR
and HDAC3 lead to much milder changes in BMAL1 expression compared to those of ROR
and Rev-erb KO341 highlighting that competition between ROR/Rev-erb binding
constitutes the major mode of transcriptional regulation, apart from the cofactors they recruit
to modify chromatin.

Competition phenomena have been observed with other TFs. Transcriptional repressors
DEC1/2 and activator USF1 can compete for E-boxes with BMAL1/CLOCK?2542 while
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DBP/HLF/TEF compete with E4BP4 on D-box motifs*3. Notably, DNA binding motifs may
have different sets of competitors based on slight variations in the motif sequences. For
example, at canonical E-boxes, DEC1/2 compete with BMAL1/CLOCK, while at EL-box
motifs (an E-box-like motif that contains a N-box motif) HES1 competes with and
suppresses BMAL1/CLOCK activity?. Interestingly, the competition model also predicts
that other TFs with non-circadian functions can affect clock gene expression, as was shown
between c-MYC and BMAL1/CLOCK?4, Indeed, clock dysfunction is common to many
diseases including cancer and metabolic disorders*®, and it remains to be seen whether
transcriptional disequilibrium of clock genes is a general marker of disease.

Facilitated Loading—Besides competition, some clock TFs may obtain access to DNA in
a cooperative manner that has been termed facilitated loading (Figure 2b). It has been shown
that BMAL1 and CLOCK have histone modification activity and can function like pioneer
TFs to promote the rhythmic removal of nucleosomes at its binding sites*6. This rhythmicity
of chromatin opening can potentially lead to (or facilitate) the rhythmic binding of nearby
transcription TFs and nuclear receptors, including HNF4, HNF6, CEBPA, STATS5, and Rev-
erbs?6. Indeed, BMAL1 and RORa can make chromatin more accessible by recruiting
PBAF members of the SWI/SNF complex during the activation phase to facilitate the
binding of Rev-erba#’. This model, which underscores the importance of the additional TF
binding, might also explain the disconnect between BMAL1/CLOCK binding and different
transcription initiation rates of their targets.

Protein-Protein Interaction and Tethering—It is well known that circadian TFs recruit
chromatin-modifying enzymes through protein-protein interactions. Additionally, clock TFs
may also indirectly bind to DNA through protein-protein interactions (Figure 2c), producing
functionally distinct outcomes compared with their direct DNA binding activities. For
example, Rev-erba can control the core clock via its DNA binding domain (DBD), but it can
also be tethered by lineage determining TFs, such as HNF6, HNF4 and CEBP, to regulate
the metabolic output of the core clock in a tissue-specific manner3®. In addition, besides
CRY and PER, BMAL1 also interacts with proteins containing a short PXDLS peptide
motif, which is found in Rev-erba, RIP140 and CBP“8. Indeed, about one third of BMAL1
binding sites are common to the Rev-erba cistrome, and are found near genes involved in
energy homeostasis3’, supporting a potential tethering role for BMALL1 at these Rev-erba
targets. There is also potential evidence that BMAL1 may be tethered to chromatin at non-E-
box sites® but this notion has not been directly tested.

Epigenomics of circadian transcription

Mammalian clock models tend to be oversimplified — depicting TFs binding to naked DNA
elements upstream of genes. However, in reality, these DNA elements are weaved around
nucleosomes and packaged into chromatin. Distinct chromatin states are marked by unique
histone post-translational modifications (PTMSs). For example, histone H3 lysine 4
methylation (H3K4me) is found in euchromatin and methylation of H3K9, just 5 amino
acids away, occurs in heterochromatin. Adding to the complexity, monomethylated H3K4
(H3K4mel) is associated with enhancer elements whereas its trimethylated form
(H3K4me3) occurs near transcriptionally active TSS#9. Furthermore, the histone variant
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H2A.Z can be deposited near TSS and enhancers to loosen DNA/nucleosome binding?®.
Advances in this field have led to an abundance of work highlighting the combinatorial
aspect of epigenetic gene regulation, which is also relevant at circadian loci0. Importantly,
the histone PTMs discussed in this review and generally studied by researchers constitute a
very small proportion of known histone PTMs?*®, many of which remain under-
characterized.

Histone PTMs are thought to function in part by recruiting specific effector complexes that
can bind or ‘read” combinations of PTMs®?, akin to TF binding to cognate DNA sequences.
Like TFs, multiple histone readers cooperatively bind chromatin through multivalent
interactions with histone PTM?®2, Increasing experimental evidence link the epigenome with
the molecular clock. For example, Rev-erba genomic binding sites vary in different
tissues3?, which contain the same genomic sequence but vastly different epigenomes and TF
expression. Furthermore, several studies have shown that BMAL1/CLOCK binding per seis
insufficient to induce transcription, and additional TFs and epigenetic mechanisms are
involved?2:52-56 |n this section we will highlight findings at the intersection of the
molecular clock and epigenomics.

Circadian histone acetylation—Histone acetylation is highly rhythmic at clock gene
promoters and enhancers. Specifically, H3K27Ac, a marker of active enhancers, and
H3K9Ac have been shown to be rhythmic and positively correlated with clock gene
expression1793:57 In fact, it was shown that histone acetylation is more indicative of active
gene transcription of Peri/2and Cry1 genes, which are phase-delayed about 6 to 9 hours,
compared to BMAL1/CLOCK binding?2. Rhythmic histone acetylation at clock loci is
largely mediated by p300 and CBP histone acetyltransferases (HATs)%2:53:58_ |n addition to
these HATS, it has been proposed that CLOCK may have intrinsic HAT activity that
acetylates histones®®. CLOCK, CBP and p300 share many of the same histone targets (e.g.
H3K9, H3K14 and histone H4)®0, thus their activities may be redundant or, more
intriguingly, we speculate they may function at different phases of the clock. For example,
CLOCK HAT activity may be important for its pioneer-like activity in acetylating and
evicting histones early in the activation phase®:59. Later in the activation phase, p300 or
CBP can bind the BMAL1/CLOCK dimer, and acetylate flanking nucleosomes to further
loosen chromatin and stimulate transcription®2-58.60, Thus, we think that the combined HAT
activities of CLOCK, p300 and CBP contribute to robust histone acetylation of chromatin
surrounding E-boxes and as yet unknown mechanisms dictate the target specificity and
temporal activity of these TFs.

Levels of histone acetylation can be regulated by HATSs as well as histone deacetylases
(HDAC), which catalytically remove the acetyl modification from lysine residues. Several
HDACSs have been shown to be important for controlling circadian histone acetylation and
pan-specific inhibitors such as trichostatin (TSA) or sodium butyrate increase histone
acetylation levels near Perf Cry and alter clock gene expression®#61. HDACs cannot directly
bind to DNA and thus they are recruited to chromatin as part of effector complexes
(cofactors) that directly interact with transcription factors and other epigenomic factors. For
example, Rev-erba represses transcription in part by recruiting the corepressor complexes
N-CoR and/or SMRT to RORE®’. A stable member of the N-CoR/SMRT complex is
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HDAC362, which is required to deacetylate histones near RORE in a circadian manner and
affect the epigenomic regulation of clock gene transcription®’ (Figure 3).

One of the major mechanisms of transcriptional repression mediated by CRY and PER is the
direct recruitment of the Sin3 complex, which contains HDAC1 and HDAC261.63, Another
corepressor complex called NuRD, also contains HDAC1 and HDAC?, binds PER/CRY to
deacetylate nearby histones and repress clock genes®. Between the Sin3 and NuRD
complexes, there are a myriad protein factors with binding modules that recognize specific
histone and DNA maodifications including Rbap48 (WD40 repeats), CHD4 (chromodomain
and PHD finger), and MBD (methylated DNA reader), but whether they function to ‘read’
the clock epigenome has not been elucidated.

Sirtuins are another class of HDACs involved in the core clock mechanism and levels of
their cofactor, nicotinamide adenine dinucleotide, are under tight circadian control in many
physiological systems85. Two independent groups found that SIRT1 associates with the
BMAL/CLOCK heterodimer to regulate the circadian activity of SIRT1, although they came
to opposite conclusions regarding the impact of of SIRT1 on the amplitudes and magnitudes
of circadian gene expression®6:67_ 1t will be important for additional studies to resolve this
controversy.

Thus, HDAC:s are prolific in the core clock mechanism (Figure 5). Interestingly, although
many HDACSs seem to target the same histone residues, there appears to be some specificity
in their activity since knock down experiments of single HDACs have yielded increases in
histone acetylation7:63.67, Therefore, it is tempting to speculate that these HDACs act in
concert on different nucleosomes and their net activity contributes to cumulative
deacetylation and robust heterochromatin formation of circadian loci. Alternatively, we
envisage that HDACs may be part of distinct clock complexes occurring at different genomic
sites and that they may also have distinct specificities for acetylated chromatin associated
proteins beyond histones.

Circadian histone methylation—In addition to acetylation, lysine side chains can be
methylated by methyltransferases, and often their deacetylation precedes this favoring an
acetylation-methylation switch#°. In the case of histone H3K9, while acetylation is a strong
indicator of euchromatin and active transcription, its methylation promotes heterochromatin
formation and transcriptional repression. Rhythmic H3K9 methylation levels near circadian
E-boxes are mediated by SUV39 methyltransferase®® and are anti-phase to H3K9 acetylation
patterns. Following H3K9 methylation, heterochromatin protein 1 alpha (HP1a.) binds
H3K9me2 through its chromodomain near E-boxes and mediates rhythmic heterochromatin
formation during the repressive phase of the clock®3. Intriguingly, clock genes remain
repressed well after the degradation of CRY/PER8-10, suggesting that H3K9me/HP1 may
serve as epigenetic silencers of clock gene expression until BMAL1/CLOCK re-initiate the
cycle®3:68 (Figure 5). This mechanism also hints at active circadian H3K9 demethylation
upon or before BMAL1/CLOCK binding, but the underlying mechanism is entirely unclear,
and identification of a responsible H3K9 demethylase is needed to resolve the molecular
events at this critical juncture of the clock. Aside from demethylases, nucleosome-
remodeling complexes can also remove modified histones and replace them with unmodified
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histones or functional variants. Indeed, histone H2A.Z is deposited concurrently with
BMALZ1/CLOCK binding*8 (Figure 5), but whether other histone variants are replaced/
deposited is not known and identification of circadian histone chaperones/remodelers that
bind BMAL1/CLOCK or even precede their activity is needed.

H3K4 methylation often co-occurs with acetylation of nearby lysines residues within the
same nucleosome or histone near transcriptionally active genes and enhancers®®, and the
clock mechanism is no exception. H3K4me3 levels are dynamically regulated near TSSs of
clock genes953.70, The MLL family of methyltransferases are responsible for the circadian
deposition of H3K4me371-73, with various MLL isoforms having mutually exclusive
mechanisms of clock regulation’L. In addition to serving as coactivators for BMAL1/
CLOCK, MLLs can also act as coactivators for ROR’3.

Several putative histone demethylases have been shown to modulate clock gene
expression’*~"7, Curiously, the catalytic activity of these enzymes have been dispensable for
their clock dependent activity with the exception of IMID576, and accordingly none have
been shown to target H3K4 methylation. Intriguingly, it was shown that LSD1, which can
demethylate H3K4me and H3K9me, is a catalytically-independent coactivator for BMAL1/
CLOCK in the clock mechanism’’. Thus, H3K4me and H3K9me specific demethylases
have yet to be identified for clock genes. Perhaps clues will come from model organisms
such as Arabidopsis and Neurospora, where functional clock studies have identified several
putative epigenetic modifiers’8 including conserved demethylases’®.

Circadian histone ubiquitination—Histone H2A monoubiquitination is associated with
gene repression and is part of the well-studied Polycomb EZH2-H3K27me3-PRC1 pathway
that control heterochromatin formation during cell differentiation and cancer. Interestingly,
EZH2 is constitutively bound to BMAL1/CLOCK, but its affect on H3K27me3 around E-
boxes is minimal, and whether H3K27me3 levels are circadian near clock genes is unclearg.
In contrast, H2B monoubigquitination (H2BUb) levels are rhythmic near circadian E-boxes8!
(Figure 4). Ddb1-Cul4 mediated H2BUb occurs late in the activation phase, and is thought
to usher in the repression phase of the clock by facilitating the recruitment of the PER/CRY
complex to BMAL1/CLOCK bound E-boxes®!. Although a different class of E3 ligases was
implicated, H2BUb was also shown to occur in plants and found to be important for the
repression phase of clock gene transcription82. There are several proteins that can putatively
bind or ‘read” monoubiquitinated H2B82 but none to date have been identified in the
PER/CRY repressive complex8L. Moreover, the highly conserved SAGA complex has been
shown to deubiquitinate H2B from yeast to humans, but whether it has a role in the clock
has yet to be determined.

Circadian DNA methylation—DNA methylation (DNAme), catalyzed by DNA
methyltransferases (DNMT), is a well-studied epigenetic modification with complex roles in
gene regulation. In mammals, it predominately occurs on cytosines in cytosine-guanine
(CpG) dinucleatides throughout the genome. DNAme patterns are tissue-specific and it is
thought that CpG methylation near genes plays a fundamental role in establishing and
maintaining cell identity during differentiation. Massive changes in DNAme occur during
development and disease, which can take days and weeks to transpire. Coupled with the fact
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that mechanisms of DNA de-methylation are complex and multifactorial, it is thought that
this epigenetic mark is stable and that changes on the order of 24h cycles are unlikely.
Studies on circadian DNA methylation in mouse livers and brain cells found no major
rhythmic changes, but these analyses focused on broad regions of the genome and rhythmic
methylation at single CpG was not interrogatedl7:84. Nevertheless, there is accumulating
evidence for crosstalk between DNA methylation and circadian rhythms, particularly in the
brain®85 DNMT levels are expressed rhythmically in the mouse brain and liver, with some
evidence of rhythmic DNA methylation occurring in Line-1 repeat elements®:87. MECP2, a
reader of DNA methylation and an important player in Rett syndrome, binds to the N-CoR
complex in the brain®. Intriguingly, the canonical E-box motif, CTCGAG, contains a
central CpG moiety that can become methylated and we hypothesize influence BMAL1/
CLOCK binding. Indeed, CpG methylation alters binding of some bHLH proteins, but this
has not be directly tested for BMAL1/CLOCKS9. Additionally, whether differential CpG
methylation of E-boxes in different tissues and disease contexts regulate BMAL1/CLOCK
genomic binding has yet to be determined.

Dynamic chromatin architecture—Recent advances in genome-wide chromatin
mapping technologies have stimulated a new appreciation for the 3D architecture of
chromatin, and its critical contributions to long-distance c/s-acting mechanisms of gene
regulation. For example, they have provided genome-wide and mechanistic proof that distal
elements such as enhancers physically “loop” near the TSSs they regulate. Additionally,
these methods have uncovered the presence of subnuclear chromatin compartments or zones
where gene expression is uniformly regulated - e.g. the nuclear periphery is largely
repressive for transcription and genes recruited there during differentiation are epigenetically
silenced®0. Studies in cultured cells have shown that these modes of regulation are also
apparent in circadian systems®1-%4. The Dhp gene loops to over 200 long-range sites in the
genome in a BMAL1-dependent manner®, Several looping factors, such as members of the
Mediator complex, form interactions with core clock TFs%2°, Deletion of one of these
factors important for looping, Smc3, causes major disruptions to the clock®4. Interestingly,
the clock machinery also interacts with the nuclear envelope in a circadian manner
suggesting that translocation of clock genes to the nuclear periphery may constitute a
general silencing mechanism for clock controlled gene. Support for this model comes from
other studies showing that chromatin gains H3K9me2 levels as it translocates from the
center of the nucleus to the periphery®®, and this mechanism may underlie the circadian
H3K9me2 levels detected in clock loci®3. Thus, there is strong indication in vitro that
chromatin structure changes in a circadian manner.

Concluding remarks

Over the past few years an explosion of new genome-wide technologies have provided
unprecedented access to the intracellular molecular clock. The basic model of the clock has
withstood much experimental scrutiny, with recently added molecular and mechanistic
details that have enriched our understanding of the physiological clock. Studies in
Neurospora and cyanobacteria have also bolstered the non- and post-transcriptional
regulation of the molecular clock, including rhythmic peroxiredoxin cycling®”. Still, there is
a great need to integrate and balance ever-growing genome-wide datasets with biochemical,
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molecular and genetic approaches. Additionally, most research has focused on the liver and
brain clocks, but with increasing sensitivity of sequencing technologies including single-cell
capabilities we anticipate a more thorough understanding of cellular clocks throughout the
body in the coming years. Given the robustness and synchronicity of the molecular clock,
we are confident that promising avenues of research including CRISPR technology, which is
already being used to manipulate the clock®, and chromatin capture techniques will be
amenable in /n vivo settings. Beyond an academic issue, these techniques will no doubt
provide therapeutic insights to the expanding list of circadian disorders and circadian GWAS
studies in human populations®9-100,

The study of clock TFs transcends many scientific fields, providing meaningful
opportunities /7 vivo to address several fundamental questions in epigenomic and
transcription regulation. For example, the mechanisms that confer functionality at a subset of
TF binding sites are largely unknown. The discovery of molecular rules that dictate why
BMALZ1/CLOCK are essential to the clock but play ancillary roles at thousands of tissue-
specific sites may provide exciting clues to this end. Moreover, the study of BMAL1/
CLOCK activity during the early activation phase may elucidate how pioneer TFs, which
can theoretically access hundreds of thousands of binding sites in the mammalian genome,
home in on specific genomic regions. Indeed, regulation of chromatin structure may inform
many of these open-ended questions, thus the study of epigenomic factors near circadian
DNA motifs may shed light on the key determinants of transcription regulation.
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Figure 1. The Nr1d1 genelocus
ChlIP-seq data from Koike et a/8 juxtaposed to Global Run-On Sequencing (GRO-Seq) data

from Fang et a/11 performed in mouse livers from circadian time points (ZTO is light on, ZT
12 is lights off). Canonical CACGTG E-box motifs (denoted by open triangles) are bound by
BMAL1 with the exception of (b). GRO-seq measures nascent transcription levels of genic
and intergenic RNA, including short-lived enhancer RNA (eRNA). Two rhythmically
expressed eRNAs (a) and (c) are present near the transcriptional start site (TSS, green
triangle) of Ar1d1, but only one (@) is directly bound by BMAL1. Whether these eRNA are
linked topologically or whether the eRNA in (c) is independent of BMAL1 activity is not
known.
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Figure 2. M echanismsregulating genomic binding of circadian TFs
(a) Competitive binding among different TFs is observed at E-box, RORE, and D-box

motifs. TF binding to the E-box motif, including DEC1/2, USF1, HES1, MYC can inhibit
BMAL1 binding. Circadian expressed Rev-erba competes with RORa., which results in
oscillation of RORa binding. E4BP4 competes with other PAR-domain basic leucine zipper
TFs DBP/TEF/HLF, which also leads to a robust diurnal switch on/off of their target gene
transcription. (b) BMAL1 and CLOCK can function as pioneer TFs to promote the
chromatin de-condensation during activation phase. Similarly, RORa could also recruit
epigenetic modification machinery to remodel the chromatin structure to facilitate the
binding of Rev-erba. (c) PXDLS peptide motif, which is conserved in CBP, RIP140 and
Rev-erba, can interact with BMAL1/CLOCK and regulate circadian transcription. On the
other hand, Rev-erba. can also be tethered to lineage determining TFs, such as HNF6 in the
liver, to regulate different metabolic output processes in various tissues.
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Histone
acetylation

Figure 3. Rev-erba and RORa coordinate rhythmic gene expression at RORE/DR2 elements
Rev-erb represses transcription by two known major mechanisms: 1) Competes with and

jettisons RORa and associated co-activators from chromatin; and 2) Recruits N-CoR/SMRT
corepressor complexes harboring HDACS3 to deacetylate nearby chromatin and
heterochromatin. The deacetylase activation domain (DAD) of N-CoR and SMRT is
required to stimulate HDAC3 activity.
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Figure 4. Temporal view of chromatin and clock factors surrounding rhythmic E-boxes
Recent work has started to unravel the temporal coordination of the molecular clock,

including rhythmic changes to histone modifications, histone deposition and chromatin
structure. The classical clock proteins (BMAL1/CLOCK/CRY/PER) recruit several
chromatin-modifying proteins and complexes that control the epigenome.
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