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ABSTRACT

Mammalian circadian rhythms drive ~24 h periodicity in a wide range of
cellular processes, temporally coordinating physiology and behaviour
within an organism, and synchronising this with the external day—night
cycle. The canonical model for this timekeeping consists of a delayed
negative-feedback loop, containing transcriptional activator complex
CLOCK-BMAL1 (BMAL1 is also known as ARNTL) and repressors
period 1, 2 and 3 (PER1, PER2 and PER3) and cryptochrome 1 and 2
(CRY1 and CRY?2), along with a number of accessory factors. Although
the broad strokes of this system are defined, the exact molecular
mechanisms by which these proteins generate a self-sustained rhythm
with such periodicity and fidelity remains a topic of much research.
Recent studies have identified prominent roles for a number of crucial
post-transcriptional, translational and, particularly, post-translational
events within the mammalian circadian oscillator, providing an
increasingly complex understanding of the activities and interactions
of the core clock proteins. In this Review, we highlight such
contemporary work on non-transcriptional events and set it within our
current understanding of cellular circadian timekeeping.

KEY WORDS: Circadian rhythm, Post-transcriptional modification,
Post-translational modification, Translational regulation, Cellular
timekeeping

Introduction
We live in a 24-h world, where the rotation of the Earth provides
a continuous environmental rhythm — the day-night cycle.

Consequentially, animals, plants, fungi and some bacteria (Dunlap,
1999; Roenneberg and Merrow, 2005) have evolved to exhibit
circadian rhythms in a wide range of biological processes, from
sleep—wake cycles to wound healing (Hoyle et al., 2017). These
rhythms exhibit an ~24-h period, meaning that the time taken for each
cycle is around a day. They are self-perpetuating, persisting without
external timing information, but are able to shift their phase of
oscillation to synchronise with specific external cues, such as the
light-dark cycle, feeding and temperature. Furthermore, they are
temperature compensated, retaining their 24-h periodicity across the
range of biologically relevant temperatures (Pittendrigh, 1960).
Circadian rhythmicity is thought to provide a significant fitness
advantage (DeCoursey et al., 2000; Woelfle et al., 2004), as it allows
organisms to predict the timing of regular external events, modifying
their physiology and behaviour in anticipation of environmental
change, rather than in response to it. Furthermore, circadian
disruption, as occurs during shift work, where people are active
when their physiology would favour sleep, is associated with adverse
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health outcomes, including increased rates of type 2 diabetes, some
forms of cancer, and compromised immune function (Cuesta et al.,
2016; Salgado-Delgado et al., 2013; Scheer et al., 2009). Conversely,
disrupted circadian behaviour and physiology is an early symptom of
some neurological disorders, including Parkinson’s and Alzheimer’s
disease (Li et al., 2017; Saeed and Abbott, 2017). Thus, maintenance
of circadian rhythmicity is closely associated with long-term human
health (Reddy and O’Neill, 2010).

Mammalian circadian rhythms have a cell-autonomous basis
(Balsalobre et al., 2000; Welsh et al., 2005; Yoo et al., 2004),
thought to be driven by a transcriptional—translational feedback loop
(TTFL). At its heart, this contains transcriptional activators circadian
locomotor output cycles protein kaput (CLOCK) and brain and muscle
ARNT-like 1 (BMAL1; also known as ARNTL), which together form
an active complex, and repressors period (PER; of which there are
three isoforms, PER1, PER2 and PER3) and cryptochrome (CRY; of
which there are two isoforms, CRY1 and CRY2; see Box 1),
collectively referred to here as ‘core clock proteins’. These are further
regulated by an accessory loop containing the nuclear receptors Rev-
Erbo and Rev-Erbp (also known as NR1D1 and NR1D2, respectively)
and retinoic acid receptor-related orphan receptors (RORs, consisting
of RORa, -B and -y; also known as RORA—RORC), which drive
rhythmic expression of BMALI. This accessory loop, unlike the core
clock proteins, is not essential for maintenance of fully-fledged
circadian rhythmicity, but does play a role in regulating rhythmic
expression of downstream targets or ‘clock-controlled genes’, which
have circadian changes in expression, but do not regulate circadian
timekeeping themselves (Ikeda et al., 2019; Liu et al., 2008).

In the past 20 years, much attention has been paid to the
transcriptional function of the core clock proteins and their targets.
Such work has recently been excellently and extensively reviewed
(Takahashi, 2017), and so will not be further discussed here, but a
brief introduction to this core TTFL can be found in Box 1.

Increasingly, however, it is apparent that expression and activity
of clock proteins is also regulated by non-transcriptional processes,
which are crucial for maintaining circadian timekeeping over and
above the transcriptional framework. Here, we highlight recent
work concerning these non-transcriptional mechanisms, and
discuss how such findings extend our existing understanding of
the molecular mechanisms of mammalian timekeeping.

Post-transcriptional regulation of ‘clock gene’ transcripts

Following transcription, mRNA can be extensively regulated and
modified before being translated (Fabian et al., 2010; Garcia-Maurifio
et al., 2017; Leppek et al., 2018; Zhao et al., 2017), and circadian
transcripts are no exception (Fig. 1). Around 40% of the transcriptome
oscillates in at least one tissue (Anafi et al., 2017; Zhang et al., 2014),
However, there is discrepancy between those transcripts with oscillatory
abundance, and those with an oscillation in nascent transcription, with
only ~25% of rhythmically abundant RNAs being rhythmically
transcribed, thus indicating significant roles for rhythmic regulation
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Box 1. An overview of the core mammalian molecular

circadian oscillator

The canonical model of cellular circadian timekeeping centres around a
negative transcriptional-translational feedback loop (TTFL) (Takahashi et al.,
2017). Here, the basic helix-loop-helix (bHLH) PER-ARNT-SIM (PAS)
proteins CLOCK and BMAL1 heterodimerise and bind to E-boxes (a DNA
response element) to drive the transcription of a large number of genes,
including the period (PER) proteins PER1, PER2 and PERS3, and the
cryptochrome (CRY) proteins CRY1 and CRY2, which are transcriptional
repressors of CLOCK-BMALA1. Following translation, both repressors form a
complex, together with CK1, and translocate to the nucleus. Here they
repress the activity of CLOCK-BMAL1 at E-box-regulated genes through the
formation of a macromolecular assembly, containing CLOCK, BMAL1, PER,
CRY and CK1 (Aryal et al., 2017) (see figure). Nascent PER and CRY
expression subsequently drops, and existing PER and CRY proteins are
targeted for ubiquitylation and subsequent degradation by E3 ligase
complexes. Both PER and CRY have relatively short half-lives; thus, when
their transcription is inhibited, their relative abundance drops quickly. This
reduces the abundance of the repressive complex, and so relieves
repression of CLOCK-BMAL1 activity. CLOCK-BMAL1 is therefore able to
resume its transcriptional activity at E-boxes, thus restarting the loop. This
entire oscillation takes ~24 h (Takahashi, 2017).

CLOCK-BMAL1 also drives expression of the nuclear receptors Rev-Erbo
and Rev-Erbf, while BMAL1 expression is driven by the binding of RORa
and RORB to ROR-response elements in the BMAL 1 promoter (see figure).
Rev-Erb proteins inhibit the activity of RORs on BMAL1 expression, and also
inhibit transcription of Clock (Crumbley and Burris, 2011). In turn, expression
of RORa and RORS is driven by D site-binding protein (DBP) and Nfil3
binding to D-boxes in the ROR promoter region. Together, this forms a
secondary transcriptional-translational feedback loop (Takahashi, 2017).
Although this is important for driving the circadian expression of a number of
downstream targets, this accessory loop is not thought to be as crucial for
maintaining cellular timekeeping as the core loop containing CLOCK,
BMAL1, PER and CRY (lkeda et al., 2019; Liu et al., 2008).
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and degradation of transcripts (Koike et al., 2012; Liick et al., 2014;
Menet et al.,, 2012). That said, the so-called ‘core clock’ genes are
generally rhythmically transcribed, with ribosome occupancy of those
transcripts in the same phase as their transcription (Janich et al., 2015;
Koike et al., 2012; Rey et al., 2011), indicating that rhythmic
transcription does regulate rhythmic expression of these proteins.
There is, however, clear evidence for post-transcriptional regulation
in determination of circadian periodicity. One study identified
selective N® methylation of adenosine (m®A) in Perl, Per2 and
Per3, Clock, Bmall and Rev-Erbo: transcripts (Fig. 1), and showed
that m®A methylation of Per2 and Bmall (and likely other transcripts)
aids their nuclear export (Fustin et al., 2013). Inhibition of methylation
lengthened circadian period, whereas overexpression of the Mettl3
methylating enzyme shortened the period (Fustin et al., 2013). This
group also showed that 3’ untranslated region (UTR) mC°A
methylation negatively regulates the expression of casein kinase 1
(CK1)d splice variants CK181 and CK162, with removal of this

methylation site simultaneously increasing Csnkldl (encoding
CK181) mRNA levels and increasing translation of both variants, as
well as lengthening circadian period in mice (Fustin et al., 2018). The
same team suggest a role for m’G-cap methylation in nuclear export of
core clock transcripts, but whether this is a ubiquitous process, or has
some sequence specificity, remains unclear (Fustin et al., 2013). Both
Clock and Rev-Erbo mRNA also undergo alternative splicing, with
splice variants showing a different phase of expression relative to the
main transcript (McGlincy et al., 2012). However, the function(s) of
these variants is not currently well understood.

The 3'UTR plays a particularly important role in regulating the
stability and degradation of core clock transcripts (Fig. 1). Per2
transcripts lacking their native 3'UTR have a longer half-life than
those containing it (Woo et al., 2009), and the Per3 3'UTR also
substantially promotes mRNA degradation (Kwak et al., 2006).
Similarly, replacing the Per2 3'UTR with the SV40 late poly(A)
signal in mice produced a longer free-running period and
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Fig. 1. Schematic overview of factors regulating mRNA levels of core clock proteins. Myriad factors influence the stability of mRNA coding for core
clock proteins. Coding sequences are represented as coloured blocks, flanked by 5" and 3" UTRs. Large coloured lozenge shapes represent proteins and
half-arrows denote miRNA binding. Readers should be aware that the exact binding sites of some proteins are not currently strictly defined, and so their order

relative to each other is not definitive.

attributed to polypyrimidine tract-binding protein (PTB, herein
referring to PTBP1), which binds to the Per2 3'UTR to promote
2009). Furthermore,

concomitantly increased cellular period and amplitude in various
tissues, suggesting that endogenous 3’'UTR elements promote Per?2
mRNA degradation (Yoo et al., 2017). This has been partly Per2 mRNA degradation (Woo et al.,
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expression of PTB oscillates in antiphase with Per2 mRNA, with
PTB levels increasing as Per2 mRNA levels decrease (Woo et al.,
2009). Thus, Per2 mRNA degradation via PTB is increased at the
end of the repressive phase (see Box 1). PTB-mediated
destabilisation of Per2 mRNA during this phase further reduces
the potential for production of nascent PER2 protein, aiding the end
of transcriptional repression by PER2.

Cryl mRNA is also regulated by its 3'UTR, with the presence of
this UTR associated with reduced mRNA levels (Lee et al., 2014).
This is partially attributed to heterogeneous nuclear ribonucleoprotein
D/AU-rich element (ARE) RNA-binding protein 1 (hnRNP D, also
known as AUF1), which binds to an ARE within the Cryl 3'UTR,
promoting Cryl mRNA degradation (Lee et al., 2014; Woo et al.,
2010). As with PTB, cytoplasmic expression of hnRNP D oscillates
in the opposite phase to Cry/ mRNA. Per3 mRNA stability is also
reduced by binding of either hnRNP D to its 3'UTR or hnRNP Q to
both its 5" and 3'UTRs, while binding of hnRNP K to the Per3 3’
UTR has a stabilising effect (Kim et al., 2011, 2015) (Fig. 1).

The 3'UTR is also a significant site of regulation by micro
(mi)RNAs. It was observed over a decade ago that the miR192/4
cluster regulated all three Per transcripts at their 3'UTR (Nagel et al.,
2009). The Lee laboratory identified three further miRNAs (miR-24,
miR29a and miR30a) that target the Per/ and Per2 3'UTR (Chen
et al., 2013). Knockdown of these miRNAs, or overexpression of
their 3'UTR targets, led to an ~90 min period shortening (Chen et al.,
2013), with miR-24 alone posited to be sufficient to destabilise Per2
mRNA (Yoo et al., 2017). Selective downregulation of these
Per-targeting miRNAs is important in synchronisation of cellular
circadian rhythms to feeding (Crosby et al., 2019).

miR-155 regulates the Bmall 3'UTR within the innate immune
system; an immune challenge using lipopolysaccharide, a pro-
inflammatory cell-wall component of gram-negative bacteria, leads
to increased miR-155 and a subsequent decrease in both Bmall
mRNA and protein levels (Curtis etal., 2015). Meanwhile, miR-185
represses Cry! translation through interaction with its 3'UTR, with
cytoplasmic expression of this miRNA in antiphase with the
abundance of CRY1 protein (Lee et al., 2013).

Translational regulation of ‘clock protein’ production

Lack of circadian oscillation in the abundance or modification of a
transcript does not necessarily imply a lack of oscillation in the
abundance of the related protein. Work on circadian changes in the
proteome suggests that although ~20% of soluble proteins in mouse
liver oscillate, only around half of these have a corresponding
oscillatory transcript (Mauvoisin et al., 2014; Reddy et al., 2006;
Robles et al., 2014).

The explanation for this may lie in translational control. Previous
work has reported circadian variation in translational efficiency, with
a greater proportion of ribosomes in large polysomes, and greater
cellular protein content, during the active phase compared to the
resting phase (Jouffe et al., 2013; Sinturel et al., 2017). This could
lead to a model where a subset of non-rhythmic transcripts exhibit
thythmic protein expression as a result of circadian changes in
ribosome availability and activity. The specificity of such rhythmic
translational activity remains to be explored; transcripts containing
either a 5'-terminal oligo pyrimidine tract (5'TOP) or translation
initiator or short 5’'UTR (TISU) motif are enriched in the group of
transcripts that show rhythmic changes in translation without
rhythmic transcription (Atger et al.,, 2015; Jouffe et al., 2013).
However, there are constantly expressed transcripts with rhythmic
translation that do not contain these motifs (Atger et al., 2015; Jang
et al., 2015), making this an exciting area for future work.

To date, the contribution of circadian variation in translational
efficiency to the expression of the core clock proteins is unclear; they
do not contain identified TOP or TISU sequences. There is, however,
compelling evidence supporting differential translational regulation
between the core clock proteins, resulting in non-circadian
differences in translational efficiency. For instance, ribosome
occupancy has been shown to vary up to 6-fold between core
clock transcripts (Janich et al., 2015) such that, although overall
mRNA levels vary between clock gene transcripts, total nascent
translation of each protein is comparable to that of the other core
clock proteins. Variable ribosome occupancy is driven in part by the
presence of upstream open reading frames (WORFs) in the 5'UTR;
Bmall, Clock, Cryl and Rev-Erba and Rev-Erbf all have at least one
uORF, with ribosome occupancy at these uORFs capable of
influencing translational efficiency of the main ORF (Jang et al.,
2015; Janich et al., 2015) (Fig. 1). For example, uORF deletion in
Rev-Erba did not alter the period, but did produce increased mRNA
stability and increased translation of the main ORF, thus increasing
the amplitude of Rev-Erbo. expression (Janich et al., 2015).
Furthermore, decreasing reinitiation of translation between the
uORF and the main ORF through knockdown of density regulated
protein (DENR), which acts to selectively promote reinitation of
translation at the main ORF after translational termination at an
uORF (Schleich et al., 2014), resulted in period shortening of up to
90 min (Janich et al., 2015), hinting at further roles for uORFs in the
maintenance of circadian period. Recent work suggests that Clock
may be a particular target of DENR, as mutation of its two uORFs
increased translational activity by more than 90% and abolished the
DENR dependence of CLOCK translation (Castelo-Szekely et al.,
2019). Intriguingly, in light of these uORFs, the authors propose an
alternative AUG for Clock that is nine amino acids shorter than has
been previously annotated, and demonstrate far higher translational
activity from this alternative site than from the canonical AUG
(Castelo-Szekely et al., 2019).

The 5'UTR of Per also regulates its expression, even in the
absence of an uORF. Rhythmic phosphorylation of initiation factor
elF4E, a downstream effector of the MAPK pathway, selectively
promotes PER1 and PER2 translation through an interaction with
their 5'UTR at an unidentified motif (Cao et al., 2015). Tissues from
knock-in mice with an eIF4E mutant that cannot be phosphorylated
showed a selective reduction in PER1 and PER2 translation, with
fewer ribosomes associated with these transcripts compared to what
was observed in wild-type animals. In contrast, global translation,
and translation of other clock proteins in the knock-in mouse
tissues, remained comparable to that in wild type. Furthermore,
knock-in mice showed a reduced capacity to shift their behavioural
rhythms in response to lighting cues (Cao et al., 2015).

In addition to its previously discussed role in Cryl mRNA
degradation, hnRNP D upregulates CRY1 translation (Lee et al.,
2014). Here, it is proposed, hnRNP D bound to the Cryl 3'UTR
further interacts with both translation initiation factors and ribosomal
proteins, particularly 40S ribosomal subunit components, promoting
Cryl translation (Lee et al., 2014). Coupled with increased Cryl
mRNA degradation, this dual activity of hnRNP D may result in more
acute expression of CRY1. hnRNP Q is similarly suggested to
influence mRNA stability and increase translation upon binding to
both the 5" and 3'UTRs of Per3 (Kim et al., 2011). By contrast,
binding of hnRNP Q to the S'UTR of Bmall and Cryl reduces the
amplitude of their translation (Jung et al., 2019; Lim et al., 2016).
hnRNP Q also modulates expression of Perl and Rev-Erba, through
association with an internal ribosome entry site (IRES) within their
respective 5'UTRs. Here, hnRNP Q reduces the amplitude of PER1
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expression, whereas knockdown of hnRNP Q, together with PTB
knockdown, in NIH3T3 cells abolished rhythmic expression of Rev-
Erbo. without appreciably influencing its thythmic RNA abundance
(Lee et al., 2012a,b; Kim et al., 2010). Finally, LARK has been
shown to promote cap-dependent translation of Perl, through
interaction with its 3'UTR, with LARK overexpression modestly
increasing cellular period (Kojima et al., 2007) (Fig. 1).

Another well-studied translational regulator, mammalian target of
rapamycin (mTOR), plays a role in acute translation of CRY and PER
proteins, but not CLOCK and BMALI, following cues known to
influence circadian timekeeping. These cues include feeding, where
post-prandial insulin signalling and subsequent mTOR activation
drives a selective increase in expression of the PER proteins (Crosby
et al., 2019), and serum-shock, which drives an acute increase in
CRY1 expression (Ramanathan et al., 2018), with both increases
abolished in the presence of rapamycin. Furthermore, reducing
mTOR activity, either pharmacologically or by siRNA knockdown,
results in increased period in cells, whereas increased mTOR activity
shortens period (Feeney et al., 2016; Ramanathan et al., 2018).
Additionally, mice possessing a heterozygous mTOR deletion show a
modest but significant increase in behavioural period (Ramanathan
et al., 2018), and mice treated with rapamycin showed a reduced
capacity to synchronise their behaviour with changes in light—dark
schedule (Cao et al., 2010). It has been suggested that mTOR activity,
which is magnesium sensitive, might be regulated in a circadian
manner as a consequence of circadian changes in intracellular
magnesium content, which is highest during the subjective day, when
mTOR activity also peaks (Feeney et al., 2016). Here, the authors
show that depletion of magnesium from the extracellular medium of
both the marine green alga Ostreococcus tauri and a human-derived
cell line results in period lengthening, and that simultaneous
pharmacological inhibition of mTOR activity does not compound
this effect, suggesting that the two operate through the same pathway
(Feeney et al., 2016). Additionally, mTOR is thought to be critical for
the translational regulation of TOP mRNAs, as discussed above,
through an mTORC 1-independent mechanism (Meyuhas and Kahan,
2015; Cao et al., 2010).

Post-translational modification is crucial in regulation of
clock protein activity and function

Once translated, the core clock proteins are subject to an array of post-
translational modifications (Figs 2 and 3). It is worth noting, however,
that these proteins do not drive rhythmicity individually, but instead
form a number of macromolecular complexes to carry out their
function, such as the CLOCK-BMALI1 complex, which drives
transcriptional activation, and the repressive complex, which brings
CLOCK-BMALL, CRY, PER and CK1 together in close proximity
and inhibits transcription (Aryal et al., 2017). There is growing insight
into exactly how core clock proteins interact with each other within
these complexes. Although such work falls outside the scope of this
Review, we direct interested readers to our recent review exploring
this topic (Partch, 2020). Readers should be aware however, that many
of the post-translational modifications described below only occur
within, or are modulated by, the formation of specific complexes.

A central role for CK1

Although the circadian field has historically focused on
transcriptional mechanisms, there has long been appreciation of
the crucial role played by some post-translational modifications.
This is in no small part due to the fact that the first mammalian
circadian mutant identified was in CK1, alterations in whose activity
were found to result in an ~20 h behavioural period (Lowrey et al.,

2000; Ralph and Menaker, 1988). Despite this early indication, the
precise mechanism through which CK1 regulates circadian period
remains a fertile area for research.

CKI1 has two relevant isoforms in mammals, CK16 and CKle,
although recent work suggests a greater role for CK 18 in regulating its
major circadian target, the PER proteins (Lee et al., 2001; Meng et al.,
2010, 2008). The most current model considers two regulatory regions
on PER2 (Zhou et al., 2015) (Fig. 2). The first region, referred to as the
‘FASP’ region, is named after the discovery of an S662G mutation that
results in the hereditary familial advanced sleep phase (FASP)
syndrome (Vanselow et al., 2006; Toh et al., 2001). Phosphorylation of
five sites within the FASP region increases PER stability — a non-
consensus site at S659 in mice (S662 in humans), followed by four
serine residues that conform to the pSXXS motif favoured by CK1
(Shanware et al., 2011). All of these sites are phosphorylated by CK 15
and/or CKle, with slow phosphorylation of the first, non-consensus
serine being required to prime sequential phosphorylation of the
following sites (Narasimamurthy et al., 2018). The second major site in
PER?2 that is regulated by CK1 is a region just after its PAS-B domain
at S478 in mice (S480 in humans), referred to as the ‘phosphodegron’.
Phosphorylation here prompts recruitment of the E3-ubiquitin ligase -
TrCP and subsequent PER2 degradation (Eide et al., 2005; Ohsaki
et al., 2008; Reischl et al., 2007; Zhou et al., 2015). Recent work
demonstrates that FASP phosphorylation decreases CK1 activity on
the phosphodegron, although the exact mechanism underlying this
remains unclear (Philpott et al., 2020; Zhou et al., 2015). Additionally,
the two splice variants of CK 16 mentioned above, CK181 and CK 182,
have differing substrate preferences within PER2, with CK 182 having
greater activity at the priming serine residue, thereby preferentially
stabilising PER2 and promoting period lengthening (Fustin et al.,
2018) (Fig. 2). Finally, phosphorylation of the C-terminal ‘tail’ of
CK1, both through autophosphorylation and by a number of other
kinases, also influences its activity for its substrate, with inhibition of
this phosphorylation decreasing PER2 stability (Dahlberg et al., 2009;
Eng et al., 2017; Giamas et al., 2007; Um et al., 2007). Together, the
relative phosphorylation of the FASP and phosphodegron regions by
CK18 and/or CKle is currently thought to determine PER2 stability
through the so-called ‘phosphoswitch’ model (Philpott et al., 2020;
Zhou et al., 2015) (Fig. 2). As PER protein abundance is a crucial
determinant of circadian period and phase (Chen et al., 2009), such
activity of CK1 is therefore a major regulator of circadian rhythmicity.

Elegant as the phosphoswitch model is, it is likely that additional
insights into the regulation of PER stability will require this model to
become more complex. In particular, it should be noted that the S478
phosphodegron is not present in PER1, which possesses an
alternative N-terminal phosphodegron motif (residues 121-126 in
humans and mice) that also promotes the recruitment of B-TrCP to
PER1 in a CK1-dependent manner (Ohsaki et al., 2008; Shirogane
et al., 2005). This N-terminal motif is conserved in PER2, but its role
in regulating PER2 degradation in addition to the degron proposed in
the phosphoswitch model is unclear. However, the PER254784
mutant mouse line, which thus lacks the S478 phosphodegron, shows
only a 30 to 60 min increase in the free-running behavioural period,
and there is no clear period difference in embryonic fibroblasts
derived from these mice (Masuda et al., 2020). This suggests a
significant compensatory role for this additional CK1-dependent
phosphodegron in regulating PER?2 stability, either in the absence of,
or in addition to, the S478 phosphodegron. PER2 is also
ubiquitylated and targeted for degradation by the E3 ligase mouse
double minute 2 homolog (MDM2) in a phosphorylation-
independent manner, demonstrating that CKl-independent
mechanisms also influence PER stability (Liu et al., 2018).
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PER stabilisation associated with increased cellular period, whereas destabilisation of PER2 shortens the period. Phosphorylation of PER2 by CK1 is integral to
regulation of PER2 stability. CK18 and CK1e bind to PER2 at the CK1-binding domain (CK1 BD) and can either stabilise or promote degradation of PER2, depending
on the exact modification site, with phosphorylation at S478 in the phosphodegron promoting recruitment of the E3 ubiquitin ligase B-TrCP and thus degradation,
whereas phosphorylation at the FASP region delays degradation. This interplay constitutes the ‘phosphoswitch’” model, which proposes that the balance of
phosphorylation between these stabilising and degrading regions determines overall PER2 half-life. Dephosphorylation of PER2 by protein phosphatase 1 (PP1)
reduces its overall degradation. In addition, CK2-mediated phosphorylation at the extreme N-terminus is proposed to stabilise the protein, whereas CK2
phosphorylation at S53 is thought to promote degradation, although more recent work suggests that the most significant site of CK2 phosphorylation on PER2 is
S693. O-GlcNAcylation by O-GlcNAc transferase (OGT) at the priming serine (S659 in mice/S662 in humans) of the FASP site competitively inhibits PER2
phosphorylation by CK1, with GSK3p being a positive regulator of OGT activity. Acetylation at K680 also inhibits phosphorylation at the priming serine residue.
Furthermore, ubiquitylation by MDM2 at sites downstream of FASP promotes PER2 degradation in a phosphorylation-independent manner, whereas
phosphorylation at S394 within the PAS-B domain by CDK5 promotes stability. Phosphorylation and dephosphorylation (e.g. by PP5) of the C-terminal tail of CK1
can also influence its activity on its PER2 substrate. Further modifications that are discussed in the text but which currently lack a defined site of action or function,
including direct phosphorylation of PER2 by GSK3, decacetylation by SIRT1 and some O-GIcNAcylated serine residues, are not shown.

Complementary to its role in period determination, CK 1 has been
suggested as a means by which mammalian circadian rhythms are
temperature compensated, meaning that they retain their ~24-h
period across the biologically relevant temperature range, giving
them a temperature coefficient (Q;¢) close to 1. The activity of wild-
type CK18 and/or CKle on both the FASP and phosphodegron
regions of PER2 is relatively temperature insensitive, with the
balance of phosphorylation between the two sites relatively
invariant across temperatures (Isojima et al., 2009). However,
amino acid substitutions that influence the substrate preference of
CK16 and/or CKle for these two sites (Philpott et al., 2020) can
alter temperature sensitivity of this kinase activity, causing cellular
rhythms to become temperature sensitive (Shinohara et al., 2017).
Recent work mapped these effects to the dynamics of a-helices E
and F and their connecting loop in CK18. For example, CK18 with a
K224D mutation within the oF-helix retains normal activity at the
non-consensus FASP priming site but displays reduced activity at
the downstream phosphorylation sites (Philpott et al., 2020). This
results in a significant increase in the Qo compared to wild-type
protein, with other mutations predicted to alter the dynamics of this
helix showing similar effects (Shinohara et al., 2017). Similarly the
tau mutation (R178C), which is situated adjacent to K224, leads to
reduced activity at both the consensus and non-consensus FASP
sites of PER2, but increased activity at its phosphodegron, thus
exhibiting period shortening and reduced temperature compensation
(Meng et al., 2008; Philpott et al., 2020; Shinohara et al., 2017).

Although classically considered to be the primary regulator of
PER proteins, CK1 has also recently been shown to phosphorylate
CLOCK,, specifically within the repressive complex (Aryal etal., 2017).

The exact site(s) and consequence of this phosphorylation is
unknown, but it may contribute to the removal of CLOCK-BMALI
complexes from their DNA target sequences at the beginning of the
repressive phase. This would be analogous to the situation in
Drosophila, where CLOCK only dissociates from DNA following
phosphorylation by Doubletime (the Drosophila CK 18/ homolog),
which is brought to the repressive complex by its association with
PER (Kim et al., 2007). CK1 phosphorylation of mammalian
CLOCK could occur at three sites within CLOCK that have recently
been identified to be rhythmically phosphorylated in mouse
liver, peaking at the time of maximal CLOCK binding to its
target promoters (Robles et al, 2017). The comprehensive
phosphoproteomic screen performed in this study not only
confirmed some of the known phosphorylation sites within the
core clock proteins, but also identified novel ones, such as S23 in
Rev-Erbo. This, and other recent circadian proteomics work,
provides a valuable resource in aiding our understanding of the
regulation of circadian proteins by phosphorylation (Robles et al.,
2017; Wang et al., 2018).

Casein kinase 2 (CK2) has also been shown to influence
mammalian timekeeping; RNA knockdown or pharmacological
inhibition of CK2a, and CK28, increases circadian period, whereas
overexpression shortens it (Maier et al., 2009; Tsuchiya et al., 2009;
Oshima et al., 2019). CK2 purportedly stabilises PER2 through
phosphorylation of its extreme N-terminus (Maier et al., 2009),
although other work proposes that CK2 phosphorylation at S53
promotes PER2 degradation (Tsuchiya et al., 2009) (Fig. 2). More
recent mass spectrometry analysis, however, indicates that the most
significant site of CK2 phosphorylation on PER2 is S693,
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Fig. 3. Schematic illustration overview of post-translational modifications on other core clock proteins. Although post-translational modifications of PER2
are the most studied, other core clock proteins are also controlled by significant post-translational modification. Only the C-terminal tail of CRY2 is shown,

but the high similarity between the CRY 1 and CRY2 photolyase-homology region (PHR) likely means that post-translational events applicable to CRY 1 also occur
on CRY2. Owing to their large number, only selected CRY1 phosphosites are shown.

highlighting the need for further work to elucidate the activity of
CK2 on PER2 (Oshima et al., 2019). CK2a. also phosphorylates
BMALI1 at S90, promoting BMALI1 nuclear entry; alanine
substitution at this site increases the proportion of cytoplasmic
BMALL, preventing it from carrying out its transcriptional role
(Tamaru et al., 2009). This phosphorylation is rhythmic due to
rhythmic CRY association with BMALI1, with CRY bringing the
less active CK2f subunit to the complex, thereby suppressing CK2ao.
activity at this site (Tamaru et al., 2015).

Regulation by other kinases

A number of other kinases also play significant roles in regulating
core clock proteins. GSK3p, another evolutionarily conserved kinase,
phosphorylates a number of core clock components, including
CRY2, BMALI and CLOCK, promoting their proteosomal

degradation (Kurabayashi et al., 2010; Sahar et al., 2010; Spengler
et al., 2009). Conversely, GSK3B-mediated phosphorylation of Rev-
Erbo has a stabilising effect (Yin et al., 2006). In addition, GSK38-
induced phosphorylation of PER2, at a site distinct from that targeted
by CK1, promotes nuclear translocation of PER2 (Iitaka et al., 2005).
Strikingly, pharmacological inhibition of GSK3B shortens the
circadian period, highlighting the complex and crucial role of this
kinase in circadian timekeeping (Hirota et al., 2008). Given this, and
the involvement of GSK3p in other circadian systems as diverse as
Drosophila and the bread mould Neurospora crassa (Martinek et al.,
2001; Tataroglu et al., 2012), identifying the specific activities of
GSK3p that regulate circadian rhythmicity could potentially provide
significant insight into mammalian timekeeping.

Although classically considered a transcription factor, specific
phosphorylation of BMALL allows it to directly regulate translation
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independently of its transcriptional role (Lipton et al., 2015). Here,
rhythmic phosphorylation of BMALI residue S42 by the mTOR
effector kinase S6K 1 enables it to interact with cap-binding complexes,
resulting in increased translation. This produces rhythmic total cellular
protein synthesis, with puromycin incorporation (a measure of nascent
protein production) varying by ~15%, which is not observed in the
absence of BMALLI (Lipton et al., 2015).

Although comparatively little is known about post-translational
regulation of ROR proteins, particularly within a circadian context,
the ubiquitously expressed RORa4 isoform is negatively regulated
by phosphorylation at T128 by extracellular signal-related kinase 2
(ERK2) (Lechtken et al., 2007). Alanine substitution at this site
substantially increased the amount of Rev-Erbo required to
attenuate  RORo4 transcriptional activity at ROR response
elements. Future work could determine how this regulatory
mechanism plays a role in circadian timekeeping.

Cell cycle-dependent kinase 1 (CDK1) has been shown to
phosphorylate Rev-Erbo at T275, prompting recognition by the
FBXW?7 E3 ubiquitin ligase complex, and subsequent degradation
(Zhao et al., 2016), highlighting links between circadian
rhythmicity and the cell cycle (Gaucher et al., 2018). The more
ubiquitously expressed CDKS5 also regulates circadian timekeeping
through two mechanisms. Firstly, CDKS5 phosphorylates PER2 at
S394 in the PAS-B domain, modestly increasing its stability and
facilitating its nuclear entry in complex with CRY1 (Brenna et al.,
2019). Secondly, phosphorylation of CLOCK at T451 and T461 by
CDKS5 enhances CLOCK stability and transcriptional activity,
leading to increased amplitude of expression of its targets (Kwak
etal., 2013). CLOCK is phosphorylated at S845 by protein kinase B
(AKT1) following insulin signalling, promoting its nuclear
localisation (Luciano et al., 2018); S845A mutation in mice did
not influence period, but did reduce expression of E-box-driven core
clock protein transcripts (Per!, Per2 and Rev-Erba) in some tissues.

The two mammalian CRY isoforms comprise a highly similar
photolyase-homology region (PHR) with a primary FAD-binding
pocket, a C-terminal coiled-coil-like (CC) helix and an intrinsically
disordered C-terminal ‘tail’ (Czarna et al., 2013; Hirano etal., 2017,
Nangle et al., 2013) (Fig. 3). Conservation between the PHRs of
CRY1 and CRY2 suggests that findings regarding the PHR of
CRY1, as discussed in the following paragraphs, likely also apply to
CRY2, and vice versa. However, the proteins diverge in the identity
of their C-terminal tails, providing a means for their differential
regulation. Indeed, CRY2 is sequentially phosphorylated at S557
and S553 by dual-specificity tyrosine-phosphorylated and regulated
kinase 1A (DYRK1A) and GSK38, resulting in CRY2-specific
degradation (Kurabayashi et al., 2010; Hirano et al., 2014).
Conversely, phosphorylation of CRY1 at S588 stabilises it by
antagonising the effect of the E3 ubiquitin ligase FBXL3, resulting
in a longer circadian period (Papp et al., 2015); no equivalent
stabilising activity has been identified in CRY?2.

AMP-activated protein kinase (AMPK) also phosphorylates
CRY1 at S71 and S280, reducing CRY1 stability and promoting
its degradation by FBXL3 (Lamia et al., 2009; Siepka et al., 2007,
Xing et al., 2013). FBXL21 also ubiquitylates CRY1, forming
a more stable complex with slower activity in generating
polyubiquitylated CRY1 than the FBXL3-CRY1 complex; thus,
FBXL21 is thought to competitively inhibit the activity of FBXL3
towards CRY'1, resulting in its stabilisation (Hirano et al., 2013; Yoo
et al., 2013).

Recent work has identified ten phosphosites in CRY 1, including
those at S71 and S280, for which mutation to the phosphomimetic
aspartate produced period effects or arrhythmicity in cells (Liu and

Zhang, 2016) (Fig. 3). In a Herculean set of experiments, a
subsequent study focused on a subset of these serine phosphosites
that are situated on, or shortly after, the so-called phosphate-loop or
‘p-loop’” of CRY1 (Ode et al., 2017). This loop is adjacent to the
FAD-binding pocket that modulates binding to co-factors, including
FBXL3 (Xing et al., 2013). Aspartate substitution at these p-loop
sites shortened cellular period and many, although not all, of these
substitutions also shortened the circadian period in mouse models,
with the period effect of these mutations being additive (Ode et al.,
2017). The authors thus propose that, unlike the FASP region of
PER2, phosphorylation of the CRY'1 p-loop does not appear to be
obligately sequential, but instead may act as a cumulative timer,
where the order of phosphorylation of sites can vary, and it is instead
the total number of phosphorylated sites that has an impact on
cellular periodicity.

Owing to difficulties determining phosphatase specificity, few
phosphatases have been identified to act selectively on mammalian
clock proteins. Protein phosphatase 1 (PP1) acts antagonistically at
sites in PER2 targeted by CKle to stabilise the protein, with
expression of a dominant-negative PP1 accelerating PER2
degradation (Gallego et al., 2006; Lee et al., 2011). Additionally,
PP5 increases CKle activity in vitro by removing autoinhibitory
phosphorylation on the kinase; downregulation of PP5 results in
decreased amplitude of PER expression and a potentially increased
circadian period in fibroblasts (Partch et al., 2006). PP5 activity is
inhibited by CRY in vitro (Partch et al., 2006), suggesting one way in
which a clock protein could alter post-translational modification of
its partner.

Moving beyond phosphorylation — other post-translational
modifications

There is growing interest in the regulation of circadian rhythmicity
by other post-translational modifications. BMALI is acetylated at
K538 by the histone acetyltransferase TIP60 (also known as KATS),
which promotes elongation of the transcriptional targets of
CLOCK-BMALI through the recruitment of elongation factors to
form the BRD4-P-TEFb complex, leading to Pol II pause release
(Petkau et al., 2019). It has been further proposed that
phosphorylation of BMALL at S90 (discussed above) may be
permissive for this acetylation (Tamaru et al., 2015). BMALI is also
SUMOylated at K259 in a CLOCK-dependent manner, enhancing
CLOCK-BMALI transcriptional activity, while simultaneously
accelerating the ubiquitin-dependent proteolysis of BMALT1, which
requires its SUMOylation (Cardone et al., 2005; Lee et al., 2008)
(Fig. 3). Similarly, SUMOylation of RORo at K240 is also proposed
to positively regulate its transcriptional activity (Hwang et al,
2009). This effect of SUMOylation is unusual, as SUMOylation is
typically associated with reduced transcription of target genes
(Rosonina et al., 2017). Further investigation of the mechanistic
outcome of BMAL1 and RORo SUMOylation is therefore of
particular interest.

Intriguingly, a number of serine residues within PER2, including
those in the FASP region, are also capable of being O-
GlcNAcylated (Kaasik et al., 2013). O-GlcNAcylation competes
with CK1-mediated phosphorylation at these sites, and thus has
been suggested as a point of integration of metabolic cues into the
circadian clockwork. O-GlcNAc transferase (OGT) activity is
regulated by GSK3f, demonstrating an additional role for circadian
regulation by this enzyme (Kaasik et al., 2013) (Fig. 2). PER2 is also
acetylated, with recent work suggesting that acetylation at K680
inhibits phosphorylation at the FASP priming site at S659 (mice) or
S662 (humans), thereby influencing PER2 stability, although the
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relevant acetyl transferase, remains unknown (Levine et al., 2020).
Deacetylation of PER2 by SIRT1 is important for turnover of the
protein (Levine et al., 2020; Asher et al., 2008).

As described above, many post-translational modifications of core
clock proteins regulate their stability. It is thus intuitive to posit that
half-life of these proteins, particularly the CRY and PER proteins,
might be a crucial determinant of circadian period. There is certainly
a trend to this effect; manipulations that accelerate degradation of
these proteins often lead to period shortening and vice versa (Meng
etal., 2008; Ode et al., 2017). It is worth noting, therefore, that some
mutations in and around the CRY1 p-loop that increase circadian
period in cells do so without increasing protein half-life (Ode et al.,
2017). This demonstrates that it is not merely the abundance of core
clock proteins that is important for timekeeping, but also their
molecular state. Currently, the determinants of such a molecular
state, be they post-translational modifications, protein dynamics or
association with other proteins, remain unknown, but this is certainly
a fruitful topic for future research.

Perspectives

An expansive range of non-transcriptional elements regulate the core
clock proteins. Indeed, the level of regulation that has come to light in
the past decade has led to the postulation that post-transcriptional
mechanisms, particularly post-translational modifications, might
constitute a second, possibly more evolutionarily conserved,
oscillator that acts in combination with the canonical TTFL,
analogous to the prokaryotic cyanobacterial system (Ode and Ueda,
2018; Wong and O’Neill, 2018). Whether or not future research
shows this to be the case, a greater and subtler knowledge of how
clock proteins are regulated will substantially aid our understanding
of mammalian timekeeping. Evidently, the findings outlined here are
incomplete; the majority of our understanding pertaining to the
regulation of the PER proteins has been elucidated for PER2, with
little evidence to describe whether the same mechanisms also regulate
PERI, or the much-neglected PER3, to name but one example. Some
headway is being made towards this pursuit for the two CRY proteins
and the CK1 isoforms CK18 and CKle, which has produced some
intriguing and insightful results showing strikingly different
regulation and activity of these different proteins, which had
previously been considered to be broadly identical in function
(Fustin et al., 2018; Philpott et al., 2020; Rosensweig et al., 2018).
Similarly, many unknowns still exist with regard to the regulation of
the translation of core clock proteins, while attempts to visualise the
protein complexes thought to make up the mammalian timekeeping
machinery are still in early days (Aryal et al., 2017). Certainly, the
observations discussed here represent only a small fraction of the
myriad likely mechanisms of clock protein regulation, and we eagerly
anticipate future progress in this direction.
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