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Endogenous circadian rhythms are biological processes generated by an internal
body clock. They are self-sustaining, and they govern biochemical and physiological
processes. However, circadian rhythms are influenced by many external stimuli to
reprogram the phase in response to environmental change. Through their adaptability
to environmental changes, they synchronize physiological responses to environmental
challenges that occur within a sidereal day. The precision of this circadian system
is assured by many post-translational modifications (PTMs) that occur on the protein
components of the circadian clock mechanism. The most ancient example of circadian
rhythmicity driven by phosphorylation of clock proteins was observed in cyanobacteria.
The influence of phosphorylation on the circadian system is observed through different
kingdoms, from plants to humans. Here, we discuss how phosphorylation modulates
the mammalian circadian clock, and we give a detailed overview of the most critical
discoveries in the field.
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INTRODUCTION

Circadian rhythms consist of adaptive physiological responses, which allow organisms to anticipate
changes in light-dark cycle that occurs within 24-h. Exogenous stimuli (also referred to as
zeitgebers or time givers), such as light, temperature, and nutrients, can entrain organisms to
the 24-h cycle (Schibler and Sassone-Corsi, 2002). At the evolutionary level, regular changes
in light and temperature around the day have favored the formation of genetic circuits, called
internal circadian clocks. These clocks can keep track of daily changes and prepare the organism
to adapt to them (Panda et al, 2002b). Biological clocks are observed from prokaryotes
to mammals, suggesting that these mechanisms are highly conserved across the kingdoms
(Bell-Pedersen et al., 2005). At the molecular level, the internal circadian clock can be described
as a transcriptional-translational feedback loop (TTFL) (Dunlap et al., 1999). In mammals, the
heterodimer of two basic helix-loop-helix/PAS domain-containing transcription factors, CLOCK:
BMALL (or NPAS2: BMALL), orchestrate this regulatory feedback loop by binding the E-boxes
present on promoters of other clock genes such as Per (Perl, Per2, Per3) and Cry (Cryl, Cry2)
genes. Per and Cry mRNAs are translated into proteins in the cytoplasm, and subsequently, they go
back into the nucleus as PER homodimers (Kucera et al., 2012) and PER:CRY heterodimers or CRY
monomers (Chiou et al., 2016). In the nucleus, they suppress the CLOCK: BMALI transcriptional
activity regulating their accumulation (Buhr and Takahashi, 2013) (Figure 1). Also, the nuclear
receptors belonging to REV-ERB and ROR families play a role in stabilizing the robustness of the
feedback loop controlling the oscillation of BMALI gene expression (Preitner et al., 2002; Akashi
and Takumi, 2005; Takeda et al., 2012; Tkeda et al., 2019) (Figure 1).
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Clock and Phosphorylation

In mammals, the circadian rhythmicity is modulated by
the suprachiasmatic nucleus (SCN) of the hypothalamus. The
SCN coordinates, comparable to an orchestras conductor, the
“tempo” of the clocks placed all over the body (Reppert and
Weaver, 2002). Thereby, the cellular feedback loop described
above is responsible for the oscillation of about 10-20% of
all genes expressed (Panda et al., 2002a; Storch et al., 2002).
Nevertheless, 20% of oscillating proteins do not show signs of
rhythmicity at the mRNA level. This evidence suggests that the
transcriptional feedback loop is not the only mechanism involved
in the generation of rhythmicity in living organisms (Robles et al.,
2014). In addition to transcriptional regulation, many different
levels of regulation can be taken into consideration, such as
chromatin remodeling, post-transcriptional, translational, and
post-translational modifications (Aguilar-Arnal and Sassone-
Corsi, 2013; Kojima and Green, 2015; Michael et al., 2015;
Hirano et al., 2016). Of particular interest in this review are
post-translational modifications (PTMs), which are covalent
modifications on proteins that confer specific new features
to them. These modifications influence cellular localization,
protein-protein interactions, and protein stability (Mehra et al.,
2009). The most ancient example of circadian rhythmicity is
present in cyanobacteria. In this organism, in contrast to the
mammalian TTFL, the circadian clock is generated and driven
by a post-translational oscillator (PTO) (Iwasaki et al., 2002;
Nakajima et al., 2005; Chang et al., 2015; Tseng et al., 2017).
The PTO consists of three different proteins, KaiA, KaiB, and
KaiC. KaiC is provided with autokinase and autophosphatase
activity. During the light phase, KaiA can bind and stabilize KaiC,
promoting KaiC autophosphorylation at residues Ser-431 and
Thr-432. This process is counteracted by KaiB, which sequesters
KaiA at night, promoting KaiC autodephosphorylation. The
counterbalanced activity of both KaiA and KaiB on KaiC is
responsible for the diurnal oscillation of the phosphorylation
state (Figure 2). Since mammalian phosphorylation of clock
proteins have also been observed, it appears that phosphorylation
is a highly conserved PTM across kingdoms involved in the
generation of circadian rhythmicity (Baker et al., 2009; Reischl
and Kramer, 2011). Phosphorylation is a reversible PTM that
occurs on serine (90%), threonine (10%), and tyrosine (0.05%)

Abbreviations: PTM, Post-Translational Modifications; CDK, Cyclin Dependent
Kinase; GSK3p, Glycogen Synthase Kinase 3 beta; CK2a, Casein Kinase 2 Alpha;
CK2B, Casein Kinase 2 Beta; UBE3A, Ubiquitin Protein Ligase E3A; PFK, Periodic
Fluctuant Kinase; SCE, Skp-Cullin-F bofbx; CKI §/¢, Casein Kinase I Delta/Epsilon;
B-TrCP, Beta-transducin repeats-containing proteins; FBXL3, F-Box And Leucine
Rich Repeat Protein 3; DNA-PKcs, DNA-dependent protein kinase; MAPK Kinase,
Mitogen-Activated Protein Kinase; DBT, Drosophila double time; FASP, familial
advanced sleep phase syndrome; S6K1, Ribosomal protein S6 kinase beta-1;
mTOR, Mammalian target of Rapamicin; PKCy, Protein Kinase Cy; TJP1, Thight
Junction Protein 1; AMPK, 5'-adenosine monophosphate-activated protein kinase;
DYRKIA, Dual specificity tyrosine-phosphorylation-regulated kinase 1A; FBXW7,
F-Box And WD Repeat Domain Containing 7; TGE, Transforming Growth
Factor; LKBI, Liver Kinase B1; AMP, Adenosine MonoPhosphate; ATP, Adenosine
Triphosphate; NAMPT, Nicotinamide Phosphoribosyltransferase; Sirtl, Silent
Information Regulator 1; Regulatory-associated-protein of mTOR, RAPTOR;
TSC2, Tuberous Sclerosis Complex 2; RHEB, Ras homolog enriched in the
brain; PI3K, Phosphoinositide 3-kinase; GTP, Guanosine-5'-triphosphate; GDP,
Guanosine diphosphate; ASPD, Advanced Sleep Phase Disorder; FASP, Familial
Advanced Sleep Phase Disorder; DSPD, Delayed Sleep Phase Disorder.

residues of amino acids. This dynamic change can produce a
fast and precise alteration of protein characteristics, which in
turn affects many biological processes (Seet et al., 2006). Here,
we will give an overview of some of the important discoveries
made in the last decades about how phosphorylation can regulate
the circadian clock in mammals and how this is coupled to
physiological responses. Finally, we will discuss the involvement
of circadian phosphorylation in diseases.

LIGHT: DARK DRIVEN
PHOSPHORYLATION OF THE CLOCK
MACHINERY

The Positive Loop

The heterodimer CLOCK: BMALL is the core complex of
the positive loop that regulates the circadian transcription in
mammals. It displays a maximal promoter occupancy of clock-
controlled genes between ZT5 and ZT8 (Ripperger and Schibler,
2006). However, levels of CLOCK and BMALL total proteins
do not oscillate dramatically. Thus, protein oscillation is not
sufficient to justify such a tight temporal profile of nuclear
accumulation and promoter occupancy. This evidence implies
that PTMs are required to dictate the precise temporal/spatial
organization of the circadian positive core complex. Some
observations indicated that the phosphorylation of the CLOCK
protein is relevant. First, the oscillatory profile of CLOCK
phosphorylation was peaking at ZT18, and this modification was
able to trigger its degradation (Yoshitane and Fukada, 2009).
Second, Clock A19 mutant mice, which contain a deletion of
exon 19, display a prolonged period compared to wild type
controls (King et al., 1997). Third, the phosphorylation level of
CLOCK A19 was lower than the wild type, and the protein was
more stable.

Additionally, Clock A19 showed a weaker transactivation
activity, without affecting its heterodimerization with BMAL1
(King et al., 1997). These observations led scientists to study
and map putative CLOCK phosphorylation sites. Two interesting
phosphorylation sites were mapped on Serine-38/S42 (Ser-
38/42) located in the basic Helix-Loop-Helix (bHLH) domain
(Yoshitane et al., 2009). The results indicated that these specific
phosphorylations were a marker for a two-step process. First,
CLOCK transactivation activity is inhibited when the protein is
phosphorylated at those sites. Second, double phosphorylation at
Ser-38/42 is a signal for protein translocation to the cytoplasm.

On the other hand, recent studies on the circadian liver
phosphoproteome found CLOCK phosphorylation at sites Ser-
446 and Ser-440/441, which increase transcriptional activity
(Robles et al., 2017). Additionally, there is evidence supporting
that the cytoplasmic-nuclear distribution of CLOCK is regulated
by Cyclin-Dependent Kinase 5 (CDK5) (Kwak et al., 2013).

These observations suggest a three-step regulation of CLOCK
by phosphorylation. First, CDK5-mediated phosphorylation at
Threonine 451/461 (Thr-451/461) promotes CLOCK nuclear
localization. Here, modifications at Ser-446 and Ser-440/441
increase CLOCK transactivation activity (Figure 3, ZT0-12),
and subsequently, modifications at Ser-38/42 shut down the
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FIGURE 1 | A general model of the canonical circadian molecular feedback loop. CLOCK and BMAL1 promote the expression of clock-controlled genes (ccgs), and
genes encoding PERs and CRYs. PER (1, 2, 3) and CRY (1, 2) are progressively accumulated in the cytoplasm and subsequently shuttled into the nucleus as
hetero/homodimers. Here, they repress the CLOCK: BMAL1 transactivation. Rev-erb and Ror gene expression is also regulated by CLOCK: BMAL1 transactivation.
Both their protein products, REV-ERB, and ROR, compete for the ROR responsive elements (ROREs) within the Bmal1 promoter driving its circadian gene expression.
TSS, Transcriptional Start Site.

gene expression (Figure 3, ZT12-16). However, none of these  negative-feedback regulator of the circadian clock, modulates
phosphosites is associated with known kinases. Still, CLOCK-  the phosphorylation at Ser-38/42 (Yoshitane and Fukada, 2009).
interacting protein circadian (CIPC), which is an additional =~ While the phosphorylation at Ser-38/42 is associated with loss
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FIGURE 2 | The basic model of the KaiABC circadian oscillator. KaiC consists of two double donut hexamers (CI, Cll) one fused one on the top of the other. During
the day, the KaiC upper hexamer can interact with KaiA through its tentacular A-loop and it can be phosphorylated at Threonine 432 (Thr-432), in presence of ATP.
The first set of phosphorylation at Thr-432 triggers the subsequent phosphorylation at Serine 431 (Ser-431), which favors the binding to KaiB at dusk. This event
causes a change of conformation in the KaiC quaternary structure. Here, during the night phase, KaiB can sequestrate KaiA, and KaiC starts the auto
dephosphorylation process. During the late-night, when KaiC is hypophosphorylated at sites Thr-432 and Ser-431 it releases KaiA and KaiB. This event leads to a

new change of conformation of KaiC which makes it ready for a new cycle.

of transactivation and cytoplasmic retention of CLOCK, it does
not explain the subsequent degradation of the protein. A further
investigation led to the identification of specific clusters of amino
acids (aa 425-461) involved in the degradation of CLOCK.
Phosphorylation at Ser-427 by Glycogen Synthase Kinase 3
Beta (GSK3p), which requires a priming kinase, is involved in

the regulation of CLOCK degradation (Spengler et al., 2009).
It has been shown that the Ser-431 is the priming site and,
although the kinase involved in this particular modification
is unknown, results show that the specific phosphorylation is
BMALI1-dependent. BMAL1-dependent GSK38 phosphorylation
of CLOCK at Ser-427 leads to protein degradation via the
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FIGURE 3 | The diurnal nucleus/cytoplasm shuttling of clock factors is mediated by phosphorylation. During the day (ZT0-ZT12), Clock is phosphorylated by CDK5 at
specific sites Threonine 451 and 461, while BMALT is phosphorylated by CK2 at Serine 90. Somehow these events can promote heterodimerization and shuttle from
(Continued)
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FIGURE 3 | the cytoplasm to the nucleus. Here, CLOCK is phosphorylated at Serine 440-441-446, and this post-translational modification promotes the
transactivation mediated by CLOCK: BMALT1. During the early night (ZT12-16), CDK5 mediated phosphorylation of PER2 at Serine 394. This event promotes
heterodimerization with CRY1 and probably, the assembling of the cytoplasmic macromolecular negative complex consisting also of PER1, CRY1, CK28, and CKI ¢/3.
This macromolecular complex goes into the nucleus and it complexes with the CLOCK: BMAL1 heterodimer. This event is promoted by phosphorylation of CRY1 at
Serine 247 and 588, CRY2 at Serine 265. CLOCK is phosphorylated at Serine 38 and 42 which leads to the transactivation shut down. During the late-night
(£716,-20), the nuclear macromolecular complex is disassembled. CLOCK undergoes subsequent phosphorylation at Serine 431 and 427, the second one mediated
by GSK3B, which also phosphorylates BMAL1 at Serine 17 and 21. This even triggers CLOCK: BMAL1 shuttling to the cytoplasm followed by proteasomal
degradation. CKI can phosphorylate both PER2 and PER1, respectively at Serine 477 (PER2) and Serine 902/916 (PER1). PER2 is additionally phosphorylated by
CK2 at serine 53. All these events promote PER1/PER2 degradation in the cytoplasm mediated by p-TRCP1/2. CRY1 is translocated into the nucleus after being
dephosphorylated at Serine 588. Here it is degraded by the proteasomal complex formed by FBXL3 and FBXL21. On the other hand, CRY2 is phosphorylated at
Threonine 300, and this modification drives its degradation mediated by FBXW7-SCF. All these events between ZT16 and ZT24 close the 24 h cycle.

proteasome (Figure 3, ZT16-24). Thus, the CLOCK bound to
E-boxes can be removed for the next round of transcriptional
activation, closing the transcriptional feedback loop. The
promoter clearance is a necessary step to keep the circadian
profile of gene expression finely modulated and “on time.”
Altogether, these pieces of evidence highlight the importance
of CLOCK turnover and localization in the regulation of the
circadian clock.

When the first circadian genes were discovered, high efforts
were made to define whether enzymes, called periodically
fluctuating kinases (PFKs), could regulate circadian proteins
(Tamaru et al., 1999). Among them, p45PFK, a serine/threonine-
protein kinase later identified as Casein Kinase 2o catalytic
subunit (CK2a), was able to phosphorylate BMALI1 at Serine
90 (Ser-90), which displayed circadian oscillation, promoting
cytoplasm/nuclear translocation (Tamaru et al., 2009). This
phosphorylation is a prerequisite for the CLOCK: BMALI
heterodimerization and transactivation (Figure 3, ZT0-12). Loss
of phosphorylation at Ser-90 showed arrhythmic activity in
mice fibroblasts. Additionally, suppression of this specific
phosphorylation in the SCN led to dampening circadian gene
expression, suggesting the involvement of pSer-90 in the
BMAL1-dependent transcription (Tamaru et al., 2015). These
observations demonstrated that the phosphorylation of BMALL1
at Ser-90 was crucial for the central and peripheral clock. Results
obtained from different groups suggest that pSer-90 promotes
acetylation of BMALLI at Lysine-537, which is a prerequisite for
BMALI to recruit CRY1 (Tamaru et al., 2009).

This specific modification at Ser-90 is suppressed by CRY1-
mediated periodic binding of BMALI with CK2f. Indeed,
the heterodimer BMALI: CRY1 promotes the association
between BMAL1 and CK2@, which leads to a decrease of
phosphorylation at Ser-90. This event is followed by inhibition
of transcriptional activation of clock-controlled genes. These
combined processes are responsible for the circadian oscillation
of this specific modification.

When pSer-90 goes down, and the repressive phase starts,
BMALI complexes with RACK1 and Ca?*-sensitive protein
kinase C subunit o (PKCa) that leads to the inhibition of the
transactivation activity (Robles et al., 2010) (Figure 3, ZT12-16).

Subsequently, GSK3p phosphorylates BMALLI at Ser-17/ Thr-
21 and priming it for ubiquitination (Sahar et al, 2010).
Protein degradation follows the ubiquitination of BMALI1
through the HECT-type E3 ligase (UBE3A) (Gossan et al., 2014)
(Figure 3, ZT16-20).

The Negative Loop

The so-called “nuclear PER complex,” with a mass of circa 1.9
Mda is a complex based on the physical interaction between, at
least, PER1-3, CRY 1-2, Casein Kinase I 8/¢ (CKI 8/¢), which
functions as repressor machinery of the circadian clock (Aryal
et al., 2017). It is recruited onto the heterodimer CLOCK:
BMALL. It is responsible for turning off transcription and
dissociation of CLOCK: BMALI from the chromatin, thereby
closing the transcriptional-translational loop. A critical aspect of
the formation of the repressive complex is the profound time
delay of several hours between protein production and nuclear
accumulation (Vanselow and Kramer, 2007). Additionally,
PER proteins show a large amplitude in the oscillation of
phosphorylation levels in both the central and peripheral clock
(Lee et al., 2001). This evidence highlights the need to better
understand the role of phosphorylation in the generation of
circadian rhythmicity.

PER2 nuclear entry is favored by heterodimerization with
CRY1 (Miyazaki et al., 2001; Chaves et al., 2006). For many years
it was unknown whether phosphorylation could regulate this step
of the circadian clock. Recent evidence suggests that CDK5 is
likely to be involved in this process (Brenna et al., 2019). This
kinase can phosphorylate PER2 in the SCN at Serine 394 (Ser-
394) in a circadian fashion. The peak of this specific modification
reaches the maximum at ZT12, at the transition between the light
and dark phase. Additional experiments demonstrated that PER2
pSer-394 is more prone to bind CRY1, and unphosphorylated
PER2 is confined to the cytoplasm and eventually degraded.
The PER2: CRY1 cytoplasmic complex also comprises PER1 and
CKI, which is also a candidate to be the target of CDK5 at the
specific site Thr-347, as evidenced in vitro (Eng et al., 2017). Thus,
CDK5 might be the kinase priming the formation of the large
cytoplasmic complex, described by Aryal et al. (2017) (Figure 3,
ZT0-12). This finding explains the genesis of the negative loop
in the mammalian circadian clock. Finally, it has been proposed
that also GSK3p might influence PER2 nuclear accumulation
independently by the interaction with CRY1 (litaka et al., 2005).

PER2 nuclear translocation oscillates during the day. In the
SCN, the total PER2 protein starts to rise at ZT 8 (Brenna et al.,
2019) and peaks at ZT 16 (Nam et al., 2014), where it interacts
with CKI 8/¢ (Figure 3 12-16). It has been reported that CKle
targets PER2 to the proteasomal degradation (26S proteasome),
via interaction with a member of the Skp-Cullin-F box (SCF)
E3 ubiquitin ligase complex containing Beta-transducin repeats-
containing proteins 1-2 [B-TrCP1-2 (Reischl et al, 2007;

Frontiers in Physiology | www.frontiersin.org

November 2020 | Volume 11 | Article 612510


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Brenna and Albrecht

Clock and Phosphorylation

Ohsaki et al., 2008)]. These specific E3 ligases need priming
phosphorylation to bind the targets called phosphodegrons. CKI
phosphorylates the Serine-477 (Ser-477) of PER2, priming the
binding sites recognized by p-TrCP (Eide et al., 2005). Finally,
PER?2 is also phosphorylated by CKII2 at Serine-53 (Tsuchiya
etal.,, 2009). However, the importance of this site is still unknown,
although it has been proposed that CKII might support CKI in
the regulation of the PER2 degradation pathway.

Many pieces of evidence suggested that CK1e can promote the
turnover of both PER 1/2 proteins (Akashi et al., 2002; Virshup
et al,, 2007). Further investigation showed that CKle-mediated
phosphorylation of PER1 at the serine cluster from amino acids
902 to 916 was responsible for masking its NLS motive and
subsequently translocation from the nucleus to the cytoplasm
of this specific circadian factor (Vielhaber et al., 2000). PER1
degradation is also driven by interaction with § -TRCP1 and f -
TRCP2, mediated by CKI/ CK1y2-(Shirogane et al., 2005; Hirota
etal., 2010) (Figure 3, ZT16-24).

CRY proteins complete the repressive complex formed by
PERs and CKI, which regulates the negative loop of the circadian
clock. Investigations demonstrated that FBXL3 drives CRY
ubiquitination and proteasomal degradation (Busino et al., 2007;
Godinho et al., 2007; Siepka et al., 2007).

Phosphorylation of CRY1 at serine-588 in the C-term
regions seems to stabilize the protein in the nucleus (Figure 3,
ZT12-16). Additional studies showed that this phosphorylation
diminishes nuclear protein localization and destabilizes the
interaction with FBXL3. Although the kinase responsible for
Ser-588 phosphorylation is still unknown, it appeared that this
modification is negatively regulated by the DNA-dependent
protein kinase (DNA-PKcs) (Gao et al., 2013), which promotes
CRY1 degradation (Figure 3, ZT16-24).

Moreover, CRY1 can be phosphorylated at the Serine-247
by Mitogen-Activated Protein Kinase (MAPK Kinase). In this
specific case, the mutation S-G did not affect CRY1, whereas
the mutation S-D impaired the function of inhibiting CLOCK:
BMALL transcriptional activity. Since this phosphorylation is
placed near FAD-contacting amino acid residues, these results
would suggest that the amino acid charge of this site is more
critical than the phosphorylation per se in the regulation of CRY1
activity (Sanada et al., 2004).

Additionally, the same MAPK Kinase can phosphorylate
CRY2 at Serine-265 (Ser-265) with the same effect on the
regulation of the catalytic activity (Sanada et al., 2004).

On the other hand, the FBXW7-containing SCF complex
ubiquitination drives CRY2 degradation. This mechanism
requires phosphorylation Thr-300 within the phosphodegron
300-TPPLS-304 (Fang et al., 2015). A schematic summary of the
main phosphorylations discussed is shown in Table 1.

CKIl §/e -DEPENDENT PHOSPHOSWITCH
OF PER2

Drosophila double time (DBT) was the first kinase observed to
have a dramatic impact on circadian rhythmicity (Price et al,
1998). DBT shares 86% of identity with the mammalian CKI

epsilon, which appears to play a similar role. In 1988, the
Tau mutation was discovered in the Syrian hamster. Later this
mutation was identified to be a single nucleotide substitution
in the sequence of the Ckle gene, which changed the protein
structure leading to a gain-of-function (Lowrey et al.,, 2000).
These mutant rodents displayed a significant shortening of
the circadian period, about 22h, which resembled the Perl-
2 phenotype (Lowrey et al., 2000; Gallego et al., 2006). Thus,
Ck1g"™" was the first mammalian circadian mutant discovered.
On the other hand, the Ckle null mutant slightly lengthened the
period (Vielhaber et al., 2000).

Since € and 3 are the main CKI isoforms involved in the
circadian regulation, the role of CKI 3 in the circadian clock
was also studied. CKI 8/~ SCN explants (mice showed prenatal
lethality) were tested using real-time bioluminescence recording
to quantify the circadian period at the cellular level. The results
showed a more extended period in CKI 8/~ explants compared
to both WT and CKIe null mutants. These results suggested a
hierarchical organization where CKI§ might be dominant over
Ckle (Etchegaray et al., 2009).

CKI can regulate PER2 stability in different ways. CKI-
mediated phosphorylation of Serine-477 (Ser-477) was discussed
before (see section The Negative Loop). Additionally, due
to the -not clear- redundant activity of CKle and 3 (Lee
et al., 2009), both kinases can phosphorylate PER proteins at
different sites. For instance, PER2, which contains more than 20
phosphorylation sites (Vanselow et al., 2006), can be sequentially
phosphorylated at Serine-659/662/665/668/671 (Shanware et al.,
2011) (Figure 4, Table 1). The progressive phosphorylation is
dependent on the Ser-659. This specific serine is the priming
site, which is phosphorylated by CKI8/ & (Narasimamurthy et al.,
2018). As previously shown, CKI3 has two splicing variants,
CK181 and CK182 (Fustin et al., 2018). CK182, which is 16 aa
shorter in the C-terminal region, resembles more CKle. Further
experiments showed that CK132 and CKle are both able to
phosphorylate PER2 at Ser-659 better than CK131, in vitro,
and in cells. These results suggest that the process is tightly
connected to the length of the CKI protein’s carboxyl terminus
(Narasimamurthy et al., 2018). The progressive phosphorylation
in this region, called FASP, which is named after the familial
advanced sleep phase syndrome (see section Phosphorylation
Aberration and Diseases), leads to the stabilization of the PER2
protein. Mutations in the phosphodegron site (Ser-477) led to
an extended circadian period in cell culture, while mutation on
the priming site at Ser-659 led to faster degradation of PER2
and shorter period length (Vanselow et al., 2006; Masuda et al.,
2020). These observations suggest that there is a competition
between the two sites (phosphodegron and FASP) for the CKI-
mediated phosphorylation. Additionally, the tau mutation—
CKle gain of function-shows a lower affinity for the FASP
region compared to the phopshodegron (Philpott et al., 2020).
This observation may explain why PER2 is least stable in mice
CKle " (Meng et al., 2008). However, it is still not completely
clear how CKI can choose between the degradation and the
stabilization of PER2. The so-called “phosphoswitch model” has
been proposed to explain this mechanism, which is based on the
original property of CKI kinases that phosphorylate PER2 in a
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TABLE 1 | Light-dark related phosphorylation of clock components.

Protein a.a. Function Kinase Validation method References
CLOCK Thr451 Promoting nuclear localization CDK5 - In vitro kinase Kwak et al., 2013
Thr461 assay
- Site-directed
mutagenesis
Serd40 Transactivation Unknown - Mass Robles et al., 2017
Serd41 Spectrometry
Serd46
Ser38 Inhibition of transactivation Unknown - Invivo Yoshitane et al., 2009
Serd2 proteomics
analysis
Ser431 - Primes GSK3 B Unknown - Site-directed Spengler et al., 2009
- Phosphorylation of CLOCK mutagenesis
Serd27 - Nucleus/cytosol shuttling GSK3 B - Site-directed Spengler et al., 2009
- Degradation mutagenesis
BMALA1 Ser90 - Heterodimerization with CLOCK CK2 - In vitro kinase Tamaru et al., 2009
- Transactivation assay
- Invivo
phosphospecific
antibody
Ser17 Protein degradation GSK3 B - In vitro kinase Sahar et al., 2010
Ser21 assay
- Site-direct
mutagenesis
CRY1 Ser588 Protein stabilization Unknown - Site-direct Gao et al., 2013
mutagenesis
Ser247 Inhibition of CLOCK: BMAL transcriptional MAPK - In vitro kinase Sanada et al., 2004
activity assay
- Site-direct
mutagenesis
CRY2 Ser265 Protein stabilization MAPK - In vitro kinase Sanada et al., 2004
assay
- Site-direct
mutagenesis
Thr300 Protein degradation Unknown - Indirect Fang et al., 2015
PER1 - Ser902 Protein degradation CKI - In vitro kinase Vielhaber et al., 2000
- Ser916 assay
- In vivo mobility
shift
PER2 Ser394 - Heterodimerization with CRY CDK5 - In vitro kinase Brenna et al., 2019
- Nuclear localization assay
- Protein stabilization - Site-direct
mutagenesis
- Mass Spectrometry
- Invivo
phosphospecific
antibody
Serd77 Protein degradation CKI - In vitro kinase Eide et al., 2005
assay
Ser-53 Protein degradation CK2 - In vitro kinase Tsuchiya et al., 2009
assay
- Site-direct
mutagenesis
Ser659 - Protein stabilization CKI - In vitro kinase Engetal., 2017
Ser662 - Phosphoswitch assay
Serb65 - Temperature compensation - Site-direct
Ser671 mutagenesis
The color refers to the protein for easier readability.
Frontiers in Physiology | www.frontiersin.org 8 November 2020 | Volume 11 | Article 612510


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Brenna and Albrecht

Clock and Phosphorylation

T

FASPS

speed up of clock

down the clock accordingly.

CDK5 v/‘ CKl &/6 ‘\'
Degron
\
+
SHN PAS B | PAC
mouse PER2
amino acid p5394 pS478
stabilization N1,
nuclear N >
entry — J -
v N

FIGURE 4 | Phosphoswitch model. PER2 regulates the speed of the circadian clock through the axis CDK5-CKI. When PER2 is phosphorylated by CDK5 it is
stabilized and it goes into the nucleus. Under normal conditions, nuclear PER2 is phosphorylated by CKIl ¢/8 at Ser-477 which is followed by nucleus/cytoplasm
shuttling and proteasomal degradation. However, following a switch on the temperature, PER2 can be phosphorylated at the FASP sites (pS659-662-665-668-671),
which stabilizes the protein. As consequence, the clock is slowed down. Additionally, CDK5 and CKI can reciprocally regulate their activity, speeding up or slowing

CKBD CBD —cCoo

pS659 PS662 PS665 pS668 PS671

AU

72
N

4
""I \\‘\
7 At

AR

slow down of clock

promotion of thermogenesis?
temperature compensation?
cold adaptation?

temperature-insensitive manner (Isojima et al., 2009; Zhou et al.,
2015; Shinohara et al., 2017).

According to this model, PER2 phosphorylation at Ser-477 is
involved in the regular circadian regulation at 30°C. In contrast,
the cascade primed by Ser-659 is involved in temperature
compensation when the temperature is raised at 37°C. These
results would suggest two directions for the phosphoswitch,
one toward FASP at a higher temperature, and one toward
the phosphodegron at a lower temperature, as also suggested
by others (Hirano et al., 2016). However, this conclusion is in
contrast with other observations. For instance, PER2 is essential
for adaptation to cold temperatures. Mice lacking PER2 were
more sensitive to the cold because their thermogenesis system
failed to adapt to the new temperature, which means PER2
needs to be stabilized at low temperatures as much as at higher
(Chappuis et al., 2013). Thus, another appealing hypothesis
might be that once in the nucleus, PER2 can be phosphorylated
by CKI through the phosphodegron at serine 477, which drives
the protein degradation under constant temperature conditions.

When a drastic temperature change stresses the organism, PER2
is stabilized through the phosphorylation cascade within the
FASP region to promote more efficient thermogenesis and
adaptation (Figure 4).

FEEDING-DRIVEN PHOSPHORYLATION OF
THE CLOCK

The light: dark alternation is the primary circadian entrainment
by imposing the timing of sleep/wake cycles. These cycles adjust
our behavioral schedules, including feeding time. However,
feeding time is the most potent zeitgeber in peripheral clocks.
Time-restricted feeding (between ZT5-11 at daytime) can re-
entrain circadian liver gene expression in arrhythmic SCN-
lesioned mice (Hara et al, 2001). Food can entrain the
rhythmicity inducing metabolites production and hormones,
whose secretion is controlled by fasting-feeding cycles. For
instance, the insulin level is very low during the day, when
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mice are sleeping (and fasting) while insulin levels increase at
the beginning of the night after eating in the active phase. In
this paragraph, we discuss the phosphorylation of clock proteins
that are connected to the feeding driven oscillations using
specific criteria:

- Phosphorylations mediated by kinases that are connected to
the mTOR pathway, which is sensitive to the feeding-fasting
cycle in the liver (see section Phosphorylation Clock: From the
Cellular to the Systemic Level for details);

- Phosphorylation mediated by kinases activated by time-
restricted feeding

- Phosphorylation of clock proteins that are proven to be
functional only in the liver, but not in the SCN

- Phosphorylation mediated by kinases which affect the food
intake and feeding schedule

- Phosphorylation mediated by kinases that are involved in the
whole-body lipid/glucose homeostasis.

It has been demonstrated that AKT can be activated upon the
increased level of insulin through the PI3K/AKT pathway (see
section Phosphorylation Clock: From the Cellular to the Systemic
Level), and therefore phosphorylate CLOCK at Serine-845.

This phosphorylation site was originally identified as an ASK
kinase-dependent and cellular stress-responsive phosphorylation
site (Imamura et al., 2018). This modification appears to be
responsible for the shuttling of the protein from the nucleus
to the cytoplasm (Luciano et al, 2018) (Figure5, ZT12-16).
Here, CLOCK binds 14-3-3, which confines the circadian protein
in the cytoplasm (Noguchi et al, 2018) (Figure5, ZT16-20).
CLOCK S845A mice showed a regular clock in the SCN
but not in the peripheral tissues, suggesting that this specific
phosphorylation is more important in the liver than in the SCN
(Luciano et al., 2018).

Insulin can modulate the nuclear accumulation of BMALI1
in hepatocytes via phosphorylation by AKT at Serine 42
(Ser-42), promoting its dissociation from the chromatin and
cytoplasmic confinement driven by 14-3-3 (Figure 5 ZT12-16)
(Dang et al., 2016). Subsequently, BMALI is phosphorylated
by Ribosomal protein S6 kinase beta-1 (S6K1) again at Ser-
42 through the insulin- mammalian target of rapamycin
(mTOR) pathway (see section Phosphorylation Clock: From the
Cellular to the Systemic Level). BMALI1 rhythmically associates
with S6K1 and the translational machinery in the cytoplasm,
and the phosphorylation at Ser-42 is required to promote
protein translation, closing the transcriptional-translational
feedback loop of the circadian clock (Lipton et al, 2015)
(Figure 5, ZT16-24).

On the other hand, under restricted feeding conditions (access
to food only 4-h during the light phase), Protein Kinase Cy
(PKCy) can phosphorylate BMALIL. This modification reduces
the ubiquitination and stabilizes the protein, causing a circadian
phase shift (Zhang et al., 2012). PKCy seems to be very sensitive
to the food intake, since its daily activation profile changes during
the restricted feeding compared to ad libidum, in mice kept under
12:12 light/dark conditions. PKCy-mediated phosphorylation
of BMALI seems dispensable during the normal light: dark
entrainment, but it seems to be an essential regulator of BMAL1

under restricted feeding. AKT (which is activated by insulin
increase) can modulate GSK3p through the pathway AKT-
GSK3p, and this can counteract PKCy activity on BMALL. These
observations suggest that food can synchronize the circadian
clock through the axis GSK33-BMAL1-PKCy.

The mTOR pathway regulates PER1 nuclear shuttling in
the liver. After nighttime feeding, mTOR phosphorylates Tight
Junction Protein 1 (TJP1). This protein is located on a
cytoplasmic membrane surface of tight intercellular junctions,
where it traps PER1. Once the mTOR pathway is active, the
heterodimer TJP1: PERI is disassembled, promoting PER1
nuclear localization. Here, the clock factor can inhibit CLOCK:
BMALI transcriptional activity (Liu et al., 2020).

Phosphorylation of PER1 at Serine-714 (Ser-714) in the liver is
associated with the regulation of feeding rhythms and food intake
(Liuetal., 2014) (Figure 5, ZT12-16). PER15714G mice exhibit an
advanced phase of feeding behavior, a propensity to obesity on
a high-fat diet. At the molecular level, it has been proposed that
pSer-714 is necessary to keep “on time” the feedback loop, and
PER1%714S mice showed an accelerated speed of the cycle.

By mass spectrometry, and subsequently biochemical
experiments, it was observed that phosphorylation mediated by
5’-adenosine monophosphate-activated protein kinase (AMPK),
in the liver, at Serine-71 (Ser-71) and, to a lesser extent, at
Serine-280 (Ser-280) are involved in the regulation of CRY1
stability (Lamia et al., 2009) (Figure 5, ZT12-26). Due to the
role of AMPK as a fasting sensor (see section Phosphorylation
Clock: From the Cellular to the Systemic Level for details),
this evidence proved a direct connection between metabolism
and the circadian clock. The diurnal peak of CRY1 protein
accumulation is in antiphase with one of AMPK, supporting the
idea that nuclear AMPK can drive CRY1 degradation (Lamia
etal., 2009) (Figure 5, ZT16-20).

Rescue experiments performed in vitro on HEK 293, where
Cryl was suppressed, showed that CRY1 S to G 71 was not
able to restore the circadian rhythmicity compared to wt CRY1
(Liu and Zhang, 2016). However, an extensive investigation
performed on mice mutant for Ser-71 led to evidence that
the specific phosphorylation site does not show any impact on
in vivo regulation of the circadian behavior (Vaughan et al,
2019). These observations raise the question of whether CRY1
phosphorylation works only as a metabolic sensor.

Hypothalamic Dual specificity tyrosine-phosphorylation-
regulated kinase 1a (Dyrkla) regulates food intake in mice (Hong
et al., 2012). CRY2 is phosphorylated by DYRK at Ser-557 in
the mouse liver, and this modification rhythmically oscillates
over the day (Kurabayashi et al., 2010). Then, pSer557-CRY2 is
used as a priming site for GSK3 beta-mediated phosphorylated
at Ser-553 (Harada et al., 2005), suggesting that the axis DYRK-
GSK3 beta can affect CRY?2 stability (Kurabayashi et al., 2010). A
point mutation at Ser-557 stabilizes the protein, thus lengthening
the period (Hirano et al., 2014). Additionally, pSer-557 CRY2
colocalized mostly into the nucleus, suggesting that the specific
phosphorylation drives CRY2 degradation by multiple steps.
In detail, GSK-3B-mediated CRY2 phosphorylation is primed
by DYRKI1A, which phosphorylates the protein at the amino
acid Ser-557 (Kurabayashi et al., 2010) (Figure5 ZT12-16).
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FIGURE 5 | assembled on the promoter of clock-controlled genes, formed by CLOCK, BMAL1, PER2, PER1, AKT (activated by insulin) DYRK1A, CRY1, CRY2, and
AMPK. As consequence, CKOCK is phosphorylated at serine 845, BMAL1 at serine 42, CRY1 at serine 71 and 280 (AMPK), PER1 at serine 714. All these events
drive the transition from transactivation to gene repression. BMAL1 pSer-42 translocated into the cytoplasm where it is phosphorylated again at serine 42 by S6K1.
This signal triggers protein synthesis which is driven by the complex formed by BMAL1, S6KI, 14-3-3, elF4F, and elF3B. On the other hand, CLOCK (pSer-845), CR2
(pSer-553, pSer-557), CRY (pSer-71, pSer280), PER1 (pSer-714) are degraded in the cytoplasm, via proteasome.

TABLE 2 | Feeding-related phosphorylation of clock components.

Protein a.a. Function

Kinase

Validation method References

CLOCK Ser845 - Nucleus/cytosol shuttling

- Dimerization with 14-3-3

BMALA Ser42 Nucleus/cytosol translocation

Initiation of ribosomal translation

CRY1 Ser71

Ser280

Protein degradation

CRY2 Serb53 Protein degradation

Serb57

Protein degradation

PER1
Rev-Erba

Ser714
Thr275

Protein degradation
Protein degradation

AKT e

AKT

S6K1 -

AMPK

GSK3 B

Dyrkia -

Unknown
CDKA1 -

In vitro kinase
assay
Site-direct
mutagenesis

Luciano et al., 2018

In vitro kinase

assay

- Site-direct
mutagenesis

- Mass

Spectrometry

Dang et al., 2016

In vitro kinase

assay

- Site-direct
mutagenesis

- Mass

Spectrometry

In vivo

phosphospecific

antibody

Lipton et al., 2015

In vitro kinase
assay
Site-direct
mutagenesis
- Mass
Spectrometry

Lamia et al., 2009

In vitro kinase
assay
Site-direct
mutagenesis

Kurabayashi et al., 2010

In vitro kinase
assay
Site-direct
mutagenesis

Kurabayashi et al., 2010

Indirect Liu et al., 2014

In vitro kinase Zhao et al., 2016
assay

Site-direct

Mutagenesis

In vivo

phosphospecific

antibody

The color refers to the protein for easier readability.

This phosphorylated form can bind GSK-3p, which drives the
degradation pathway of CRY2 via Ser-553 phosphorylation
(Figure 5, 16-24). However, the E3 ligase involved in these
pathways is still unknown. Due to the role of DYRKIA in
the regulation of food intake, the phosphorylation of CRY2
might suggest a further connection between circadian rhythms

and feeding.
REV-ERBa is a nuclear receptor involved in the
stabilizing loop of the circadian clock mechanism

with a role as s transcriptional repressor. It exerts its
functions through binding to genomic response elements
(termed ROREs). This kind of regulation is balanced
by the positively acting orphan nuclear receptors RORa
(Sato et al., 2004; Takeda et al., 2012).

REV-ERBu is also phosphorylated at Threonine-275 (Thr-
275) by Cyclin-Dependent-Kinase 1 (CDK1) in the mouse
liver (Zhao et al, 2016). CDKIl-mediated phosphorylation
drives the degradation of REV-ERBa via F-Box and WD

Frontiers in Physiology | www.frontiersin.org

12

November 2020 | Volume 11 | Article 612510


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Brenna and Albrecht

Clock and Phosphorylation

Repeat Domain Containing 7 (FBXW?7). The phosphorylation at
Thr-275 oscillates during the day, with a peak during the early
morning, when the total protein amount is lower. Knock out
of both CDK1 and FBXW7 impairs the circadian rhythmicity’s
amplitude. As a consequence, expression of genes involved
in lipid and glucose metabolism, such as Insig2 and G6Pase,
is aberrant, influencing liver steatosis, and gluconeogenesis.
These results altogether showed the importance of post-
translational regulation as coordinator of the body energy
and homeostasis.

Finally, CDK9 interacts with REV-ERBa and attenuates the
binding to the RORE elements.

A schematic summary of the main phosphorylations discussed
is shown in Table 2.

PHOSPHORYLATION CLOCK: FROM THE
CELLULAR TO THE SYSTEMIC LEVEL

In the last few years, large-scale analysis of post-translational
modifications, such as phosphorylation, became accessible to
most of the laboratories. The first circadian phosphoproteome
database was obtained from the liver, which is the tissue
that displays the most robust circadian activity, together
with the SCN (Robles et al., 2017). Interestingly, 25% of the
phosphopeptides on over 40% of the identified phosphoproteins
showed oscillations over 24 h. This large amount of oscillating
phosphopeptides was highly astonishing, considering that only
10% of the total transcriptome displayed circadian oscillation
in gene expression (Panda et al., 2002a; Storch et al., 2002). The
amplitude of the circadian phosphoproteome was four times
higher than the one of the entire liver proteome (Robles et al.,
2014, 2017). These results suggested that phosphorylation
is one of the most robust markers of rhythmicity in
this organ.

Interestingly, the oscillating phospho-sites that were identified
from the Mass-Spec belonged to signaling pathways involved
in insulin signaling, autophagy, circadian rhythms, and TGF-
beta signaling. These findings supported the hypothesis that
post-translational modification connects circadian rhythms with
physiological processes. Phosphopeptide oscillations showed
peaks in two different temporal windows around the day, one
around the circadian time (CT) 4-6 when the light is on,
and the second around CT 15-17 when the light is off. These
peaks were in opposition to the ones observed for the total
proteome (Robles et al., 2014, 2017). These pieces of evidence
suggested that there is a group of kinases activated during the
resting/fasting phase (corresponding to the light on) and another
activated during the active/feeding period (corresponding to the
light off).

An example of a phosphorylation cascade, that is activated
during the light phase is the AMPK signaling pathway. The
adenosine monophosphate (AMP)-activated protein kinase
(AMPK) is a serine/threonine kinase, which is activated by ATP
exhaustion that leads to an increase of AMP, a usual signal
of cellular stress (Hardie, 2007). The AMPK cascade is under
the control of both circadian clock and feeding, which couples

metabolic state with circadian rhythmicity (Suter and Schibler,
2009). During the sleeping phase [zeitgeber time (ZT) 0-12, light
on], the AMP/ATP ratio continuously increases up to ZT'12. The
AMP accumulation increases in the cells and the factor binds
AMPK. This binding provokes a change of conformation in the
AMPK quaternary structure.

As a consequence, the Threonine-172 (T-172) is exposed,
and it can be phosphorylated by Liver Kinase Bl (LKBI1),
which itself is sensitive to changes in AMP/ATP levels. This
specific modification activates AMPK, which subsequently
phosphorylates many targets. This mechanism is a direct readout
of diurnal metabolic changes (Shackelford and Shaw, 2009; Lee
and Kim, 2013) (Figure 6, light phase).

For instance, upon phosphorylation, AMPK positively
regulates the NAMPT accumulation. NAMPT is one of the
essential molecular connectors between metabolic changes and
circadian regulation in peripheral tissues (Nakahata et al., 2009;
Ramsey et al,, 2009). This accumulation enhances the Silent
Information Regulator 1 (SIRT1) histone deacetylase activity,
which then regulates the molecular clock (Asher et al., 2008;
Nakahata et al., 2008).

Another example of how phosphorylation ties metabolism
to circadian rhythm is the AMPK-mTOR-AKT axis (Figure 6).
The mammalian target of rapamycin (mTOR) pathway is a
crucial point in the regulation of metabolism and physiology
in mammals (Laplante and Sabatini, 2012). mTOR presents
at least two different multiprotein complexes, mTORCI1
and mTORC2. The Regulatory-associated-protein of mTOR
(RAPTOR) is a member of the mTOR cascade signaling. In
the absence of nutrients (morning fasting), AMPK is active,
and it phosphorylates RAPTOR at serine-792 (Ser-792). The
phosphorylated protein can subsequently bind 14-3-3, which
belongs to the family of regulatory molecules, and this increases
the affinity of RAPTOR for mTORC1 (Xu et al.,, 2012).

As a consequence, this cascade leads to the inhibition of
mTORCI during the light phase. Additionally, AMPK can
phosphorylate Tuberous Sclerosis Complex 2 (TSC2). This
form of TSC2 can inhibit the conversion of Ras homolog
enriched in the brain (RHEB, a GTP-binding protein) from
GDP to GTP-bound. The RHEB-GDP is not able to activate the
mTOR pathway.

On the other hand, the mTOR pathway is positively regulated
at night by AKT. AKT, also known as PKB, is a cytosolic kinase
involved in the Phosphoinositide 3-kinase (PI3K)-AKT pathway.
In the presence of specific ligands, for instance, an increased
level of insulin, phosphoinositide 3-kinase (PI3K) is activated.
The PI3K cascade promotes AKT phosphorylation, and therefore
activation. Active AKT phosphorylates TSC2 at different sites
(Ser-939, Ser-981, Thr-1462, Ser-1130, Ser-1132). This modified
form of TSC2 inhibits the conversion of RHEB-GTP to RHEB-
GDP. Thus RHEB in its GTP-bound form can trigger the
mTOR pathway to promote ribosome biogenesis, which couples
circadian phosphorylation and energy stress (Jouffe et al., 2013;
Robles et al., 2017; Cao, 2018). Altogether, these observations
show that the AMPK-AKT axis regulates the mTOR pathway in a
circadian way mediating the transition from the resting phase to
the active phase in mice.
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FIGURE 6 | Diurnal regulation of the mTOR pathway. During the light phase (ZT0-ZT12), mice are sleeping and therefore fasting. Fasting is a specific stimulus that
drivers AMP accumulation at the expense of ATP. AMP accumulation triggers AMPK activation via phosphorylation at Threonine 172 (Thr-172) mediated by LKB1. The
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FIGURE 6 | active AMPK can phosphorylate RAPTOR at serine 792 (Ser-792) which subsequently interacts with 14-3-3 and inhibits mTOR. In parallel, AMPK can
phosphorylate TSC2 at an unknown phosphosite. The phosphorylated TSC2 inhibits the conversion of RHEB-GDP (inactive) to the active form RHEB-GTP, which is a
positive regulator of mTOR. As a consequence, the mTOR pathway is shut down. On the other hand, at night (ZT12-2T24) when mice are active and they are feeding,
the internal level of insulin is increasing. This event promotes the PISK-AKT cascade, which ends with an active form of AKT phosphorylating TSC2 at different sites
(Thr-1462, Ser-939, Ser-981, Ser-1130, Ser-1132). The hyperphosphorylated TSC2 inhibits the conversion of RHEB-GTP to RHEB GDP, thus the active RHEB-GTP
can turn on the mTOR pathway. AMP, Adenosine MonoPhosphate; ATP, Adenosine TriPhosphate; LKB1, Liver Kinase B1; AMPK, 5" Adenosine
Monophosphate-activated Protein Kinase; TSC2, Tuberous Sclerosis Complex 2; RHEB, Ras Homolog Enriched in Brain; GTP, Guanosine TriPhosphate; GDP,
Guanosine DiPhosphate; IRS1, Insulin Receptor Substrate 1; PI3K, Phosphatidylinositol-3-Kinase; PIP2, Phosphatidylinositol 4,5-bisphosphate; PIP3,
Phosphatidylinositol (3,4,5)-trisphosphate; AKT, AKR Thymoma; mTOR, mammalian Target Of Rapamycin; p, phosphorylated; s, serine.

PHOSPHORYLATION ABERRATION AND
DISEASES

Phosphorylation is an essential mechanism for modulating
biological responses. Alteration of kinases activity or point
mutations on target sequence can lead to many diseases as, for
instance, Advanced Sleep Phase Disorder (ASPD) (Auger, 2009).
The Familial Advanced Sleep Phase Disorder (FASP) is the most
famous case belonging to the ASPD. Subjects with this disease
show an alteration of the circadian period of free-running, which
is shorter than healthy individuals.

As a consequence, it causes an earlier onset and offset,
which impacts the social life of these individuals. The
first clock-gene mutation causing FASP discovered was
the hPER2 S662G (mPER2 S659), which destabilizes
the protein causing a shortening of the period length
(Toh et al., 2001).

Additionally, PER1 S714G also is involved in the FASP
showing advanced sleep-wake rhythms (Liu et al., 2014). Both
human PER1 and PER2 are phosphorylated, and they interact
with CKle (Keesler et al., 2000; Camacho et al., 2001). As also
expected, CKI§ mutation (Thr-44A) causes FASP (Xu et al,
2005). On the other hand, a mutation of CRY1 is responsible
for Delayed Sleep Phase Disorder (DSPD). This mutation causes
a deletion of 24 amino acids within the C-Term region, which
is an essential target of kinases. As a consequence, CRY is more
abundant in the nuclei, causing a lengthening of the period (Patke
etal., 2017).

CDK5 is an essential kinase involved in neurogenesis.
Aberration in CDKS5 kinase activity leads to Neuro Degenerative
diseases (NDs) (Kawauchi, 2014). Since CDK5 kinase activity
shows a diurnal profile (peaking during the night phase),
we can assume that alteration in the day-night cycles can
be responsible for ND malignancies. CKI was discovered
to be aberrant in NDs, suggesting a further connection
between circadian kinase activity and diseases (Schwab et al,
2000). Alteration of GSK-3f is involved in mood disorders,
which have been strongly connected to circadian disorders
(Li and Jope, 2010).

Many forms of cancer are connected to circadian aberrations.
For instance, alteration in the pathway of CRY1 Thr-300
phosphorylation within the phosphodegron is associated with
the chemoresistance of colorectal cancer (Fang et al, 2015).
The mTOR pathway alteration is involved in many forms of
cancer as well, which are connected to the circadian clock at
the epidemiological level. Since obesity or generally, metabolic

disorders are often associated with cancer development, the
role of the mTOR pathway, which is regulated by the daily
oscillation between fasting and feeding, might connect these
different health issues (Swierczynska and Hall, 2016). However,
many therapies nowadays imply the use of drugs that can
target these kinases modifying even the circadian clock.
For instance, the photocaged longdaysin is a purine-based
inhibitor of CKlIa, CKIS and ERK2 that increases circadian
period in cells (Hirota et al., 2010; Kolarski et al, 2019).
Additionally, the compound PF670462 inhibits Casein Kinase
1 d/e and lenghtens circadian period (Meng et al, 2010).
Furthermore, this inhibitor has anti-fibrogenic effects (Keenan
et al., 2018). Nevertheless, the question remains whether these
therapies should require a chrono-pharmacological approach
due to the difference between subjects in terms of daily
expression of proteins that are the target of these drugs
(Griffett and Burris, 2013).

CONCLUSIONS

Here we described the role of phosphorylation on the circadian
clock and vice versa. Although the transcriptional-translational
feedback loop is considered as a central dogma for the circadian
clock regulation (Hurley et al., 2016), many pieces of evidence
suggest that it is not the most critical mechanism for coordinating
rhythmicity. It has been demonstrated that the rhythmicity of
mRNA is not necessarily predictive of the rhythmicity of its
cognate protein, and proteins with a non-cyclic accumulation
over the day can still generate rhythmic responses through
PTM modifications (Mauvoisin et al., 2014). For instance, post-
translational rhythms were observed in enucleated human red
blood cells without oscillating mRNA (O’Neill and Reddy, 2011).
This is a quite conserved mechanism across species. For instance,
it has been shown that the phosphorylation of FRQ, which is
the negative regulator of the circadian feedback loop, rather than
its quantity, is crucial for the determination of the circadian
period in Neurospora (Larrondo et al., 2015). Altogether these
observations highlight the relevance of PTM modifications,
such as phosphorylation, in the generation of circadian
rhythmicity, which seems to be as crucial as the transcriptional-
translational paradigm. Additionally, we emphasized the role
of the phosphorylation in metabolic pathways tied to the
molecular clock and how dangerous for health the disruption
of such mechanisms can be. Many compounds can regulate
the activity of kinases. For instance, specific drugs can block
the PI3K signaling (described in this review) inhibiting tumor

Frontiers in Physiology | www.frontiersin.org

15

November 2020 | Volume 11 | Article 612510


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Brenna and Albrecht

Clock and Phosphorylation

growth (Jamieson et al., 2011). However, because this specific
pathway (not only this) is driven by insulin peak associated
with the circadian food intake, it would also be probably
necessary to dose the drug at the appropriate time during the
day, to be more successful. This aspect, time-related and not
only dose-related, belongs to the growing field of the chrono-
pharmacology, called “the medicine in the fourth dimension,”
which is the future of the therapeutic approaches to diseases
(Cederroth et al., 2019).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

REFERENCES

Aguilar-Arnal, L., and Sassone-Corsi, P. (2013). The circadian epigenome: how
metabolism talks to chromatin remodeling. Curr. Opin. Cell Biol. 25, 170-176.
doi: 10.1016/j.ceb.2013.01.003

Akashi, M., and Takumi, T. (2005). The orphan nuclear receptor RORalpha
regulates circadian transcription of the mammalian core-clock Bmall. Nat.
Struct. Mol. Biol. 12, 441-448. doi: 10.1038/nsmb925

Akashi, M., Tsuchiya, Y., Yoshino, T., and Nishida, E. (2002). Control of
intracellular dynamics of mammalian period proteins by casein kinase I epsilon
(CKlIepsilon) and CKIdelta in cultured cells. Mol. Cell. Biol. 22, 1693-1703.
doi: 10.1128/MCB.22.6.1693-1703.2002

Aryal, R. P, Kwak, P. B., Tamayo, A. G., Gebert, M., Chiu, P. L., Walz, T., et al.
(2017). Macromolecular assemblies of the mammalian circadian clock. Mol
Cell. 67,770-782.e776. doi: 10.1016/j.molcel.2017.07.017

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

Auger, R. R. (2009). Advance-related sleep complanits and advanced sleep phase
disorder. Sleep Med. Clin. 4, 219-227. doi: 10.1016/j.jsmc.2009.01.012

Baker, C. L., Kettenbach, A. N,, Loros, J. J., Gerber, S. A., and Dunlap, J. C. (2009).
Quantitative proteomics reveals a dynamic interactome and phase-specific
phosphorylation in the neurospora circadian clock. Mol. Cell 34, 354-363.
doi: 10.1016/j.molcel.2009.04.023

Bell-Pedersen, D., Cassone, V. M., Earnest, D. J., Golden, S. S., Hardin,
P. E, Thomas, T. L, et al. (2005). Circadian rhythms from multiple
oscillators: lessons from diverse organisms. Nat. Rev. Genet. 6, 544-556.
doi: 10.1038/nrg1633

Brenna, A., Olejniczak, I., Chavan, R., Ripperger, ]. A., Langmesser, S., Cameroni,
E., et al. (2019). Cyclin-dependent kinase 5 (CDK5) regulates the circadian
clock. Elife 8:¢50925. doi: 10.7554/eLife.50925.sa2

Buhr, E. D., and Takahashi, J. S. (2013). Molecular components of the
mammalian circadian clock. Handb. Exp. Pharmacol. 217, 3-27.
doi: 10.1007/978-3-642-25950-0_1

Busino, L., Bassermann, F., Maiolica, A., Lee, C., Nolan, P. M., Godinho, S.
I, et al. (2007). SCFFbxI3 controls the oscillation of the circadian clock by
directing the degradation of cryptochrome proteins. Science 316, 900-904.
doi: 10.1126/science.1141194

Camacho, F., Cilio, M., Guo, Y., Virshup, D. M., Patel, K., Khorkova, O.,
et al. (2001). Human casein kinase Idelta phosphorylation of human
circadian clock proteins period 1 and 2. FEBS Lett. 489, 159-165.
doi: 10.1016/S0014-5793(00)02434-0

Cao, R. (2018). mTOR signaling, translational control, and the circadian clock.
Front. Genet. 9:367. doi: 10.3389/fgene.2018.00367

Cederroth, C. R, Albrecht, U., Bass, J., Brown, S. A., Dyhrfjeld-Johnsen, J., Gachon,
F., et al. (2019). Medicine in the fourth dimension. Cell Metab. 30, 238-250.
doi: 10.1016/j.cmet.2019.06.019

AUTHOR CONTRIBUTIONS

AB and UA conceived and wrote the manuscript. Both authors
contributed to the article and approved the submitted version.

FUNDING

Swiss  National  Science  Foundation (SNF)  Grant
number: 310030_184667/1.

ACKNOWLEDGMENTS

We would like to thank Professor Zhihong Yang for the scientific
contribution and comments on the manuscript.

Chang, Y., Cohen, S. E., Phong, C., Myers, W. K, Kim, Y., Tseng, R,, et al.
(2015). A protein fold switch joins the circadian oscillator to clock output in
cyanobacteria. Science 349, 324-328. doi: 10.1126/science.1260031

Chappuis, S., Ripperger, J. A., Schnell, A., Rando, G., Jud, C., Wahli, W., et al.
(2013). Role of the circadian clock gene Per2 in adaptation to cold temperature.
Mol. Metab. 2, 184-193. doi: 10.1016/j.molmet.2013.05.002

Chaves, 1., Yagita, K., Barnhoorn, S., Okamura, H., van der Horst, G. T., and
Tamanini, F. (2006). Functional evolution of the photolyase/cryptochrome
protein family: importance of the C terminus of mammalian CRY1 for
circadian core oscillator performance. Mol. Cell. Biol. 26, 1743-1753.
doi: 10.1128/MCB.26.5.1743-1753.2006

Chiou, Y., Yang, Y., Rashid, N., Ye, R, Selby, C. P., and Sancar, A. (2016).
Mammalina period represses and de-represses transcription by displacing
CLOCK-BMALL from promoters in a cryptochrome-dependent manner. Proc.
Natl. Acad. Sci. U.S.A. 113, E6072-E6079. doi: 10.1073/pnas.1612917113

Dang, F., Sun, X, Ma, X., Wu, R,, Zhang, D., Chen, Y., et al. (2016). Insulin post-
transcriptionally modulates Bmall protein to affect the hepatic circadian clock.
Nat. Commun. 7:12696. doi: 10.1038/ncomms12696

Dunlap, J. C., Loros, J. J, Liu, Y., and Crosthwaite, S. K. (1999).
Eukaryotic circadian systems: cycles in common. Genes Cells 4, 1-10.
doi: 10.1046/j.1365-2443.1999.00239.x

Eide, E. J., Woolf, M. F., Kang, H., Woolf, P., Hurst, W., Camacho, F., et al.
(2005). Control of mammalian circadian rhythm by CKlepsilon-regulated
proteasome-mediated PER2 degradation. Mol. Cell. Biol. 25, 2795-2807.
doi: 10.1128/MCB.25.7.2795-2807.2005

Eng, G. W. L., Edison, and Virshup, D. M. (2017). Site-specific phosphorylation
of casein kinase 1 delta (CK1delta) regulates its activity towards the circadian
regulator PER2. PLoS ONE 12:e0177834. doi: 10.1371/journal.pone.0177834

Etchegaray, J. P., Machida, K. K., Noton, E., Constance, C. M., Dallmann,
R, Di Napoli, M. N, et al. (2009). Casein kinase 1 delta regulates the
pace of the mammalian circadian clock. Mol. Cell. Biol. 29, 3853-3866.
doi: 10.1128/MCB.00338-09

Fang, L., Yang, Z. Zhou, J., Tung, J. Y. Hsiao, C. D., Wang, L,
et al. (2015). Circadian clock gene CRY2 degradation is involved in
chemoresistance of colorectal cancer. Mol. Cancer Ther. 14, 1476-1487.
doi: 10.1158/1535-7163.MCT-15-0030

Fustin, J. M., Kojima, R,, Itoh, K., Chang, H. Y., Ye, S., Zhuang, B., et al. (2018).
Two Ck13 transcripts regulated by m6A methylation code for two antagonistic
kinases in the control of the circadian clock. Proc. Natl. Acad. Sci. U.S.A. 115,
5980-5985. doi: 10.1073/pnas.1721371115

Gallego, M., Eide, E. J., Woolf, M. F., Virshup, D. M., and Forger, D. B. (2006). An
opposite role for tau in circadian rhythms revealed by mathematical modeling.
Proc. Natl. Acad. Sci. U.S.A. 103, 10618-10623. doi: 10.1073/pnas.0604511103

Gao, P, Yoo, S. H., Lee, K. ], Rosensweig, C., Takahashi, J. S., Chen,
B. P, et al. (2013). Phosphorylation of the cryptochrome 1 C-terminal
tail regulates circadian period length. J. Biol. Chem. 288, 35277-35286.
doi: 10.1074/jbc.M113.509604

Frontiers in Physiology | www.frontiersin.org

16

November 2020 | Volume 11 | Article 612510


https://doi.org/10.1016/j.ceb.2013.01.003
https://doi.org/10.1038/nsmb925
https://doi.org/10.1128/MCB.22.6.1693-1703.2002
https://doi.org/10.1016/j.molcel.2017.07.017
https://doi.org/10.1016/j.cell.2008.06.050
https://doi.org/10.1016/j.jsmc.2009.01.012
https://doi.org/10.1016/j.molcel.2009.04.023
https://doi.org/10.1038/nrg1633
https://doi.org/10.7554/eLife.50925.sa2
https://doi.org/10.1007/978-3-642-25950-0_1
https://doi.org/10.1126/science.1141194
https://doi.org/10.1016/S0014-5793(00)02434-0
https://doi.org/10.3389/fgene.2018.00367
https://doi.org/10.1016/j.cmet.2019.06.019
https://doi.org/10.1126/science.1260031
https://doi.org/10.1016/j.molmet.2013.05.002
https://doi.org/10.1128/MCB.26.5.1743-1753.2006
https://doi.org/10.1073/pnas.1612917113
https://doi.org/10.1038/ncomms12696
https://doi.org/10.1046/j.1365-2443.1999.00239.x
https://doi.org/10.1128/MCB.25.7.2795-2807.2005
https://doi.org/10.1371/journal.pone.0177834
https://doi.org/10.1128/MCB.00338-09
https://doi.org/10.1158/1535-7163.MCT-15-0030
https://doi.org/10.1073/pnas.1721371115
https://doi.org/10.1073/pnas.0604511103
https://doi.org/10.1074/jbc.M113.509604
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Brenna and Albrecht

Clock and Phosphorylation

Godinho, S. I, Maywood, E. S., Shaw, L, Tucci, V., Barnard, A. R,
Busino, L., et al. (2007). The after-hours mutant reveals a role for
Fbxl3 in determining mammalian circadian period. Science 316, 897-900.
doi: 10.1126/science.1141138

Gossan, N. C., Zhang, F., Guo, B,, Jin, D., Yoshitane, H., Yao, A., et al. (2014). The
E3 ubiquitin ligase UBE3A is an integral component of the molecular circadian
clock through regulating the BMALLI transcription factor. Nucleic Acids Res. 42,
5765-5775. doi: 10.1093/nar/gku225

Griffett, K., and Burris, T. P.
chronopharmacology.  Bioorg.
doi: 10.1016/j.bmcl.2013.02.015

Hara, R, Wan, K, Wakamatsu, H., Aida, R., Moriya, T., Akiyama,
M., (2001). Restricted feeding entrains
participation of the suprachiasmatic nucleus. Genes Cells 6, 269-278.
doi: 10.1046/j.1365-2443.2001.00419.x

Harada, Y., Sakai, M., Kurabayashi, N., Hirota, T., and Fukada, Y. (2005). Ser-
557-phosphorylated mCry2 is degraded upon synergistic phosphorylation
by glycogen synthase kinase-3 beta. J. Biol. Chem. 280, 31714-31721.
doi: 10.1074/jbc.M506225200

Hardie, D. G. (2007). AMP-activated/SNF1 protein kinases: conserved guardians
of cellular energy. Nat. Rev. Mol. Cell Biol. 8, 774-785. doi: 10.1038/nrm2249

Hirano, A., Fu, Y. H., and Ptacek, L. J. (2016). The intricate dance of post-
translational modifications in the rhythm of life. Nat. Struct. Mol. Biol. 23,
1053-1060. doi: 10.1038/nsmb.3326

Hirano, A., Kurabayashi, N., Nakagawa, T., Shioi, G., Todo, T., Hirota, T., et al.
(2014). In vivo role of phosphorylation of cryptochrome 2 in the mouse
circadian clock. Mol. Cell. Biol. 34, 4464-4473. doi: 10.1128/MCB.00711-14

Hirota, T., Lee, J. W., Lewis, W. G., Zhang, E. E., Breton, G., Liu, X,, et al.
(2010). High-throughput chemical screen identifies a novel potent modulator
of cellular circadian rhythms and reveals CKIalpha as a clock regulatory kinase.
PLoS Biol. 8:¢1000559. doi: 10.1371/journal.pbio.1000559

Hong, S., Lee, K, Kwak, S, Kim, A, Bai, H, Jung, M, et al. (2012).
Minibrain/Dyrkla regulates food intake through the Sir2-FOXO-
sNPF/NPY pathway in drosophila and mammals. PLoS Genet. 8:e1002857.
doi: 10.1371/journal.pgen.1002857

Hurley, J. M., Loros, J. J., and Dunlap, J. C. (2016). Circadian oscillators: around
the transcription-translation feedback loop and on to output. Trends Biochem.
Sci. 41, 834-846. doi: 10.1016/j.tibs.2016.07.009

litaka, C., Miyazaki, K., Akaike, T., and Ishida, N. (2005). A role for glycogen
synthase kinase-3beta in the mammalian circadian clock. J. Biol. Chem. 280,
29397-29402. doi: 10.1074/jbc.M503526200

Ikeda, R., Tsuchiya, Y., Koike, N., Umemura, Y., Inokawa, H., Ono, R., et al. (2019).
REV-ERBa and REV-ERBP function as key factors regulating mammalian
circadian output. Sci. Rep. 9:10171. doi: 10.1038/s41598-019-46656-0

Imamura, K., Yoshitane, H., Hattori, K., Yamaguchi, M., Yoshida, K., Okubo,
T., et al. (2018). ASK family kinases mediate cellular stress and redox
signaling to circadian clock. Proc. Natl. Acad. Sci. US.A. 115, 3646-3651.
doi: 10.1073/pnas.1719298115

Isojima, Y., Nakajima, M., Ukai, H., Fujishima, H., Yamada, R. G., Masumoto, K.,
et al. (2009). CKIe/3-dependent phosphorylation is a temperature-insensitive,
period-determining process in the mammalian circadian clock. Proc. Natl.
Acad. Sci. U.S.A. 106, 15744-15749. doi: 10.1073/pnas.0908733106

Iwasaki, H., Nishiwaki, T., Kitayama, Y., Nakajima, M., and Kondo, T.
(2002). KaiA-stimulated KaiC phosphorylation in circadian timing
loops in cyanobacteria. Proc. Natl. Acad. Sci. US.A. 99, 15788-15793.
doi: 10.1073/pnas.222467299

Jamieson, S., Flanagan, J. U., Kolekar, S., Buchanan, C., Kendall, J. D., Lee, W.
J., et al. (2011). A drug targeting only pl10alpha can block phosphoinositide
3-kinase signalling and tumour growth in certain cell types. Biochem. J. 438,
53-62. doi: 10.1042/BJ20110502

Jouffe, C., Cretenet, G., Symul, L., Martin, E., Atger, F., Naef, F,, et al. (2013).
The circadian clock coordinates ribosome biogenesis. PLoS Biol. 11:¢1001455.
doi: 10.1371/journal.pbio.1001455

Kawauchi, T. (2014). Cdk5 regulates multiple cellular events in neural
development, function and disease. Dev. Growth Differ. 56, 335-348.
doi: 10.1111/dgd.12138

Keenan, C. R., Langenbach, S. Y., Jativa, F., Harris, T., Li, M., Chen, Q., et al.
(2018). Casein kinase 13/¢ inhibitor, PF670462 attenuates the fibrogenic effects

clock and
1929-1934.

The mammalian
Chem.  Lett. 23,

(2013).
Med.

et al liver clock without

of transforming growth factor-p in pulmonary fibrosis. Front. Pharmacol. 9:738.
doi: 10.3389/fphar.2018.00738

Keesler, G. A., Camacho, F., Guo, Y., Virshup, D., Mondadori, C., and
Yao, Z. (2000). Phosphorylation and destabilization of human period 1
clock protein by human casein kinase 1 epsilon. Neuro Rep. 11, 951-955.
doi: 10.1097/00001756-200004070-00011

King, D. P., Zhao, Y., Sangoram, A. M., Wilsbacher, L. D., Tanaka, M., Antoch, M.
P., et al. (1997). Positional cloning of the mouse circadian clock gene. Cell 89,
641-653. doi: 10.1016/S0092-8674(00)80245-7

Kojima, S., and Green, C. B. (2015). Circadian genomics reveal a role
for post-transcriptional regulation in mammals. Biochemistry 54, 124-133.
doi: 10.1021/bi500707¢

Kolarski, D., Sugiyama, A., Breton, G., Rakers, C., Ono, D., Schulte, A, et al.
(2019). Controlling the circadian clock with high temporal resolution through
photodosing. J. Am. Chem. Soc. 141, 15784-15791. doi: 10.1021/jacs.9b05445

Kucera, N., Schmalen, I, Hennig, S., Ollinger, R., Strauss, H. M., Grudziecki,
A, et al. (2012). Unwinding the difference of the mammalian PERIOD clock
proteins from crystal structure to cellular function. Proc. Natl. Acad. Sci. U.S.A.
109, 3311-3316. doi: 10.1073/pnas.1113280109

Kurabayashi, N., Hirota, T., Sakai, M., Sanada, K., and Fukada, Y. (2010). DYRKI1A
and glycogen synthase kinase 3beta, a dual-kinase mechanism directing
proteasomal degradation of CRY2 for circadian timekeeping. Mol. Cell. Biol.
30, 1757-1768. doi: 10.1128/MCB.01047-09

Kwak, Y., Jeong, J., Lee, S., Park, Y. U, Lee, S. A, Han, D. H, et al
(2013). Cyclin-dependent kinase 5 (Cdk5) regulates the function of CLOCK
protein by direct phosphorylation. J. Biol. Chem. 288, 36878-36889.
doi: 10.1074/jbc.M113.494856

Lamia, K. A., Sachdeva, U. M., DiTacchio, L., Williams, E. C., Alvarez,
J. G., Egan, D. F, et al. (2009). AMPK regulates the circadian clock
by cryptochrome phosphorylation and degradation. Science 326, 437-440.
doi: 10.1126/science.1172156

Laplante, M., and Sabatini, D. M. (2012). mTOR signaling in growth control and
disease. Cell 149, 274-293. doi: 10.1016/j.cell.2012.03.017

Larrondo, L. F., Olivares-Yanez, C., Baker, C. L., Loros, J. J., and Dunlap,
J. C. (2015). Circadian rhythms. Decoupling circadian clock protein
turnover from circadian period determination. Science 347:1257277.
doi: 10.1126/science.1257277

Lee, C., Etchegaray, J. P., Cagampang, F. R., Loudon, A. S., and Reppert, S. M.
(2001). Posttranslational mechanisms regulate the mammalian circadian clock.
Cell 107, 855-867. doi: 10.1016/S0092-8674(01)00610-9

Lee, H., Chen, R,, Lee, Y., Yoo, S., and Lee, C. (2009). Essential roles of CKIdelta
and CKlepsilon in the mammalian circadian clock. Proc. Natl. Acad. Sci. U.S.A.
106, 21359-21364. doi: 10.1073/pnas.0906651106

Lee, Y., and Kim, E. K. (2013). AMP-activated protein kinase as a key
molecular link between metabolism and clockwork. Exp. Mol. Med. 45:¢33.
doi: 10.1038/emm.2013.65

Li, X, and Jope, R. S. (2010). Is glycogen synthase kinase-3a central
modulator in mood regulation? Neuropsychopharmacology 35, 2143-2154.
doi: 10.1038/npp.2010.105

Lipton, J. O., Yuan, E. D., Boyle, L. M., Ebrahimi-Fakhari, D., Kwiatkowski, E.,
Nathan, A., et al. (2015). The circadian protein BMALLI regulates translation
in response to S6Kl-mediated phosphorylation. Cell 161, 1138-1151.
doi: 10.1016/j.cell.2015.04.002

Liu, N,, and Zhang, E. E. (2016). Phosphorylation regulating the ratio of
intracellular CRY1 Protein determines the circadian period. Front. Neurol.
7:159. doi: 10.3389/fneur.2016.00159

Liu, Y., Zhang, Y., Li, T, Han, J., and Wang, Y. (2020). The tight junction protein
TJP1 regulates the feeding-modulated hepatic circadian clock. Nat. Commun.
11:589. doi: 10.1038/541467-020-14470-2

Liu, Z., Huang, M., Wu, X,, Shi, G., Xing, L., Dong, Z., et al. (2014). PER1
phosphorylation specifies feeding rhythm in mice. Cell Rep. 7, 1509-1520.
doi: 10.1016/j.celrep.2014.04.032

Lowrey, P. L., Shimomura, K., Antoch, M. P., Yamazaki, S., Zemenides, P.
D., Ralph, M. R,, et al. (2000). Positional syntenic cloning and functional
characterization of the mammalian circadian mutation tau. Science 288,
483-492. doi: 10.1126/science.288.5465.483

Luciano, A. K., Zhou, W., Santana, J. M., Kyriakides, C., Velazquez, H., and
Sessa, W. C. (2018). CLOCK phosphorylation by AKT regulates its nuclear

Frontiers in Physiology | www.frontiersin.org

17

November 2020 | Volume 11 | Article 612510


https://doi.org/10.1126/science.1141138
https://doi.org/10.1093/nar/gku225
https://doi.org/10.1016/j.bmcl.2013.02.015
https://doi.org/10.1046/j.1365-2443.2001.00419.x
https://doi.org/10.1074/jbc.M506225200
https://doi.org/10.1038/nrm2249
https://doi.org/10.1038/nsmb.3326
https://doi.org/10.1128/MCB.00711-14
https://doi.org/10.1371/journal.pbio.1000559
https://doi.org/10.1371/journal.pgen.1002857
https://doi.org/10.1016/j.tibs.2016.07.009
https://doi.org/10.1074/jbc.M503526200
https://doi.org/10.1038/s41598-019-46656-0
https://doi.org/10.1073/pnas.1719298115
https://doi.org/10.1073/pnas.0908733106
https://doi.org/10.1073/pnas.222467299
https://doi.org/10.1042/BJ20110502
https://doi.org/10.1371/journal.pbio.1001455
https://doi.org/10.1111/dgd.12138
https://doi.org/10.3389/fphar.2018.00738
https://doi.org/10.1097/00001756-200004070-00011
https://doi.org/10.1016/S0092-8674(00)80245-7
https://doi.org/10.1021/bi500707c
https://doi.org/10.1021/jacs.9b05445
https://doi.org/10.1073/pnas.1113280109
https://doi.org/10.1128/MCB.01047-09
https://doi.org/10.1074/jbc.M113.494856
https://doi.org/10.1126/science.1172156
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1126/science.1257277
https://doi.org/10.1016/S0092-8674(01)00610-9
https://doi.org/10.1073/pnas.0906651106
https://doi.org/10.1038/emm.2013.65
https://doi.org/10.1038/npp.2010.105
https://doi.org/10.1016/j.cell.2015.04.002
https://doi.org/10.3389/fneur.2016.00159
https://doi.org/10.1038/s41467-020-14470-2
https://doi.org/10.1016/j.celrep.2014.04.032
https://doi.org/10.1126/science.288.5465.483
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Brenna and Albrecht

Clock and Phosphorylation

accumulation and circadian gene expression in peripheral tissues. J. Biol. Chem.
293, 9126-9136. doi: 10.1074/jbc. RA117.000773

Masuda, S., Narasimamurthy, R., Yoshitane, H., Kim, J. K., Fukada, Y., and
Virshup, D. M. (2020). Mutation of a PER2 phosphodegron perturbs the
circadian phosphoswitch. Proc. Natl. Acad. Sci. US.A. 117, 10888-10896.
doi: 10.1073/pnas.2000266117

Mauvoisin, D., Wang, J., Jouffe, C., Martin, E., Atger, F., Waridel, P., et al. (2014).
Circadian clock-dependent and -independent rhythmic proteomes implement
distinct diurnal functions in mouse liver. Proc. Natl. Acad. Sci. U.S.A. 111,
167-172. doi: 10.1073/pnas.1314066111

Mebhra, A., Baker, C. L., Loros, J. J., and Dunlap, J. C. (2009). Post-translational
modifications in circadian rhythms. Trends Biochem. Sci. 34, 483-490.
doi: 10.1016/j.tibs.2009.06.006

Meng, Q. J., Logunova, L., Maywood, E. S., Gallego, M., Lebiecki, J., Brown, T. M.,
et al. (2008). Setting clock speed in mammals: the CK1 epsilon tau mutation
in mice accelerates circadian pacemakers by selectively destabilizing PERIOD
proteins. Neuron 58, 78-88. doi: 10.1016/j.neuron.2008.01.019

Meng, Q. J., Maywood, J. S., Bechtold, D. A, Lu, W. Q,, Li, J., Gibbs, J. E., et al.
(2010). Entrainment of disrupted circadian behavior through inhibition of
casein kinase 1 (CK1) enzymes. Proc. Natl. Acad. Sci. U.S.A. 107, 15240-15245.
doi: 10.1073/pnas.1005101107

Michael, A. K., Asimgil, H., and Partch, C. L. (2015). Cytosolic BMALI
moonlights as a translation factor. Trends Biochem. Sci. 40, 489-490.
doi: 10.1016/j.tibs.2015.07.006

Miyazaki, K., Mesaki, M., and Ishida, N. (2001). Nuclear entry mechanism of rat
PER2 (rPER2): role of rPER2 in nuclear localization of CRY protein. Mol. Cell.
Biol. 21, 6651-6659. doi: 10.1128/MCB.21.19.6651-6659.2001

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

Nakahata, Y., Sahar, S., Astarita, G., Kaluzova, M., and Sassone-Corsi, P. (2009).
Circadian control of the NAD+ salvage pathway by CLOCK-SIRT1. Science
324, 654-657. doi: 10.1126/science.1170803

Nakajima, M., Imai, K., Ito, H., Nishiwaki, T., Murayama, Y., Iwasaki, H.,
et al. (2005). Reconstitution of circadian oscillation of cyanobacterial KaiC
phosphorylation in vitro. Science 308, 414-415. doi: 10.1126/science.1108451

Nam, H. J., Boo, K., Kim, D., Han, D. H., Choe, H. K., Kim, C. R, et al. (2014).
Phosphorylation of LSD1 by PKCalpha is crucial for circadian rhythmicity and
phase resetting. Mol. Cell 53, 791-805. doi: 10.1016/j.molcel.2014.01.028

Narasimamurthy, R., Hunt, S. R,, Lu, Y., Fustin, J. M., Okamura, H., Partch,
C. L, et al. (2018). CKldelta/epsilon protein kinase primes the PER2
circadian phosphoswitch. Proc. Natl. Acad. Sci. U.S.A. 115, 5986-5991.
doi: 10.1073/pnas.1721076115

Noguchi, M., Hirata, N., and Suizu, F. (2018). AKT keeps the beat in CLOCK’s
circadian rhythm. J. Biol. Chem. 293, 9137-9138. doi: 10.1074/jbc.H118.003177

Ohsaki, K., Oishi, K., Kozono, Y., Nakayama, K., Nakayama, K. I., and Ishida,
N. (2008). The role of {beta}-TrCP1 and {beta}-TrCP2 in circadian rhythm
generation by mediating degradation of clock protein PER2. J. Biochem. 144,
609-618. doi: 10.1093/jb/mvn112

O’Neill, J. S., and Reddy, A. B. (2011). Circadian clocks in human red blood cells.
Nature 469, 498-503. doi: 10.1038/nature09702

Panda, S., Antoch, M. P., Miller, B. H,, Su, A. L, Schook, A. B., Straume, M.,
et al. (2002a). Coordinated transcription of key pathways in the mouse by the
circadian clock. Cell 109, 307-320. doi: 10.1016/S0092-8674(02)00722-5

Panda, S., Hogenesch, J. B., and Kay, S. A. (2002b). Circadian rhythms from flies to
human. Nature 417, 329-335. doi: 10.1038/417329a

Patke, A., Murphy, P. J., Onat, O. E., Krieger, A. C., Ozcelik, T., Campbell,
S. S, et al. (2017). Mutation of the human circadian clock gene
CRY1 in familial delayed sleep phase disorder. Cell 169, 203-215.e213.
doi: 10.1016/j.cell.2017.03.027

Philpott, J. M., Narasimamurthy, R., Ricci, C. G., Freeberg, A. M., Hunt, S. R., Yee,
L. E,, et al. (2020). Casein kinase 1 dynamics underlie substrate selectivity and
the PER2 circadian phosphoswitch. Elife 9:e52343. doi: 10.7554/eLife.52343.sa2

Preitner, N., Damiola, F., Lopez-Molina, L., Zakany, J., Duboule, D., Albrecht, U.,
et al. (2002). The orphan nuclear receptor REV-ERBalpha controls circadian
transcription within the positive limb of the mammalian circadian oscillator.
Cell 110, 251-260. doi: 10.1016/S0092-8674(02)00825-5

Price, J. L., Blau, J., Rothenfluh, A., Abodeely, M., Kloss, B., and Young, M. W.
(1998). Double-time is a novel drosophila clock gene that regulates PERIOD
protein accumulation. Cell 94, 83-95. doi: 10.1016/S0092-8674(00)81224-6

Ramsey, K. M., Yoshino, J., Brace, C. S., Abrassart, D., Kobayashi, Y., Marcheva, B.,
etal. (2009). Circadian clock feedback cycle through NAMPT-mediated NAD+
biosynthesis. Science 324, 651-654. doi: 10.1126/science.1171641

Reischl, S., and Kramer, A. (2011). Kinases and phosphatases in the mammalian
circadian clock. FEBS Lett. 585, 1393-1399. doi: 10.1016/j.febslet.2011.02.038

Reischl, S., Vanselow, K., Westermark, P. O., Thierfelder, N., Maier, B.,
Herzel, H., et al. (2007). Beta-TrCP1-mediated degradation of PERIOD2
is essential for circadian dynamics. J. Biol. Rhythms 22, 375-386.
doi: 10.1177/0748730407303926

Reppert, S. M., and Weaver, D. R. (2002). Coordination of circadian timing in
mammals. Nature 418, 935-941. doi: 10.1038/nature00965

Ripperger, J. A., and Schibler, U. (2006). Rhythmic CLOCK-BMALI binding
to multiple E-box motifs drives circadian Dbp transcription and chromatin
transitions. Nat. Genet. 38, 369-374. doi: 10.1038/ng1738

Robles, M. S., Boyault, C., Knutti, D., Padmanabhan, K., and Weitz, C. J.
(2010). Identification of RACK1 and protein kinase calpha as integral
components of the mammalian circadian clock. Science 327, 463-466.
doi: 10.1126/science.1180067

Robles, M. S., Cox, J., and Mann, M. (2014). In-vivo quantitative proteomics
reveals a key contribution of post-transcriptional mechanisms to the
circadian regulation of liver metabolism. PLoS Genet. 10:e1004047.
doi: 10.1371/journal.pgen.1004047

Robles, M. S., Humpbhrey, S. J., and Mann, M. (2017). Phosphorylation is a central
mechanism for circadian control of metabolism and physiology. Cell Metab. 25,
118-127. doi: 10.1016/j.cmet.2016.10.004

Sahar, S., Zocchi, L., Kinoshita, C., Borrelli, E., and Sassone-Corsi,
P. (2010). Regulation of BMALI protein stability and circadian
function by GSK3beta-mediated phosphorylation. PLoS ONE 5:e8561.
doi: 10.1371/journal.pone.0008561

Sanada, K., Harada, Y. Sakai, M., Todo, T., and Fukada, Y. (2004).
Serine phosphorylation of mCRY1 and mCRY2 by mitogen-activated
protein kinase. Genes Cells 9, 697-708. doi: 10.1111/j.1356-9597.2004.
00758.x

Sato, T. K., Panda, S., Miraglia, L. J., Reyes, T. M., Rudic, R. D., McNamara,
P, et al. (2004). A functional genomics strategy reveals Rora as a
component of the mammalian circadian clock. Neuron 43, 527-537.
doi: 10.1016/j.neuron.2004.07.018

Schibler, U., and Sassone-Corsi, P. (2002). A web of circadian pacemakers. Cell 111,
919-922. doi: 10.1016/S0092-8674(02)01225-4

Schwab, C., DeMaggio, A. J., Ghoshal, N., Binder, L. L., Kuret, J., and McGeer, P.
L. (2000). Casein kinase 1 delta is associated with pathological accumulation
of tau in several neurodegenerative diseases. Neurobiol. Aging 21, 503-510.
doi: 10.1016/S0197-4580(00)00110-X

Seet, B. T., Dikic, I, Zhou, M., and Pawson, T. (2006). Reading protein
modifications with interaction domains. Mol. Cell. Biol. 7, 473-483.
doi: 10.1038/nrm1960

Shackelford, D. B., and Shaw, R. J. (2009). The LKB1-AMPK pathway: metabolism
and growth control in tumour suppression. Nat. Rev. Cancer 9, 563-575.
doi: 10.1038/nrc2676

Shanware, N. P., Hutchinson, J. A., Kim, S. H., Zhan, L., Bowler, M. ]., and Tibbetts,
R. S. (2011). Casein kinase 1-dependent phosphorylation of familial advanced
sleep phase syndrome-associated residues controls PERIOD 2 stability. J. Biol.
Chem. 286, 12766-12774. doi: 10.1074/jbc.M111.224014

Shinohara, Y., Koyama, Y. M., Ukai-Tadenuma, M., Hirokawa, T., Kikuchi, M.,
Yamada, R. G., et al. (2017). Temperature-sensitive substrate and product
binding underlie temperature-compensated phosphorylation in the clock. Mol.
Cell 67, 783-798.€20. doi: 10.1016/j.molcel.2017.08.009

Shirogane, T., Jin, J., Ang, X. L., and Harper, ]. W. (2005). SCFbeta-TRCP controls
clock-dependent transcription via casein kinase 1-dependent degradation of
the mammalian period-1 (Perl) protein. J. Biol. Chem. 280, 26863-26872.
doi: 10.1074/jbc.M502862200

Siepka, S. M., Yoo, S. H., Park, J., Song, W., Kumar, V., Hu, Y., et al. (2007).
Circadian mutant overtime reveals F-box protein FBXL3 regulation
of cryptochrome and period gene expression. Cell 129, 1011-1023.
doi: 10.1016/j.cell.2007.04.030

Frontiers in Physiology | www.frontiersin.org

18

November 2020 | Volume 11 | Article 612510


https://doi.org/10.1074/jbc.RA117.000773
https://doi.org/10.1073/pnas.2000266117
https://doi.org/10.1073/pnas.1314066111
https://doi.org/10.1016/j.tibs.2009.06.006
https://doi.org/10.1016/j.neuron.2008.01.019
https://doi.org/10.1073/pnas.1005101107
https://doi.org/10.1016/j.tibs.2015.07.006
https://doi.org/10.1128/MCB.21.19.6651-6659.2001
https://doi.org/10.1016/j.cell.2008.07.002
https://doi.org/10.1126/science.1170803
https://doi.org/10.1126/science.1108451
https://doi.org/10.1016/j.molcel.2014.01.028
https://doi.org/10.1073/pnas.1721076115
https://doi.org/10.1074/jbc.H118.003177
https://doi.org/10.1093/jb/mvn112
https://doi.org/10.1038/nature09702
https://doi.org/10.1016/S0092-8674(02)00722-5
https://doi.org/10.1038/417329a
https://doi.org/10.1016/j.cell.2017.03.027
https://doi.org/10.7554/eLife.52343.sa2
https://doi.org/10.1016/S0092-8674(02)00825-5
https://doi.org/10.1016/S0092-8674(00)81224-6
https://doi.org/10.1126/science.1171641
https://doi.org/10.1016/j.febslet.2011.02.038
https://doi.org/10.1177/0748730407303926
https://doi.org/10.1038/nature00965
https://doi.org/10.1038/ng1738
https://doi.org/10.1126/science.1180067
https://doi.org/10.1371/journal.pgen.1004047
https://doi.org/10.1016/j.cmet.2016.10.004
https://doi.org/10.1371/journal.pone.0008561
https://doi.org/10.1111/j.1356-9597.2004.00758.x
https://doi.org/10.1016/j.neuron.2004.07.018
https://doi.org/10.1016/S0092-8674(02)01225-4
https://doi.org/10.1016/S0197-4580(00)00110-X
https://doi.org/10.1038/nrm1960
https://doi.org/10.1038/nrc2676
https://doi.org/10.1074/jbc.M111.224014
https://doi.org/10.1016/j.molcel.2017.08.009
https://doi.org/10.1074/jbc.M502862200
https://doi.org/10.1016/j.cell.2007.04.030
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Brenna and Albrecht

Clock and Phosphorylation

Spengler, M. L., Kuropatwinski, K. K., Schumer, M. and Antoch, M.
P. (2009). A serine cluster mediates BMALIl-dependent CLOCK
phosphorylation and degradation. Cell Cycle 8,4138-4146. doi: 10.4161/cc.8.24.
10273

Storch, K. F., Lipan, O., Leykin, I, Viswanathan, N., Davis, F. C., Wong, W. H,,
et al. (2002). Extensive and divergent circadian gene expression in liver and
heart. Nature 417, 78-83. doi: 10.1038/nature744

Suter, D. M., and Schibler, U. (2009). Physiology. Feeding the clock. Science 326,
378-379. doi: 10.1126/science.1181278

Swierczynska, M. M., and Hall, M. N. (2016). “mTOR in metabolic and endocrine
disorders,” in Molecules to Medicine With mTOR, Translating Critical Pathways
Into Novel Therapeutic Strategies, ed Maiese, K. (Newark, NJ: Academic Press),
347-364. doi: 10.1016/B978-0-12-802733-2.00008-6

Takeda, Y., Jothi, R, Birault, V., and Jetten, A. M. (2012). RORgamma directly
regulates the circadian expression of clock genes and downstream targets in
vivo. Nucleic Acids Res. 40, 8519-8535. doi: 10.1093/nar/gks630

Tamaru, T., Hattori, M., Honda, K., Nakahata, Y., Sassone-Corsi, P., van
der Horst, G. T., et al. (2015). CRY drives cyclic CK2-mediated BMALI
phosphorylation to control the mammalian circadian clock. PLoS Biol.
13:1002293. doi: 10.1371/journal.pbio.1002293

Tamaru, T., Hirayama, J., Isojima, Y., Nagai, K., Norioka, S., Takamatsu, K., et al.
(2009). CK2alpha phosphorylates BMALI to regulate the mammalian clock.
Nat. Struct. Mol. Biol. 16, 446-448. doi: 10.1038/nsmb.1578

Tamaru, T., Okada, M., Nagai, K., Nakagawa, H., and Takamatsu, K. (1999).
Periodically fluctuating protein kinases phosphorylate CLOCK, the putative
target in the suprachiasmatic nucleus. J. Neurochem. 72, 2191-2197.
doi: 10.1046/j.1471-4159.1999.0722191.x

Toh, K. L., Jones, C. R., He, Y., Eide, E. J., Hinz, W. A., Virshup, D. M., et al.
(2001). An hPer2 phosphorylation site mutation in familial advanced sleep
phase syndrome. Science 291, 1040-1043. doi: 10.1126/science.1057499

Tseng, R., Goularte, N. F.,, Chavan, A., Luu, J., Cohen, S. E., Chang, Y., et al.
(2017). Structural basis of the day-night transition in a bacterial circadian clock.
Science, 355, 1174-1180. doi: 10.1126/science.aag2516

Tsuchiya, Y., Akashi, M., Matsuda, M., Goto, K., Miyata, Y., Node, K., et al.
(2009). Involvement of the protein kinase CK2 in the regulation of mammalian
circadian rhythms. Sci. Signal. 2:ra26. doi: 10.1126/scisignal.2000305

Vanselow, K., and Kramer, A. (2007). Role of phosphorylation in the mammalian
circadian clock. Cold Spring Harb. Symp. Quant. Biol. 72, 167-176.
doi: 10.1101/sqb.2007.72.036

Vanselow, K., Vanselow, J. T., Westermark, P. O., Reischl, S., Maier, B., Korte, T.,
et al. (2006). Differential effects of PER2 phosphorylation: molecular basis for
the human familial advanced sleep phase syndrome (FASPS). Genes Dev. 20,
2660-2672. doi: 10.1101/gad.397006

Vaughan, M., Jordan, S. D., Duglan, D., Chan, A. B., Afetian, M., and
Lamia, K. A. (2019). Phosphorylation of CRY1 serine 71 alters voluntary
activity but not circadian rhythms in vivo. J. Biol. Rhythms 34, 401-409.
doi: 10.1177/0748730419858525

Vielhaber, E., Eide, E., Rivers, A., Gao, Z. H., and Virshup, D. M. (2000).
Nuclear entry of the circadian regulator mPER1 is controlled by
mammalian casein kinase I epsilon. Mol Cell. Biol. 20, 4888-4899.
doi: 10.1128/MCB.20.13.4888-4899.2000

Virshup, D. M., Eide, E. J., Forger, D. B., Gallego, M., and Harnish, E. V. (2007).
Reversible protein phosphorylation regulates circadian rhythms. Cold Spring
Harb. Symp. Quant. Biol. 72, 413-420. doi: 10.1101/sqb.2007.72.048

Xu, J., Ji, J., and Yan, X. H. (2012). Cross-talk between AMPK and mTOR
in regulating energy balance. Crit. Rev. Food Sci. Nutr. 52, 373-381.
doi: 10.1080/10408398.2010.500245

Xu, Y., Padiath, Q. S., Shapiro, R. E., Jones, C. R., Wu, S. C,, Saigoh, N., et al. (2005).
Functional consequences of a CKIdelta mutation causing familial advanced
sleep phase syndrome. Nature 434, 640-644. doi: 10.1038/nature03453

Yoshitane, H., and Fukada, Y. (2009). CIPC-dependent phosphorylation of
CLOCK and NPAS?2 in circadian clockwork. Sleep Biol. Rhythms 7, 226-234.
doi: 10.1111/j.1479-8425.2009.00411.x

Yoshitane, H., Takao, T., Satomi, Y., Du, N. H., Okano, T., and Fukada, Y.
(2009). Roles of CLOCK phosphorylation in suppression of E-box-dependent
transcription. Mol. Cell. Biol. 29, 3675-3686. doi: 10.1128/MCB.01864-08

Zhang, L., Abraham, D, Lin, S. T., Oster, H., Eichele, G., Fu, Y. H,, et al. (2012).
PKCgamma participates in food entrainment by regulating BMALL. Proc. Natl.
Acad. Sci. U.S.A. 109, 20679-20684. doi: 10.1073/pnas.1218699110

Zhao, X., Hirota, T., Han, X, Cho, H.,, Chong, L. W., Lamia, K, et al
(2016). Circadian amplitude regulation via FBXW7-targeted REV-ERBalpha
degradation. Cell 165, 1644-1657. doi: 10.1016/j.cell.2016.05.012

Zhou, M., Kim, J. K, Eng, G. W., Forger, D. B., and Virshup, D. M. (2015).
A period2 phosphoswitch regulates and temperature compensates circadian
period. Mol. Cell 60, 77-88. doi: 10.1016/j.molcel.2015.08.022

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

Copyright © 2020 Brenna and Albrecht. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

19

November 2020 | Volume 11 | Article 612510


https://doi.org/10.4161/cc.8.24.10273
https://doi.org/10.1038/nature744
https://doi.org/10.1126/science.1181278
https://doi.org/10.1016/B978-0-12-802733-2.00008-6
https://doi.org/10.1093/nar/gks630
https://doi.org/10.1371/journal.pbio.1002293
https://doi.org/10.1038/nsmb.1578
https://doi.org/10.1046/j.1471-4159.1999.0722191.x
https://doi.org/10.1126/science.1057499
https://doi.org/10.1126/science.aag2516
https://doi.org/10.1126/scisignal.2000305
https://doi.org/10.1101/sqb.2007.72.036
https://doi.org/10.1101/gad.397006
https://doi.org/10.1177/0748730419858525
https://doi.org/10.1128/MCB.20.13.4888-4899.2000
https://doi.org/10.1101/sqb.2007.72.048
https://doi.org/10.1080/10408398.2010.500245
https://doi.org/10.1038/nature03453
https://doi.org/10.1111/j.1479-8425.2009.00411.x
https://doi.org/10.1128/MCB.01864-08
https://doi.org/10.1073/pnas.1218699110
https://doi.org/10.1016/j.cell.2016.05.012
https://doi.org/10.1016/j.molcel.2015.08.022
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Phosphorylation and Circadian Molecular Timing
	Introduction
	Light: Dark Driven Phosphorylation of the Clock Machinery
	The Positive Loop
	The Negative Loop

	CKI δ/ε -Dependent Phosphoswitch of PER2
	Feeding-Driven Phosphorylation of the Clock
	Phosphorylation Clock: From the Cellular to the Systemic Level
	Phosphorylation Aberration and Diseases
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


