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BMAL1 dephosphorylation determines
the pace of the circadian clock
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In mammals, virtually all body cells harbor cell-autono-
mous and self-sustained circadian oscillators that rely
on delayed negative feedback loops in gene expression.
Transcriptional activation and repression play a major
role in keeping these clocks ticking, but numerous
post-translational mechanisms—and particularly the
phosphorylation of core clock components by protein ki-
nases—are also critically involved in setting the pace of
these timekeepers. In this issue ofGenes&Development,
Klemz and colleagues (pp. 1161–1174) now show how
dephosphorylation of BMAL1 by protein phosphatase 4
(PPP4) participates in the modulation of circadian timing.

Most light-sensitive organisms from bacteria to mam-
mals harbor circadian clocks that help them coordinate
daily recurring processes in a proactive manner. In mam-
mals, a master pacemaker in the brain’s suprachiasmatic
nucleus (SCN) orchestrates the phases and activities of
subsidiary clocks in nearly all body cells. The molecular
makeup of circadian oscillators relies on two negative
transcriptional-translational feedback loops (TTFLs) (Dib-
ner et al. 2010). In the primary TTFL, BMAL1 and CLOCK
stimulate the transcription of genes encoding their own
repressors (PER1, PER2, CRY1, andCRY2). The secondary
TTFL, which drives the cyclic transcription of Bmal1 and
Clock, is composed of members of the orphan nuclear re-
ceptor families REV-ERB (REV-ERBα,β) and ROR (RORα,
β,γ). The cyclic expression of REV-ERBs is governed by
the primary TTFL, and the two TTFLs are thus tightly
coupled.

The termTTFL is actuallymisleading, as it implies that
rhythmically controlled translation participates in run-
ning the clock. However, transcriptome-wide ribosome
profiling experiments in mouse livers (Janich et al. 2015)
and cultured humanU2OS cells (Jang et al. 2015) revealed
nearly constant translation efficacies (i.e., ribosome foot-
prints/mRNA) throughout the day for mRNAs encoding
core clock components. In contrast, post-translational
mechanisms play essential roles in determining critical

parameters of circadian oscillators, such as period length,
phase, and amplitude. The cyanobacteria clock represents
the most spectacular case for post-translational regula-
tion. It works perfectly well in the absence of transcrip-
tion and translation, and an oscillator generating
temperature-compensated 24-h phosphorylation–dephos-
phorylation cycles can be reconstituted in the test tube
with just three proteins (KaiA, KaiB, and KaiC) and ATP
(Nakajima et al. 2005). Among the post-translational
modifications of metazoan core clock proteins, the phos-
phorylations of serine (S) and threonine (T) residues by
several kinases have been studied intensively. In fact, all
positive and negative limb members of the molecular
clock are heavily phosphorylated, and some of the S/T
phosphorylations are essential to generate delays between
rhythmic transcription and protein accumulation, there-
by ensuring that the oscillations do not collapse into equi-
librium. Moreover, S/T phosphorylations within core
clock proteins can strongly affect the period length—and
thereby the phase—of the oscillator (Reischl and Kramer
2011). For example, a single point mutation (S662G) in
PER2 causes familial advanced sleep phase syndrome
(FASPS) in humans by attenuating the cooperative phos-
phorylation at nearby S residues by casein kinase 1δ
(Toh et al. 2001).

Obviously, the phosphorylation status of proteins de-
pends on the activities of both protein kinases and protein
phosphatases. While there is a rich literature on the for-
mer, very little is known about the latter. In their very el-
egant study in this issue ofGenes&Development, Klemz
et al. (2021) identified protein phosphatase 4 (PPP4) as an
important player in circadian timing. They performed an
RNA interference (RNAi)-based loss-of-function screen
in human U2OS cells, targeting all known catalytic sub-
units of phosphoprotein phosphatases (PPPs) expressed
in these cells. Bioluminescence cycles, generated by the
circadian expression of a Bmal1-luciferase reporter gene,
served as a readout in this screen. The depletion and over-
expression of PPP4C resulted in a marked shortening and
lengthening, respectively, of the period length. In a clever
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series of experiments, the investigators identified BMAL1
as the likely target of PPP4. As revealed by transient
cotransfection assays, PPP4 directly interacts with the
BMAL1–CLOCK heterodimer and diminishes its transac-
tivation potential. Importantly, PPP4 accumulates in a
circadian fashion and reaches zenith values just before
the occupancy of E-box elements by the BMAL1–CLOCK
complex is maximal. Thereby, PPP4 is likely to partici-
pate in delaying the activation of BMAL1–CLOCK target
genes.
How does PPP4 reduce the transcription activation by

the BMAL1–CLOCK complex? The phosphorylation sta-
tus of BMAL1 could affect either its metabolic stability
or its transactivation potential. The latter scenario ap-
pears to bemore likely because the RNAi-mediated deple-
tion of the catalytic subunit (PPP4CA) or the regulatory
subunit (PPP4R2) of PPP4 did not affect nuclear BMAL1
levels. As disclosed by chromatin immunoprecipitation
(ChIP) assays, the binding of BMAL1 to its cognate DNA
elements in chromatin was lower after PPP4CA and
PPP4R2 ablation. This finding was confirmed and extend-
ed by an independent experiment with a NIH3T3 cell line
expressing a BMAL1-YFP fusion protein and harboring
tandemarrays ofDbp, awell-established BMAL1–CLOCK
target gene (Stratmann et al. 2012). In these cells, the bind-
ing of BMAL1–CLOCK to E-box elements within theDbp
promoter results in fluorescent spots over the Dbp array.
The binding dynamics of BMAL1–CLOCK to its cognate
DNA elements can thus be recorded in real time and in in-
dividual cells by conducting fluorescence recovery after
photobleaching (FRAP) and/or fluorescence loss in photo-
bleaching (FLIP) assays. After depletion of PPP4R2, fewer
fluorescent spots were observed and, as revealed by FRAP,
the dwell time of BMAL1–CLOCK on the Dbp promoters
was prolonged. This is consistent with previous studies
demonstrating that BMAL1–CLOCK belongs to the cate-
gory of kamikaze transcription factors (Stratmann et al.
2012). The maximal transactivation potential of such
transcriptional activators depends on ubiquitination,
which in turn may rely on their phosphorylation status.
During the transactivation process, kamikaze transcrip-
tion factors become ubiquitinated and undergo protea-
some-induced degradation (Thomas and Tyers 2000).
The cartoon in Figure 1 displays a hypothetical mecha-
nism through which PPP4 may modulate the transcrip-
tion of BMAL1–CLOCK target genes.
The loss-of-function experiments with fruit flies pre-

sented by Klemz et al. (2021) suggest that the PPP4-depen-
dent transactivation by BMAL1–CLOCK is widespread
among metazoans. Thus, the RNAi-mediated depletion
of the Drosophila PPP4 regulatory subunit (PPP4R2r) in
pacemaker neurons shortened the period of locomotor ac-
tivity. Conversely, and as expected, PPP4R2r overexpres-
sion lengthened it.
What is next? The phosphorylated S/T residues of

BMAL1 that are dephosphorylated by PPP4 still remain
to be identified, and some enigmas regarding the impact
of PPP4 on the proposed kamikazemechanismmust be re-
solved. For example, the knockdown of PPP4R2 reduced
both the equilibrium binding constant (KB) and the off-

rate constant (koff) of BMAL1–chromatin binding. Since
KB =kon/koff, PPP4R2 depletion must lower the on-rate
constant (kon) more dramatically than the off-rate cons-
tant (koff). The identification of the phosphorylated S/T
residues that are dephosphorylated by PPP4 will greatly
help in clarifying how PPP4 tunes the kamikaze-like
mechanism involved in the transactivation of BMAL1–
CLOCK target genes.
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