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ABSTRACT

In most organisms, gene expression over the course of the day is under the control of the circadian clock.
The canonical clock operates as a gene expression circuit that is controlled at the level of transcription,
and transcriptional control is also a major clock output. However, rhythmic transcription cannot explain all
the observed rhythms in protein accumulation. Although it is clear that rhythmic gene expression also
involves RNA processing and protein turnover, until two years ago little was known in any eukaryote
about diel dynamics of mRNA translation into protein. A recent series of studies in animals and plants
demonstrated that diel cycles of translation efficiency are widespread across the tree of life and its
transcriptomes. There are surprising parallels between the patterns of diel translation in mammals and
plants. For example, ribosomal proteins and mitochondrial proteins are under translational control in
mouse liver, human tissue culture, and Arabidopsis seedlings. In contrast, the way in which the circadian
clock, light-dark changes, and other environmental factors such as nutritional signals interact to drive the
cycles of translation may differ between organisms. Further investigation is needed to identify the
signaling pathways, biochemical mechanisms, RNA sequence features, and the physiological implications
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of diel translation.

Introduction

Translation, the synthesis of proteins from mRNA by cyto-
plasmic ribosomes, is known to be sensitive to environmental
conditions, such as nutrient status and stresses in animals"* or
light and darkness in plants.™* Because the cellular environ-
ment changes over the course of the diel day-night cycle, one
would expect that translational efficiency (see glossary of terms)
of individual mRNAs will fluctuate over the course of the day.
But to what degree is this the case? And are cycles of translation
driven by, enhanced by, or dampened by the circadian clock?
Until recently, in most organisms very little was known about
the diel control of translation.”®

Most eukaryotes and several prokaryotic organisms possess
a timekeeper, termed the circadian clock, which allows the
organism to measure the time of day, anticipate daily changes
and even sense the seasons of the year. Circadian clocks func-
tion as endogenous, quasi-autonomous cellular oscillators with
a free-running period of approximately 24 hours. Typically, the
clock is reset once a day by the lights-on signal at dawn, which
is also known as the zeitgeber stimulus. However, after entrain-
ment, the clock is able to run continuously for many days with-
out any external input. In most organisms that have been
studied, the heart of the circadian clock consists of a cell-auton-
omous central oscillator that is constructed from a circuit of
gene expression events that are regulated at the level of tran-
scription®'” although clocks that function at the translational

level'' and at the protein level'> have also been described. The
clock orchestrates numerous cellular and higher-order func-
tions, in part by regulating the transcription of other genes, an
activity referred to as the clock output pathway. The transcrip-
tional clocks of mammals and plants will be described briefly
below.

Deciphering the biochemical and molecular basis of circa-
dian clocks has been an intense area of research. Clocks are
known to be exquisitely calibrated circuits of transcription, pro-
tein accumulation, and degradation. Phase delays in the accu-
mulation of mRNA and protein are common. But to what
degree does translational regulation play a role in clock func-
tion and clock output? And is the translational regulation that
may occur cyclical in nature or not?

Early experiments in the sea slug Aplysia and the marine
photosynthetic dinoflagellate, Gonyaulax polyedra (renamed
Lingulodinium polyedrum) established that translation of new
proteins must be critical for clock function, given that a pulse
of a translation inhibitor shifted the phase of the clock in these
organisms.'>'* In addition, research rooted in the 1960s estab-
lished that the clock of the giant unicellular algae Acetabularia
resides in the cytoplasm, rather than the nucleus, and involves
cyclical protein synthesis.'> However, in the years following, it
became evident that the genetically tractable clocks of multicel-
lular eukaryotes are constructed around transcriptional feed-
back loops.'®'® Although routinely referred to as a
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‘transcriptional-translational feedback loop’, the clock’s transla-
tional arm was simply thought to be required to produce the
transcription factors for a functional oscillator. In most organ-
isms, the role of translation in clock function, and even in clock
output, was neglected or dismissed, in part because few central
clock proteins were revealed to be RNA binding proteins. Yet,
work in Lingulodinium clearly indicated that central oscillators
and clock outputs could operate at the level of translation.'”'®
In addition, more recent studies have unveiled numerous link-
ages between RNA biology and circadian clocks."*?* Specifi-
cally, cycles of gene expression at the level of mRNA are
converted into dynamic patterns of protein levels through a
series of biochemical steps, of which translation is only one,
besides splicing,”>** polyadenylation,”> RNA methylation,*®
and cellular sequestration. At the protein level, new protein
synthesis by translation is in a dynamic equilibrium with pro-
tein turnover.”” In short, a thorough investigation of the nexus
between diurnal rhythms and mRNA translation was long
overdue.

Each clock consists of interlocked feedback loops at the tran-
scriptional level. In mammals, the master circadian pacemaker
resides in the suprachiasmatic nucleus (SCN) of the brain."
The clock in the SCN synchronizes peripheral oscillators that
are located in many if not all organs. The central clock is reset
at dawn by light signals perceived through the eye and commu-
nicated to the SCN through the optic nerve. At a cellular level,
the clock consists of two transcriptional feedback loops. In the
first loop, BMAL1 (Brain-Muscle-Arnt-like 1, also known as
ARNTL) and CLOCK (Circadian Locomotor Output Cycles
Kaput) are transcription factors that activate the transcription
of Per (Period) and Cry (Cryptochrome). PER and CRY proteins
dimerize, and interact with and inhibit the CLOCK/BMALI1
complex, forming a negative feedback loop. The ensuing drop
in Per and Cry gene transcription together with degradation of
PER and CRY proteins resets the cycle. A second loop is acti-
vated by retinoid-related orphan receptors (RORa, b, ¢) and
repressed by REV-ERBa/REV-ERBg. This loop induces a delay
in Cryl expression important for timing the clock'® (Fig. 1A).

Nutritional signals such as glucose and fat interfere with
clock function in mammals. For example, a high-fat diet
impairs BMALI recruitment to its targets on chromatin.*®
These findings suggest that the clock is influenced by nutri-
tional inputs. In addition, the insulin-AKT-mTOR pathway,
which responds to nutritional signals, rhythmically phosphory-
lates BMALI in the nucleus.?*® Vice versa, there is also evi-
dence that the clock affects mTOR signaling.”"*?

While the mammalian clock is a positive/negative feedback
loop, the plant circadian clock contains a central toggle switch as
well as a three-way repressilator (Fig. 1B).'*>** The ‘dusk’ tran-
scription factor TOCl (TIMING OF CAB EXPRESSIONI)
represses the ‘dawn’ transcription factors, CCA1 (CIRCADIAN
CLOCK ASSOCIATED1) and LHY (LATE ELONGATED
HYPOCOTYL) and vice versa. Around dawn, CCA1l and LHY
repress the evening complex, consisting of the transcription fac-
tors LUX, ELF3, and ELF4 (LUX ARRHYTHMO, EARLY
FLOWERINGS and 4). The evening complex represses the day-
time transcription factors, PRR9 (PSEUDORESPONSE REGU-
LATOR9) and PRR7, which in turn repress CCAl and LHY,
closing the repressilator circuit. Balancing out the repressors of
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Figure 1. A schematic representation of the core elements of the circadian clock in
the mouse (A) and Arabidopsis (B). Arrows and T-bars indicate positive and nega-
tive influences, respectively. The mouse model is adapted from® and the plant
model from."6*

transcription are activators, for example RVES (REVEILLES),”
which stimulates transcription of ELF4 and TOCI. Additional
feedforward and feedback pathways define the period length of
the circadian cycle and presumably add robustness to the clock.
Light activates phytochromes and cryptochromes, photorecep-
tors, which among other targets, activate the genes for PRRY,
CCALl and LHY. Arabidopsis may also use translational regula-
tion to perfect the timing and strength of circadian rhythms.*
As is the case in the mammalian clock, nutritional signals
(sucrose in Arabidopsis) have been shown to help reset the plant
clock via PRR7,”” GI (GIGANTEA),”® phytochrome-interacting
transcription factors, and LHY and CCA1.”

While transcriptional regulation of and by the circadian
clock has been extensively described, many rhythms at the pro-
tein level remain unexplained. Initial studies in the mouse liver
and Arabidopsis found rhythmic proteins without rhythmic
mRNA expression, pointing to post-transcriptional diurnal or
circadian control.*”*> However, in Arabidopsis for instance,
among hundreds of abundant proteins, nearly all are non-
rhythmic, even though most are encoded by rhythmic
mRNAs****** suggesting that translational regulation or turn-
over may silence transcript-level rhythms. These considerations
focus the lime light on a fundamental but long neglected ques-
tion: how the clock and diurnal light dark and nutrient cycles
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affect the translation of mRNAs into proteins. The purpose of
characterizing translational regulation is twofold. It may
explain discrepancies between transcript-level cycles and pro-
tein-level cycles and may explain if or how the clock and light-
dark cycles cooperate to regulate translation.

Translation of specific groups of mRNAs cycles over the
course of the day

The global percentage of RNA found in polysomes, i.e. actively
translated, fluctuates over the course of day. It varies between
approximately 40-60% at the end of night and 65-80% during
the day in Arabidopsis®”*® and between 70% during the day
and 80% during the night in the mouse liver.*” Six recent
papers have now yielded an overview of diurnal or clock-
dependent translational regulation on a transcriptome-wide
scale. The studies include two in mouse liver, one comparing
liver and kidney, one in human U2OS tissue culture cells, and
one in Arabidopsis thaliana. An additional study of translation
state in the Drosophila brain identified three genes with flat
total mRNA levels but cycling ribosome-association,*® i.e. clear
evidence of cycles in translation state.

Each of the mouse studies entrained the animals to cycles of
12h light / 12h dark (see Table 1). In the initial study,"” the ani-
mals were fed only at night, the time when mice are normally
active, to reduce variation from erratic feeding behavior. Trans-
lation efficiency of mRNAs was scored genome-wide over two
days every two hours. Two percent of mRNAs displayed a cycle
in polysome loading, a measure of translation efficiency that is
independent of the mRNA level.*” Many of the translationally
regulated mRNAs in the mouse encoded ribosomal proteins.
Their translation was stimulated shortly before dusk and
dropped sharply right after dawn.*” This shows that rhythmic
translation occurs in the mouse liver. The rhythm of translation
of ribosomal proteins was accompanied by similar rhythms of
nascent rRNA transcript abundance, unspliced ribosomal pro-
tein (RP) mRNAs (interpreted to reflect the transcription rate),
and the abundance of unassembled ribosomal proteins (inter-
preted to reflect the protein synthesis rate). Thus, some combi-
nation of the diel feeding cycle, the light-dark cycle and the
circadian clock coordinately orchestrates ribosome biogenesis.
Two strains of clock-deficient mice seemed to be generally
compromised in their cycles of transcription. However, the
translation state of the ribosomal protein mRNAs was not mea-
sured in the clock-deficient strains.

Extending,” Atger and coworkers® compared cycles of
ribosome footprints in mice fed either only at night or ad libi-
tum to address the role of feeding cycles on diurnal translation.
Translation state was estimated by comparing ribosome foot-
print density and exonic RNA sequence reads. Cycles of trans-
lation efficiency were inferred from discrepancies between
transcript cycles and ribosome footprint cycles. The rhythmic-
ity of the transcription rate was again estimated from intronic
RNA-sequence reads. Of the genes with rhythmic translation,
those translated preferentially at ZT10 were enriched for mito-
chondrial functions; genes translated with a peak at ZT17
tended to be part of the translation machinery. Bmall knockout
mice were employed to demonstrate the clock’s effect on rhyth-
mic transcript levels and translation. Overall, the translation of

few mRNAs was clearly clock-dependent, and this group did
not include the ribosome biogenesis cluster.*’

A similar, simultaneous study compared the diel cycle of
mRNA transcripts with that of ribosome footprints and calcu-
lated translation efficiencies from the ratio of footprints to total
mRNA.”" A total of 147 rhythmically translated mRNAs were
identified with high confidence, among these mRNAs for iron
metabolism and, again, ribosomal proteins. Aside from 147
mRNAs with robust TE cycles on top of flat mRNA levels, there
were mRNAs with cyclical mRNAs but lacking a cycle of foot-
prints. These mRNAs are also candidates for diel translational
control, but were not analyzed in detail. By comparing data
from liver with more recent data from the kidney,”' it became
clear that translation cycles are strongly organ-specific, as few if
any of the mRNAs cycled in both organs. These data may indi-
cate that different organs respond differently to cyclical cellular
signals. Although the role of the clock in driving cycles of trans-
lation efficiency was not explicitly addressed, it is notable that
the rise in translation efficiency anticipates the light-dark tran-
sition, as it did in,* a characteristic of clock-controlled events.
For comparison, a study that monitored transcriptional activity
of RNA polymerase III in the same organ also observed an
anticipatory rise before dusk and was able to attribute it to the
circadian clock.”

In human U20S osteosarcoma cells” the cell cycle was syn-
chronized to the circadian cycle with dexamethasone, and the
translation state of mRNAs was scored under free-running con-
ditions by comparing ribosome footprints with total mRNA
abundance. The amplitude of the cycles was generally small,
which meant limited statistical power when mRNAs were
screened for cycles in translational efficiency, yet 40 such
mRNAs were identified. However, two classes of mRNAs
yielded good evidence for diel translational control: mRNAs
with footprint cycles on the basis of flat mRNA levels, and
mRNAs with transcript cycles but lacking footprint cycles. The
former were enriched for functions in RNA-biology including
translation, while the latter tended to code for signaling pro-
teins and transcriptional regulators. A third group, mRNAs
that cycled at both transcript and footprint levels generally had
no phase-shift between the two suggesting the absence of diel
translational control for these mRNAs. Regarding possible
mechanisms for translational control, the authors implicated
the RNA binding protein RBM10, short 3" UTRs, and uORFs.
Interestingly, P-bodies, organelles where translationally silent
mRNA are stored, oscillate in abundance in a diurnal fashion
and in a clock-dependent manner.>

Finally, Arabidopsis seedlings were grown in a 16hr light/8hr
dark cycle, and translation states of mRNAs were scored by
microarray analysis of non-polysomal, small polysomal, large
polysomal, and total mRNAs.*>>* The translation state of most
mRNAs peaked around noon or midnight with around 2000
mRNAs (~15% of the active transcriptome) having robust
translational changes during a diel cycle. The cohort of genes
translationally upregulated at night was enriched for cytosolic
ribosomal and mitochondrial proteins. Photosystem I mRNAs
were preferentially translated at night and dawn, while photo-
system II mRNAs were upregulated toward dawn, and mRNAs
for light harvesting antenna proteins were preferentially trans-
lated during the day. mRNAs for proteins involved in redox



regulation, protein turnover, and the circadian clock were also
strongly represented among translationally cycling mRNAs. A
strain overexpressing the clock gene CCA1 was used to address
the role of the circadian clock. In the clock-deficient CCA1l-ox
strain, the translation patterns were significantly altered, sug-
gesting that fluctuations of ribosome loading in Arabidopsis are
orchestrated in concert between a functional circadian clock
and external cues.*

In summary, in both plant and animal kingdoms a fraction
of the transcriptome experiences diel changes in ribosome load-
ing. Strikingly, most of the studies identified ribosome biogene-
sis and mitochondrial proteins as a target of translational
control. The role of the clock in driving the patterns of transla-
tion dynamics is not immediately clear in all cases. The clock
may or may not drive, enhance, or even suppress cycles of
translation.

Bimodal pattern of translation cycles

Strikingly, in all of the studies the times of peak translation are
distributed over the day in a bimodal pattern. Arabidopsis tran-
scripts with diel translation cycles fell into two major groups.
One peaked in the morning and the other peaked during the
night.** While the time resolution of the study was not suffi-
cient to precisely map peak times, a mathematical sine model
revealed this bimodal pattern quite clearly. Human U20S cells
also revealed a bona fide bimodal distribution of peak transla-
tion times. RNA-only cyclers, which by inference must be sub-
ject to anti-phasic translational control, peaked in a bimodal
fashion at CT (cycle time) 5£1 or CT1741. In contrast,
mRNAs that cycled only at the translation level tended to be
translated at a single time of day (unimodal distribution around
CT541).> In the mouse, the bimodal pattern was particularly
clear in the kidney, with peak translation at ZT4 or ZT16.”' In
the liver, a small number of mRNAs with iron response ele-
ments (IREs) in their 5UTR also had robust translation
rhythms, which peaked at ZT0 (dawn).*® However, the majority
of mRNAs with a translation cycle peaked in a broad period
around dusk; of those, one subset peaking at ZT10 (evening)
was enriched for mitochondrial electron transport functions
while mRNAs peaking at ZT12-ZT17 (dusk and early night)
trended towards protein synthesis functions.*”*>*

Thus, studies in four distinct model systems, two intact
organs, a cell culture, and a plant, demonstrate that transla-
tional control is substantially bimodal, with one prominent
peak each during the day and during the night. Moreover, the
same pattern also appears in the fruit fly*® although in this
study transcriptional and translational control were not sepa-
rated. The physiological significance of the bimodal pattern
remains unclear - why would it not be advantageous to tailor
translation to a wider variety of peak times across the day? On
a mechanistic level, one might hypothesize that the bimodal
pattern of translation may result from a fairly simple signaling
pathway, as little as a single pathway, to which individual
mRNAs are coupled either positively or negatively or not at all.
This pathway may be the circadian clock, but as we will see, the
role of the clock in the phasing of translation efficiencies is
complex.
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Interaction of the endogenous clock and exogenous
signals in regulating TL cycles

The clock affects translation cycles in complex ways. The
impact of the clock on translation is arguably most clear and
direct in Arabidopsis, where the translation cycles in the clock-
deficient CCAl-overexpressor strain were for the most part
phase-shifted or otherwise altered compared to the clock-
entrained wild type.*® Clock-control of translation was also evi-
dent in the fly brain, albeit for only a small number of
mRNAs.** However, the role of the clock is not simply to
impose translational cycles on otherwise translationally ‘flat’
mRNAs. First of all, robust translation cycles were observed
even in clock-deficient conditions.*>** These results suggest
that translation cycles can be driven by external conditions,
such as light-dark cycles in Arabidopsis*® or feeding cycles in
the mouse,*”**’ and feeding cycles are themselves heavily influ-
enced by the clock (Fig. 2). Nutritional and hormonal signals
such as sucrose and auxin in plants or sugars and insulin in ani-
mals regulate translation through the TOR pathway.**>°
Likewise, plants respond to light-dark shifts by altering poly-
some loading,®*”*® while ribosome levels stay constant.”

In the mouse liver, focusing again on mRNAs with flat tran-
script levels and cycling footprint density (or vice versa),
BMALI knockout did not phase-shift or abolish the translation
cycles in a uniform way.* Instead, this experiment demon-
strated that the clock has fairly mild, yet diverse effects on shap-
ing the cycles of translation in the mouse liver. For example,
translation of many mRNAs remained unchanged, some
mRNAs lost their TL cycle, and others shifted their phase.*’ In
Arabidopsis, this complex effect of the clock was also striking.
The clock triggered the translational cycling of some mRNAs
and advanced the phase of translation of other mRNAs - effects
in keeping with typical roles of the clock at the transcript level.
Moreover, and quite clearly, the clock also suppressed the
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Figure 2. The cartoon summarizes how light dark-changes in the environment, the
circadian clock, and feeding cycles influence translation. Arrows and text colored
red are based on data from animals, while those in green stem from plants, and
those in black apply in both kingdoms. Strikingly, a separation of translation into
mRNAs that are preferentially translated at night or during the day is common in
both kingdoms, and the functional annotations also partially overlap. Mt, mito-
chondrial protein; Ribi ribosome biogenesis proteins; Fe, iron. For details see text.
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translational cycling of several hundred mRNAs, cycling that is
presumably caused by the light-dark shifts over the day.*®

Taken together, the clock modulates translation cycles
imposed by other conditions, e.g. by integrating nutritional sig-
nals. Whether the clock alone can drive cycles of translation
efficiency under otherwise constant conditions is less clear.
This was addressed in Arabidopsis*® but only for a few mRNAs,
and the results were ambiguous. Likewise, the tissue culture
experiments by Jang and coworkers only revealed a fairly lim-
ited number of mRNAs with ARNTL/clock-dependent cycles
of translational efficiency.”

A recent study in the mouse liver has extended what we
know about the interplay of feeding rhythms, light-dark cycles,
and the clock, specifically for ribosome biogenesis.”> Beyond
the known cycle of translation state”*>*° and TOR signaling,*’
the level of polyadenylated ribosomal RNAs also cycles up and
down. These poly(A)-rRNAs are most likely a degradation
intermediate, and indeed, poly(A)-rRNA is highest during the
day, about eight hours before the peak in ribosome loading of
the ribosomal protein mRNAs. Strikingly, in the liver, not only
the fraction of RNA found in polysomes, but the total amount
of RNA per cell, and even the cell size all cycle with a peak at
night.”” This cycle of ribosome biogenesis events is observed
only when mice are fed during the night. When the mice are
fed during the day instead, the cycle is masked.” This raises
the question how the feeding regimen interacts with the light-
dark regimen and the circadian clock to regulate the cycle of
ribosome biogenesis. Possibly it is the asynchrony between the
feeding cycle and the circadian clock that masks the ribosome
biogenesis cycle. This idea can now be tested.

The phasing of translation for functional classes of mRNAs

To understand the effects of diel translation, the functional
classes of proteins that are affected must be examined. In both
the mouse liver and in Arabidopsis mRNAs related to protein
synthesis and mRNAs functioning in mitochondria, particu-
larly during oxidative phosphorylation, are prominent among
the translationally cycling mRNAs.*”*>*" Strikingly, the same
classes were also the most robustly cycling in Arabidopsis.*®
Similarly, in U20S tissue culture cells the transcriptionally flat
but translationally cycling mRNAs were enriched for functions
in RNA—biology.s3 Regarding the timing, while the protein syn-
thesis-related mRNAs peaked at night in both organisms
(ZT17 in Arabidopsis; ZT12-15 in mouse liver,*”° the mito-
chondrial protein mRNAs peaked during the day in the mouse
(ZT4-12, depending on the feeding regimen)* but during the
night in Arabidopsis.*® Although the dynamics of translation
appear overtly similar, it should be understood that plants
experience their peak energy status during the day while mice
preferentially feed at night and rest during the day. In sum-
mary, in both mice and plants, translational control contributes
to metabolic regulation by enhancing ribosomal and mitochon-
drial mRNA expression during the appropriate times for each
organism.

In the mouse liver, two percent of mRNAs experience cycles
in poly(A) tail length.®® The NOCTURNIN deadenylase targets
mRNAs for ribosome biogenesis and for mitochondrial pro-
teins.”' Strikingly, these are the same functional classes of

RNA BIOLOGY 49

mRNAs that experience elevated translation efficiency at night.
However, the mechanistic link between diurnal deadenylation
and translation has not been established, especially considering
that short poly(A) tails are generally associated with transla-
tional repression rather than translational stimulation.

Are clock mRNAs under translational control?

In Arabidopsis, clock gene mRNAs and mRNAs for photore-
ceptor proteins, which constitute the input pathway for the
clock, are prominent among translationally cycling mRNAs*
and fall into two groups. The first group (e.g. PRRY, ELF3, and
phytochrome and cryptochrome photoreceptors) has transla-
tion peaks at dawn or noon (ZT0 or ZT6). The second group
(e.g., the evening complex subunit LUX, TOCI1, PRR5, and the
photoreceptor UVRS8) peaks at night (ZT18). Several of these
mRNAs, including TOC1, LUX, GI, and PRR5, show a 6-hour
delay between maximal transcript abundance and maximal
translation. Consistent with the general pattern, when the clock
was disrupted, the translation peaks of the ‘dawn-noon’
mRNAs were delayed until noon or later, while those of the
‘night’ mRNAs were typically delayed until dawn or noon.
According to these data, Arabidopsis relies not only on tran-
scriptional control but also on translational control at the level
of ribosome loading to fine-tune expression of clock genes.*’

In contrast to the situation in Arabidopsis, in mouse liver
cells, the ribosomal footprint profiles of all central clock tran-
scripts, such as the anti-phasic Bmal/Arntl and Nr1d1/REV-
ERBa mRNAs closely matched their mRNA abundance
rhythms.*>*® Likewise, in U20S tissue culture cells, clock gene
mRNAs such as Nrldl and Nr1d2 were not prime targets of
translational control, and the known delay between peak
mRNA level and peak protein levels of clock gene expression
could not be attributed to translational control.”> Nevertheless,
the central clock mRNAs of the mouse are subject to a form of
translational control, which is independent of time of day, as
evident from the distinct translational efficiencies of different
clock mRNAs. For example, of the two paralogs REV-ERBx
and REV-ERBg the translational efficiency of the latter is five-
fold lower, correctly predicting lower protein levels despite
higher mRNA levels.”” Moreover, the translational efficiencies
of the Nr1dl and Nr1d2 mRNAs differ between liver and kid-
ney in the mouse.”’>”' Taken together, the extent of transla-
tional regulation of the clock mRNAs is organism-specific. This
answers one of the major questions about the interaction
between the clock and diel translation, yet still leaves the mech-
anism of translational rhythms largely unknown.

These data extend a small number of specific case studies of
translational control for clock mRNAs, starting with Arabidop-
sis LHY mRNA.® For example, in the mouse, translation of the
Cryptochrome and Period mRNAs is inhibited and stimulated,
respectively, by heterogeneous nuclear ribonucleoprotein Q,
which binds to the 5 untranslated region of Per] mRNA and
stimulates the activity of an internal ribosome entry site.®>** In
Drosophila, among other examples,” the translation of a spe-
cific, alternatively spliced isoform of the Doubletime mRNA,
dgt-RC, is regulated by the rhythmic RNA binding protein,
LARK. Because Doubletime encodes CKIé/¢, which is a
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determinant of period length in Drosophila, these data are evi-
dence for translational control of the central oscillator itself.%®

Mechanistic reasons for rhythms of translation

The mechanisms for diurnal regulation of translation are not
understood. However, a number of studies have identified cor-
relative evidence around phosphorylation of translation factors,
mRNA sequence features particularly in 5 untranslated
regions, and the activation of specific signaling pathways.

Rhythmic phosphorylation events of translation initiation
factors may contribute to TL cycles in mice. Robust rhythmic
phosphorylations of proteins in the AKT-TOR pathway,
including translation initiation factors eIF4E (peak phosphory-
lation at ZT6-12) and elF4G, eIF4B, 4E-Binding Protein 1 (4E-
BP1), and ribosomal protein RPS6 were observed.*”** These
proteins are components of the cap-binding complex and
the ribosome and are phosphorylated preferentially at night,
the period when the mice are active and feeding and when
translation of ribosome biogenesis mRNAs is highest. Second,
the pathways responsible for these phosphorylation events also
have upstream components that are rhythmically expressed.*’
However, in the mouse liver, the robust cycles of phosphoryla-
tion of the AKT-TOR pathway were not dramatically altered in
a clock-deficient strain.” Together these data suggest that
rhythmic phosphorylation of basal translation factors may
mediate the effect of feeding cycles on translation efficiency.

One output pathway for clock stimulated translation is rep-
resented by the clock-driven association of BMAL1 with the
cytosolic translation initiation apparatus, which is stimulated
when BMALI gets phosphorylated by S6 kinase®” in a diurnal
fashion.*' This example of translational control, which was
observed in mouse embryonic fibroblasts, may be global rather
than mRNA-sequence specific.

In Arabidopsis, light-stimulated phosphorylation events are
common in the translation apparatus.®*®® In contrast to the sit-
uation in the mouse liver, abundant rhythmic phosphorylation
events have been documented in Arabidopsis seedlings even
under free-running (constant light) conditions, including in
ribosomal proteins.”’ In addition, casein kinases are deeply
involved in clock function in many organisms (reviewed by’"),
and phosphorylate translation initiation factors.”””* Mean-
while, in Neurospora crassa, a bread mold, the clock controls
translation via phosphorylation of eukaryotic elongation factor
eEF-2. The clock causes the mitogen activated protein kinase
(MAPK) OS-2 to be rhythmically phosphorylated. Both OS-2
and the core clock component FREQUENCY (FRQ) are neces-
sary to create phosphorylation cycles of the eEF2 kinase, RCK-
2, and in turn of translation elongation factor eEF2. This path-
way leads to rhythmic, clock-dependent translation of glutathi-
one-S-transferase as a target mRNA.”®> These results open up
the possibility that the clock might drive cycles of translation
activity. However, at this time it is unclear in both mice and
Arabidopsis how these events contribute to the bimodal, gene-
specific translation cycles observed in the genome-wide studies.

Are there mRNA sequence elements that might explain the
diurnal peaks of translation in mRNAs for ribosomal proteins,
mitochondrial proteins or iron metabolism proteins? 5'-Termi-
nal oligopyrimidine tracts (5TOP motifs) are found

preferentially in mRNAs with translational rhythms and flat
transcript profiles such as the ribosomal protein mRNAs whose
translation peaks at ZT17 in the mouse liver.*”** TOP mRNA
translation also varies with feeding pattern, and is not clock-
dependent.*” The TORCI kinase is regulated by nutrient avail-
ability and regulates 5TOP mRNA translation through phos-
phorylation of eIF4E-binding protein (4E-BP) and S6K
phosphorylation. Therefore, it appears plausible that TORC1 is
responsible for the peak timing of translation of TOP mRNAs
in the mouse liver,* although this has not yet been shown
directly. For comparison, in plants a sequence element known
as the telobox is enriched in mRNAs whose translation is stim-
ulated by light, although its specific role in this process remains
to be identified.”®

In Arabidopsis, a more recently proposed mechanism for
diel translation involves the energy-sensing SnRK1 kinase.
Under energy-replete conditions with high-level translational
activity RPS6 is phosphorylated by the TOR kinase pathway,>®
whereas under energy-limited conditions such as in an
extended night, RPS6 is dephosphorylated dependent on
SnRK1, in keeping with the idea that energy status impacts
TOR pathway activity.”® Although plant ribosomal protein
mRNAs do not contain canonical 5 TOP motifs, it appears
plausible that they are likewise translationally regulated by
counteracting TOR and SnRK kinases.

The translation initiation sequence downstream of a short
5'UTR (TISU motif) is found preferentially in mRNAs for
mitochondrial proteins, which are preferentially translated dur-
ing the day. These mRNAs are known to be AMPK resistant,
that is, these mRNAs remain translated when AMPK signaling
depresses translation of other mRNAs. Therefore, the diurnal
peak of translation of mitochondrial protein mRNAs during
the day may be due to AMPK activity at this time, perhaps
because AMPK relieves the competition for ribosomes by
depressing translation of other mRNAs (discussed in®’).
Indeed, when mice were denied food during the day, this
cohort of mRNAs experienced a translational phase advance by
~3 hours.

For a small subset of genes in mice, iron response elements
(IREs) in their mRNAs control translation cycles. In response
to elevated iron levels, IRP1 forms a 4Fe-4S cluster, preventing
the binding of IREs, allowing translation to occur. This can
cause diurnal rhythms due to the fluctuating day/night levels of
iron.”® None of these mRNA sequence motifs have been proven
to be causal for clock-dependent translation; yet all merit fur-
ther investigation.

Upstream open reading frames (uORFs) act as cis-regulatory
elements controlling translation, and Density Regulated Protein
(DENR) increases the translation of uORF-containing mRNAs
by supporting translation reinitiation.””””® Central clock
mRNAs such as Arntl, Clock, Cryl, Nrldl, and Nrld2 all have
ribosomes in their 5 UTRs and contain at least one uORF.*
Deleting uORFs increased translation of the representative
mRNA, Nrldl, and disrupting the expression of DENR short-
ened the period of the circadian cycle by 1.5 hours.”® Mean-
while, Nr1d2 is also subject to uORF control; interestingly, a
high degree of uORF occupancy on Nrld2 predicts low main
ORF occupancy for this mRNA, and this relationship may
explain the different expression levels of Nrid2 in liver and



kidney.”' In summary, uORFs in clock mRNAs and elsewhere
contribute to translational control of and by the clock.”® How-
ever, there is as yet no evidence for cyclical usage of uORFs
independent of their main coding sequence.

Diurnal regulation of translation by P-bodies. Processing
bodies (P-bodies) are cytoplasmic organelles that store and
eventually degrade translationally silent mRNA. The percent-
age of cells with P-bodies cycles in a diurnal fashion, a cycle
that requires clock activity, as was shown in human U20S
cells.®> Moreover, the mRNA for LSMI1, a determinant of
mRNA decapping and P-body formation, undergoes a clock-
dependent diel cycle in ribosome loading. Thus, the clock may
affect diel translation through P-body formation and poten-
tially global mRNA decay.”

Integration of translation cycles with mRNA- and protein-
level cycles

Cycles in translation efficiency must necessarily modulate any
dynamic pattern at the level of transcript abundance, whether
rhythmic or not. And assuming that translation efficiency influ-
ences the rate of protein production, the cycles will impact the
dynamics of protein levels as well. What is the physiological rel-
evance of the cycles in translation efficiency? In principle, there
are two major scenarios. First, according to the ‘cyclical protein’
model, the cycle in translation efficiency should be multiplied
with the cycle of transcript abundance to predict the diel cycle
of the protein production rate, which in turn drives cycles of
protein levels. Under this model, it should be noted that, unless
the protein being produced is extremely unstable, the peak pro-
tein level will have a delayed phase as compared to the peak
protein production rate. Assuming a constant and typical, slow
rate of protein turnover’”* the time of peak translation will be
the time of the fastest increase in protein level and vice versa.
Therefore, and further assuming a sinusoidal 24h-cycle of
translation, the peak protein level will be reached 6 hours after
the peak in protein production rate®’ Moreover, common
phase shifts between peak mRNA level and peak translation
will alter the waveform of the protein production rate.*® Sec-
ond, according to the ‘invariant protein’ model, the translation
cycle combines with a cycle of protein turnover and an optional
cycle in the mRNA level to keep the protein level the same.
Under this scenario, translational control is a potential mecha-
nism to compensate for fluctuations in protein turnover that
may be driven by cyclical environmental conditions. The fol-
lowing observations can be reasonably interpreted while con-
sidering these two models.

In Arabidopsis a large portion of the transcriptome cycles at
the transcript level, while around 2000 genes have significant
cycles of ribosome loading per mRNA.*® Analysis of the Arabi-
dopsis proteome revealed that 30-40% of proteins with rhyth-
mic protein levels do not have rhythmic transcripts,”
implicating translation and turnover in generating these
rhythms. Meanwhile, many rhythmic mRNAs have no detect-
able protein rhythm,*** suggesting that Model 2 applies.
Moreover, comparing between liver and kidney, ribosome
occupancy is more similar than mRNA transcript levels for a
large number of genes.”" These data are also consistent with
model 2, especially its prediction that the cell should have
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mechanisms to compensate against fluctuations in gene expres-
sion in order to keep protein levels constant.

In the mammalian studies, translation cycles were often
identified by focusing on mRNAs that did not cycle at the tran-
script level, which voids an analysis of phase shifts between the
two. However, attempts were made to compare translation
cycles with protein levels. For these analyses it should be under-
stood that translation state is a proxy for the protein synthesis
rate. Ribosomal protein mRNAs are subject to peak translation
at ZT17.”*° These proteins enter the nucleus for ribosome
assembly. Indeed, in nuclear proteomics experiments, the 14
ribosomal proteins for which a cycle was detected peaked at
ZT20.5 £ 1.3.°° A shorter-than-six-hour lag between transla-
tion peak and protein peak in this case is explained by the fact
that the ribosomal proteins reside in the nucleus only tran-
siently. The expected 4-6 h phase delay between peak transla-
tion rate (ribosome footprint density) and protein level was
commonly detected using public protein level data from mouse
liver.*” Interestingly, the levels of mitochondrial proteins did
not cycle despite clear cycles in translation*’; this may be a case
of evidence for model 2, where the cycle in translation compen-
sates for a phase-matched cycle of protein degradation. As an
aside, the activity of many mitochondrial enzymes oscillates
under clock control with a peak phase in the morning (ZT2-
6),%* considerably later than the peak translation of mitochon-
drial protein mRNAs; there may be little overlap between the
genes with cycling translation and cycling enzyme activity.

Janich et al. addressed in some detail how cycles in ribosome
footprint density compare to cycles in protein levels. The phase
shift between the two varied; for example, negative 5 h (equiva-
lent to +19 h) for the transcription factor Deformed Epidermal
Autoregulatory Factor 1 (DEAF1); +3 h and +5 h for ferritin
heavy and light chain, respectively, and Oh for aminolevulinic
acid synthase 2.°° In U20S cells, SNRNP70 oscillates with no
significant phase delay between ribosome footprint density and
protein level, again a remarkably short lag time.”> These phase
relationships imply that some of our simple assumptions are
violated. For example, it is possible that in some cases a high
ribosome footprint density does not equal high translation but
non-canonical ribosome pausing.

In summary, there is now a solid foundation of quantitative
transcriptome-wide data from multiple stages of gene expres-
sion, including translation. If our goal is to not just measure
and understand, but also to predict and control® diel cycles of
gene expression, then we require corresponding quantitative
mathematical models of gene expression that are founded on a
rigorous theoretical framework from molecular biochemistry.
Specifically, diurnal protein levels®®***"*44>7%%% are deter-
mined by rates of mRNA synthesis and mRNA degradation,
mRNA translation (protein synthesis), and protein turnover.
Regarding these processes, the more widely available data are
on mRNA transcript levels,*>*® which are the dynamic balance
between transcription and turnover, in the same way that pro-
tein levels are the dynamic balance of protein synthesis and
protein turnover. Protein turnover rates are being measured
(e.g””), but have yet to be measured in a diurnal context.
Hence, data on mRNA translation states assume special signifi-
cance, because they serve as a valuable albeit imperfect proxy
for the rate of protein synthesis.
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Future questions

The studies so far have pointed to the widespread existence of
diel cycles of translation efficiency. Cycles in translation effi-
ciency can enhance, modify, or even suppress cycles at the tran-
script level. Cycles of translation are driven by environmental
changes and are influenced by the circadian clock to varying
degrees. The clock can enhance, modify or suppress transla-
tional cycles. The significance of translational cycles at the level
of protein abundance remains to be established in most cases;
the extreme cases are that translation cycles can drive cycles of
protein abundance, or that they compensate for cycles of pro-
tein turnover, keeping protein levels invariant. The mecha-
nisms for the diel cycles are also barely beginning to come to
light. They involve specific RNA sequence elements such as
uORFs and 5" TOP motifs, posttranscriptional modifications of
the RNA, cellular trafficking of RNAs, for example into P-bod-
ies, and regulatory signaling pathways such as TOR and MAP
kinase pathways. The point of integration of light-dark signals,
feeding signals, and output from the circadian clock also
remains to be established.

Glossary

o Translation efficiency. The degree to which a given RNA molecule is
translated. Translation efficiency is most often estimated as follows. The
ribosome footprint density or the polysome abundance (in reads per
kilobase of sequence per million base pairs) of an mRNA is divided by
its abundance in the total-RNA reference sample.

Translation state. This term is sometimes defined as equal to translation
efficiency. In other studies, the term simply means that the expression
level of an mRNA was measured from a sample of ribosome-associated
RNA rather than total RNA.

Translation cycle. A cycle in translation efficiency with a circadian
(~24h) period. Translation cycles can be estimated in several ways. (i)
Calculate the translation efficiency across the day and filter for statisti-
cally significant cycles. (ii) One can also preselect all mRNAs with bona
fide invariable mRNA transcript levels in the total-RNA sample and
examine this subset for a cycle in the polysome abundance or ribosome
footprint density. (iii) Finally, it is possible to select mRNAs with a
defined cycle at the transcript level and examine these mRNAs for devi-
ating cycles at the level of the ribosome-associated RNA (polysome
abundance or footprint density). If the ribosome-associated cycle differs
from the transcript cycle, it is evidence for translational control.
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Significance statement

The translation of mRNA into protein is modulated by cellular energy sta-
tus and metabolic status. Because both factors cycle over the course of the
day and are heavily influenced by the circadian clock, the question whether
the circadian clock influences translation is not far fetched. Moreover,
given that the circadian clock is referred to as a transcriptional-transla-
tional feedback loop, it is necessary to ask whether the clock is regulated at
the level of translation. A thin veil has been lifted off this mystery by way
of recent transcriptome-wide analyses in the mouse, humans, flies, and

plants. A comparative analysis between these model systems reveals a com-
mon framework, apparent differences, as well as surprising similarities in
the details of how the clock and the environment act together to regulate
translation across different kingdoms.
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