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Abstract An endogenous timing mechanism, the

circadian clock, causes rhythmic expression of a con-

siderable fraction of the genome of most organisms to

optimally align physiology and behavior with their

environment. Circadian clocks are self-sustained oscil-

lators primarily based on transcriptional feedback loops

and post-translational modification of clock proteins. It

is increasingly becoming clear that regulation at the

RNA level strongly impacts the cellular circadian tran-

scriptome and proteome as well as the oscillator

mechanism itself. This review focuses on posttranscrip-

tional events, discussing RNA-binding proteins that, by

influencing the timing of pre-mRNA splicing, polyade-

nylation and RNA decay, shape rhythmic expression

profiles. Furthermore, recent findings on the contribution

of microRNAs to orchestrating circadian rhythms are

summarized.
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Introduction

The periodic environment generated by the rotation of the

earth has caused organisms to acquire an awareness of

internal time. Endogenous clocks have evolved that govern

daily physiological processes such as sleep/wake cycles

and metabolic activity in metazoa or growth and expression

of photosynthetic genes in plants [1, 2]. These circadian

(meaning ‘‘about daily’’) clocks generate endogenous

rhythms with a period of about 24 h.

Circadian oscillators in eukaryotes consist of autoregu-

latory feedback loops operating at the level of a single cell.

Transcription factors (TFs) activate the expression of clock

proteins that in turn inhibit the TFs and thus repress tran-

scription of their own genes. To maintain synchrony with

the environment, the oscillator components receive input

from ambient light and temperature in a process designated

entrainment. In turn, they impart rhythmicity to down-

stream genes to control biochemical and physiological

rhythms, the output.

Transcription so far is considered the prime mechanism

driving rhythms in gene expression both within the oscil-

lator and in clock output. In addition, post-translational

modifications of the clock components regulate their sub-

cellular localization, interaction, activity and turnover, as

reviewed in [3–5]. They help to sustain a 24-h period and

avoid generation of a steady state. Accumulating evidence

points to the importance of post-transcriptional control, a

layer between transcription and translation, in the circadian

system (Fig. 1a) [6–8].

Throughout their life, mRNAs are bound by a suite of

proteins collectively known as heterogenous nuclear ribo-

nucleoproteins (hnRNPs) [9, 10]. A model has been put

forward in which ribonucleoprotein complexes organize

post-transcriptional regulation of mRNAs [11]. Through

interaction with trans-acting RNA-binding proteins

(RBPs), subpopulations of mRNAs can be co-ordinately

processed, i.e. spliced, exported from the nucleus, turned

over or translated (Fig. 1b). Indeed, RBPs can target mul-

tiple mRNAs in vivo, suggesting an integrated post-

transcriptional regulation [12]. Often, mRNAs targeted by

the same RBP code for functionally related gene products.

Therefore, in analogy to the organization of coordinately

expressed bacterial genes into DNA operons the terms

‘‘RNA operons’’ or ‘‘RNA regulons’’ have been coined

[11]. Eukaryotic monocistronic mRNAs are assembled in

functional groups much like prokaryotic polycistronic

mRNAs, which encode two or more functionally related

proteins. With the discovery of a novel cellular regulatory

system based on microRNAs, the concept of RBP-driven

operons was extended to these small RNAs [13].

One may envisage that the circadian system also relies

on organizing clock-regulated genes in post-transcrip-

tional operons [14]. The discovery of RBPs in the

circadian transcriptome of several organisms indeed

suggests a role in shaping rhythmic transcript profiles at

the RNA level [15–17]. Early on, it was observed that

nitrate reductase has a constant transcription rate but a

rhythmic mRNA accumulation pattern in the model plant

Arabidopsis thaliana [18]. Also, the importance of tran-

scriptional control within the core oscillator has been

questioned to some degree by the recent observation that

mouse fibroblasts treated with RNA polymerase inhibi-

tors retain mRNA rhythms, albeit with a reduced

amplitude [19]. Furthermore, half of the proteins that

cycle in mouse liver are translated from constitutively

expressed mRNAs, pointing to a prominent role for

translational control [20].

This review summarizes recent insights into post-tran-

scriptional events in the circadian system of the model

organisms Drosophila, mammals, Neurospora, Chlamydo-

monas and Arabidopsis. After introducing the blueprint of

the transcriptional clock feedback loops, we focus on events

in circadian regulation that involve cis-active RNA motifs

and their trans-acting RBPs or non-coding RNAs. These

events include mRNA decay, polyadenylation, pre-mRNA

splicing, and translation.

Fig. 1 Post-transcriptional regulation of gene expression. a The steps

of pre-mRNA processing controlled by RNA-binding proteins or

microRNAs. Clock symbols denote events known to be associated

with circadian regulation. b Post-transcriptional operons defined by

RBPs or miRNAs binding to cognate cis-regulatory elements in

mRNAs [11]
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Basic design of transcriptional feedback loops

Generally, in the transcriptional clock circuits positive

elements activate the expression of ‘‘clock’’ genes encod-

ing negative elements (Fig. 2a) [21, 22]. The clock proteins

physically interact with the positive elements to inhibit

their activity. In an additional loop the negative elements

can also promote expression of the positive elements. This

network structure contributes to stability and robustness.

In the fly Drosophila melanogaster, transcription of the

clock genes period (per) and timeless (tim) is activated

by the two basic helix- loop-helix (bHLH) TFs CLOCK

(CLK) and CYCLE (CYC) (Fig. 2b). After a time delay,

PER and TIM proteins enter the nucleus where the asso-

ciation of PER with the CLK/CYC heterodimer inhibits

their transcriptional activity. Gradually decreasing levels of

TIM and PER relieve autoinhibition and initiate another

round of transcription (for review see [23, 24]. CLK/CYC

also activate an interdependent feedback loop comprising

the activator PAR DOMAIN PROTEIN1 (PDP1) and the

repressor VRILLE (VRI) which in turn regulate clk [25].

In mammals, the TFs CLK and BMAL1, the homolog of

Drosophila CYC, activate Cryptochrome (Cry1 and Cry2)

and Period (mPer1, mPer2 and mPer3) genes (for review,

see [26, 27]). The PER/CRY complexes in turn repress

BMAL1/CLK-mediated transcription of their own genes

[28] (Fig. 2c). Furthermore, BMAL1/CLK activate tran-

scription of the nuclear receptors Rev-erba and RorA [29].

REV-ERBa represses Bmal1 and RorA activates Bmal1

[30].

In the fungus Neurospora crassa, transcription of the

clock gene frequency (frq) is activated by the PAS domain

proteins WHITE COLLAR-1 (WC-1) and WC-2 that form

the WHITE COLLAR complex (WCC) and bind to the frq

promoter (Fig. 2d). FRQ protein then inhibits the activity

of WCC and thereby feeds back on its own synthesis

(for review, see [22, 31]). The role of the FRQ-interacting

helicase FRH is detailed below.

Similar to the Neurospora clock, the circadian clock in

the higher plant A. thaliana uses conserved principles of

rhythm generation but utilizes different molecular players.

Two MYB TFs, CIRCADIAN CLOCK ASSOCIATED1

(CCA1) and LATE ELONGATED HYPOCOTYL (LHY)

inhibit the expression of TIMING OF CAB EXPRES-

SION 1 (TOC1) by directly binding to its promoter,

whereas TOC1 contributes to CCA1 and LHY activation

(Fig. 2e). This central loop connects additional morning-

and evening-phased loops (for a recent review see [2]). In

the morning-phased loop, CCA1 and LHY activate the

expression of PSEUDO-RESPONSE REGULATOR 7

(PRR7) and PRR9 that subsequently feed back to repress

CCA1 and LHY. In the evening-phased loop, TOC1

expression is activated by GIGANTEA (GI) which in turn

is negatively controlled by TOC1. Connected with these

loops are additional components whose exact mode of

action remains to be defined [2, 32].

Fig. 2 Transcriptional clock

feedback loops. Common

design principle (a) and model

of the Drosophila (b),

mammalian (c) and Neurospora
(d) oscillator. See text for

details. e Simplified scheme of

the Arabidopsis oscillator

consisting of the central

CCA1/LHY-TOC1 loop, a

morning-phase loop and an

evening-phased loop [2, 32]
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In Chlamydomonas reinhardtii, an RBP protein appears

to be an important component of the timekeeping system

[33], but the molecular makeup of the core oscillator is not

yet clear [34]. Notably, in the prokaryotic cyanobacteria,

the core oscillator mechanism comprises interactions

between the Kai clock proteins and rhythmic KaiC protein

phosphorylation [22]. Thus, timekeeping is primarily based

on a post-translational oscillator rather than on a tran-

scriptional/translational feedback loop, as described above

for the eukaryotic model organisms.

mRNA decay

As described above, periodic transcriptional activity is

largely responsible for circadian transcript oscillations.

Because rhythmic mRNA profiles show a delayed accu-

mulation and reduced amplitude compared to rhythms in

transcriptional activity, these will manifest themselves in

high amplitude mRNA oscillations only if a transcript has a

sufficiently short half-life [35, 36].

A time-of-day-dependent change in mRNA half-life on

top of rhythmic transcription was first discovered for

the Drosophila clock gene per. Nuclear run-on assays

revealed a delayed per mRNA accumulation relative to per

transcription during the rising phase whereas mRNA

abundance closely follows transcription during the declin-

ing phase [37]. In flies expressing PER from a transgene

lacking the authentic promoter, per mRNA cycles with a

low amplitude and rescues the behavioral arrhythmicity of

a pero mutant [38]. With the help of per-luciferase reporter

constructs, it was shown that apart from the promoter

an element within the first intron of per is required to

faithfully mimic per mRNA oscillations [39]. Direct

measurements of run-on transcription uncovered that this

intragenic element at least partly operates post-transcrip-

tionally [37].

Generally, mRNA decay is mediated by the interaction

between specific cis-acting motifs and cognate trans-acting

factors. The two main turnover pathways are both initiated

by poly(A) tail removal, followed either by removal of the

50 7-methylguanosine cap and 50 ? 30 exoribonuclease

digestion or by 30 ? 50 digestion [40].

Direct evidence for regulated mRNA decay was

obtained for the mammalian clock genes mPer2, mPer3

and mCry1. Mper2 mRNA decays faster during the

declining phase than during the rising phase of its oscil-

lation. The degradation is mediated by its 30UTR and the

cognate trans-acting factor was identified as the polypy-

rimidine tract-binding protein (PTB) [41]. PTB, also

termed hnRNP I, preferentially binds pyrimidine-rich

regions in introns to regulate alternative splicing but has

also been implicated in other post-transcriptional events.

When PTB is depleted by RNAi in fibroblasts, mPer2

mRNA is stabilized. Whereas PTB preferentially localizes

to the nucleus, increased PTB levels in the cytoplasm and

binding of this cytoplasmic PTB to the mPer2 30UTR are

observed at times when the mPer2 mRNA declines [41].

This inverse correlation of PTB in the cytoplasm with

mPer2 oscillations suggests that PTB is responsible for the

mPer2 degradation during the declining phase. Notably,

the mPer2 30UTR alone is not sufficient to convey circa-

dian oscillations upon a reporter driven by a constitutive

promoter, indicating that it cooperates with the transcrip-

tional regulation in shaping the mPer2 profile [41].

Similarly, the mPer3 30UTR modulates RNA stability but

the cognate protein factors have not been identified [42].

The 30UTR of mCry1 is recognized by hnRNP D that is

known to regulate stability or translation of its target

mRNAs [43]. Knockdown of hnRNP D stabilizes mCry1

mRNA and delays its circadian phase. As observed for

PTB, the amount of hnRNP D in the cytoplasm cycles in

antiphase to mCry1, suggesting that regulation by hnRNP

D of the degradation rate modulates mCry1 rhythms

(Fig. 3).

Rhythmic mRNA degradation is also intrinsic to oscil-

lations of serotonin N-acetyltransferase (AANAT), the key

enzyme in melatonin synthesis [44]. Melatonin production

is activated in the dark, and levels of circulating melatonin

increase at night. The AANAT 30UTR mediates mRNA

degradation through interaction with hnRNP R, hnRNP Q

and hnRNP L. These accumulate to highest levels around

the time of the AANAT peak and thus contribute to its rapid

degradation during the declining phase. Notably, hnRNP Q

has an additional function in the control of rhythmic

AANAT translation [45] (see below).

A cis-acting element widely found in 30UTRs of short-

lived mRNAs in mammals is the AU-rich element (ARE)

that targets them for decay. One of the factors interacting

with ARE is butyrate response factor1, which destabilizes

early response gene transcripts. It undergoes circadian

oscillations and has been proposed to impose time-of-day-

dependent degradation onto its targets as part of an

Fig. 3 Scheme of the inverse mCry1 mRNA and cytoplasmic hnRNP

D profiles. Relative levels of mCry1, hnRNP D protein abundance in

the cytoplasm and mCry1 degradation rate across 1 day are shown

(adapted from data in [43])
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oscillating post-transcriptional RNA operon [14, 46]. So a

picture emerges that RBPs participating in general post-

transcriptional regulatory events in the cell are employed

by the circadian system to time the half-life of mRNAs

both within and downstream of the oscillator.

An even more fundamental role for regulated mRNA

decay is emerging in Neurospora. The FRQ clock protein

forms a complex with FRH (FRQ-interacting helicase)

(Fig. 2d), a member of the DExD/H family of RNA heli-

cases that use ATP hydrolysis to unwind double-stranded

RNA [47]. Thus, a protein with a predicted function in

RNA metabolism is part of the transcriptional feedback

loop, repressing frq transcription through interaction with

WCC. Recently, it has been found that FRQ and FRH also

regulate frq mRNA abundance at the post-transcriptional

level [48]. Downregulation of frh increases the stability of

frq mRNA that is associated with the FRQ–FRH complex

in vivo. Because FRQ itself has no domain predicted to

bind nucleic acids, this presumably is through FRH. FRH

shows significant homology to Mtr4p, a cofactor of the

yeast exosome that is one of the primary machineries for

RNA degradation [40]. In Neurospora, FRH interacts with

the ortholog of the 30 ? 50 exonuclease subunit RRP44.

Thus, FRH likely targets frq mRNA for degradation when

FRQ–FRH levels are high. Indeed, downregulation of

RRP44 leads to enhanced frq mRNA stability, higher frq

levels and a longer period of frq mRNA oscillations. Thus,

FRQ, FRH and the exosome are part of a post-transcrip-

tional negative feedback loop interlocked with the

transcriptional feedback loop (Fig. 4) [48]. Liu and

coworkers have taken this a step further by showing that

the rrp44 transcript itself is clock-controlled. Moreover,

the exosome regulates a few other rhythmic transcripts,

suggesting that time-of-day-dependent exosome activity

may play a wider role in circadian regulation.

In Arabidopsis, an approach to globally identify short-

lived transcripts has identified a suite of clock-controlled

transcripts [49]. For some of them mRNA stability changes

over the circadian cycle [50]. Furthermore, conditional

instability of the CCA1 transcript in the light has been

suggested to contribute to synchronization of the Arabid-

opsis clock with the environment [51].

Polyadenylation

mRNAs are polyadenylated at their 30 ends, and poly(A)

binding proteins (PABP) associate with this tail, leading to

mRNA stabilization. The interaction of PABP with the

translation initation factor complex assembled around the

50 m7G cap brings about circularization of the mRNA and

provides the basis for 30UTR participation in translational

control [52].

Daily fluctuations in poly(A) tail size have initially been

observed for the mRNA encoding the neuroactive peptide

vasopressin that is synthesized within the suprachiasmatic

nuclei (SCN) of rats and displays rhythmic concentration

changes in the cerebrospinal fluid [53]. Poly(A) tail

shortening is catalyzed by deadenylases, Mg2?-dependent

30 ? 50 exoribonucleases [40]. Mammals contain five

deadenylases of which Nocturnin, the homolog of yeast

CCR4, is rhythmically expressed [54]. Mice deficient for

Nocturnin have defects in lipid homeostasis and response

to glucose, suggesting that Nocturnin mediates post-tran-

scriptional regulation of metabolic events by the circadian

clock [55]. Direct targets of Nocturnin have not yet been

found and thus it is not clear whether it influences degra-

dation or translational activity through the changes in

poly(A) tail length. Notably, in Neurospora, the increased

stability of frq mRNA upon FRH downregulation (see

above) is accompanied by increased poly(A) tail length

[48].

Splicing

Drosophila per comes in two transcript forms that differ by

the presence or absence of an intron in the 30UTR [56].

Cycling of both transcripts is virtually identical; however,

transgenic flies that express only the intron-containing

transcript show longer activity rhythms and slower accu-

mulation of PER protein. Thus, the retention of the 30UTR

intron may affect per mRNA translation. This splicing

event is under clock-control and actually serves to adjust

the fly’s activity cycle to seasonal progression [57–59].

Both low temperature and short photoperiod (usually

linked in nature) promote splicing of the 30UTR intron

leading to a more rapid increase in per mRNA and PER

protein with concomitant earlier evening activity of the

flies. In contrast, warm temperatures and long photoperiods

decrease the splicing activity and lead to mainly nocturnal

activity, thus avoiding desiccation during daytime heat.

This temperature-dependent splicing has been attributed to

Fig. 4 Transcriptional and post-transcriptional regulation by FRH. In

the transcriptional feedback loop, FRQ and FRH inhibit WCC activity

leading to repression of frq transcription. In the post-transcriptional

feedback loop, FRQ and FRH promote frq decay through the exosome

RNA-based regulation in biological timing 75



suboptimal splice signals that are less efficiently recog-

nized as the temperature rises [60]. Notably, natural

variation of these splice sites has been connected to the

adjustment to latitudes.

In Neurospora, conditional splicing of an intron con-

taining the FRQ initiation codon in response to ambient

temperature is observed. FRQ comes in a large (l) form

required to maintain rhythmicity at warm temperatures and

a small (s) form required at cold temperatures [61]. Their

ratio is controlled by a temperature-dependent choice of

start codons that correlates with alternative splicing of an

intron encompassing the AUG [62]. The non-canonical

splice sites are used with higher efficiency at lower tem-

peratures and, accordingly, the fraction of s-FRQ increases

with decreasing temperature (Fig. 5). This regulation of the

l- versus s-FRQ ratio in a temperature-dependent fashion

allows the fungus to ensure robust rhythmicity over a broad

temperature range.

In Arabidopsis, the RRM (RNA recognition motif)

proteins AtGRP7 (A. thaliana glycine-rich RBP7) and

AtGRP8, also designated CCR2 (COLD AND CIRCA-

DIAN REGULATED2) and CCR1, are clock-controlled at

the level of transcription [63–65] and negatively autore-

gulate through alternative splicing (AS). When the proteins

reach a certain threshold, they bind to their own pre-

mRNAs and promote the formation of an AS form with a

premature termination codon (PTC) in the retained part of

the intron [66–69]. The AS form rapidly decays but accu-

mulates in mutants defective in UPF1 or UPF3, the

Arabidopsis orthologs of nonsense-mediated decay (NMD)

pathway components [70]. NMD is a quality control

mechanism that selectively clears the transcriptome of

mRNAs harboring PTCs and now emerges as a more

global cellular regulator [71]. AtGRP7 and AtGRP8 are

the first circadian components proposed to generate a

post-transcriptional negative feedback loop by coupling

unproductive splicing to decay via UPF1 and UPF3

(Fig. 6). Interestingly, in Neurospora, knockdown of an

UPF1 ortholog leads to an altered frq profile and shorter

period (A. Mehra and J.C. Dunlap, unpublished).

The AtGRP7 feedback loop functions in clock output, as

AtGRP7 affects several rhythmic transcripts (C. Streitner

and D. Staiger, unpublished). Apart from their prominent

circadian regulation, AtGRP7 and AtGRP8 distinctly react

to biotic and abiotic stresses such as low temperature or

oxidative stress and thus may serve to integrate external

stimuli with endogenous timing cues [64, 72–74].

Notably, among potentially functional counterparts of

the plant glycine-rich RBPs in humans is cold-inducible

RNA-binding protein (CIRP). Exposure of mammalian

cells to mild cold stress leads to an increase in cold-

shock proteins including CIRP that is thought to function

as an RNA chaperone [75]. Cirp mRNA oscillates with a

peak at the time when body temperature rhythms reach

their trough. CIRP has been suggested to affect accu-

mulation or translation of rhythmic transcripts in a

temperature-dependent fashion [76, 77]. In addition to

the clock in the SCN of the hypothalamus, most organs

contain peripheral oscillators of similar composition.

Although these are cell-autonomous and self-sustained,

they depend on synchronization through systemic cues of

the SCN that may comprise rhythms in hormones,

metabolites or body temperature. In transgenic mice in

which the oscillator in liver is turned off, very few

transcripts retain rhythmicity, including CIRP. It is

tempting to speculate that the systemically driven CIRP

may play a role in entraining peripheral oscillators by

temperature rhythms [77].

Indirect hints that the presence or absence of introns

relates to circadian patterns come from a timecourse using

Arabidopsis whole genome tiling arrays [78]. About 500

transcripts with rhythmic introns are detected. Roughly

40% of the cycling introns are in genes whose exonic

sequences are also rhythmic. Some of the introns show a

phase difference to the exonic sequences and almost 60%

of the cycling introns are in genes with non-rhythmic

coding regions [78]. One may assume that intron-contain-

ing and intron-less mRNAs are assembled into different

mRNPs and thus differentially regulated. Intron retention is

frequent in Arabidopsis [79] and obviously can lead to

transcripts with PTCs. Such time-of-day-specific appear-

ance of PTCs in otherwise constantly expressed transcripts

could cause their disappearance through NMD. Alterna-

tively, gradual appearance of a truncated protein acting as

dominant negative inhibitor could terminate the function of

the authentic protein, thereby shaping its activity profile.

Clearly, more detailed investigations are required to

understand the significance of these cycling introns.

Fig. 5 Temperature-dependent alternative splicing of an intron

encompassing the l-FRQ start codon regulates the ratio of l-FRQ

versus s-FRQ. The sizes of l-FRQ and s-FRQ symbols reflect their

relative amounts
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Translation

Translation initiation of individual mRNAs is regulated

through sequence-specific RBPs or miRNAs [52]. Notably,

these interactions occur mostly in the 30UTR.

In Drosophila, an RBP implicated in circadian transla-

tional control is encoded by the lark gene. LARK contains

two RRMs and a zinc finger. In lark mutants, the emer-

gence of adult flies from pupal cases shows an earlier

phase. This ‘‘eclosion’’ is under clock control with a peak

in the morning to avoid water loss of the newly hatched

flies [80]. The mutation does not affect the core clock,

indicating that LARK operates downstream of the clock to

mediate distinct behavioural outputs. Immunoprecipitation

of LARK mRNPs with subsequent microarray analysis of

complexed RNAs identified RNAs associated with LARK

in vivo [81]. Two of these targets give rise to increased

protein abundance upon LARK overexpression without an

effect on transcript levels consistent with translational

control by LARK.

LARK also interacts with dFMRP, the Drosophila

orthologue of Fragile X mental retardation protein [82].

Loss of FMRP causes the most common heritable form

of mental retardation in mammals and also leads to

altered behavioral rhythmicity [83]. FRMP harbors two

K-homology (KH) RNA binding domains and an arginine-

and glycine-rich domain. It has a widespread role in

translation, mRNA stability and trafficking. Flies lacking

dFMRP also have disturbed circadian rhythms presumably

due to alterations in clock output [82]. dFMRP and LARK

appear to function together and, indeed, common target

transcripts of dFMRP and LARK regulation have been

identified. In mammals, RNA binding motif protein 4

(RBM4) is the putative counterpart of LARK. It binds to

the 30UTR of mPer1, leading to increased mPER1 levels

[84]. This increase depends on the cap and poly(A) tail and

thus likely affects translation. RBM4 protein levels rise

towards the end of the day and could stimulate translation

at a time when mPer1 transcript levels decline. Another

twist is added by observations that implicate LARK and

FMRP in miRNA-mediated regulation both in Drosophila

and mammals [82, 85].

A novel type of RBP, CHLAMY1, has been implicated

in circadian translational control in the green alga C. rein-

hardtii. The heteromeric protein binds to UG repeats and

consists of the C1 subunit containing three KH motifs and

the C3 subunit, a member of the CUG-BP-ETR-3-Like

factors (CELF) family with three RRMs [86]. A bioinfor-

matic search for CHLAMY1 targets has identified

transcripts with at least seven tandem UGs in their 30UTR

and CHLAMY1 binding has been confirmed for a suite of

transcripts associated with CO2- and N-metabolism [87].

Notably, the activity of one of these enzymes, nitrite

reductase, increases in the morning when CHLAMY1

binding activity is low, suggesting that CHLAMY1 acts as

a translational repressor. The UG repeats of the glutamine

synthetase2, argininosuccinate lyase and nitrite reductase1

mRNAs confer rhythmicity upon a reporter gene when

inserted in its 30UTR and determine phase [88].

CHLAMY1 thus can be considered as key component of a

post-transcriptional operon coordinating rhythmic transla-

tion of enzymes involved in CO2- and N-metabolism.

CHLAMY1 has been shown to be crucial for maintaining

period, indicating that it may also be part of the core

oscillator itself [33].

In rare cases, translation initiation is mediated by

internal ribosome entry sites (IRES) that recruit ribo-

somes cap-independently with the help of trans-acting

factors [52]. Oscillations of serotonin N-acetyltransferase

in mammals partly rely on rhythmic mRNA degradation

mediated by hnRNP R, hnRNP Q and hnRNP L [44]

(see above). The circadian pattern of protein accumula-

tion is additionally mediated by the 50UTR with a region

within the AANAT 50UTR that contains an IRES spe-

cifically interacting with hnRNP Q [45]. The level of

hnRNP Q increases concurrently with AANAT protein at

nighttime, and peak abundance of AANAT protein

strongly decreases upon knockdown of hnRNP Q, sug-

gesting that hnRNP Q indeed contributes to AANAT

oscillations [45].

Fig. 6 Negative autoregulation of the RNA-binding protein AtGRP7

through alternative splicing and subsequent nonsense-mediated decay

(NMD) [70]. In the presence of elevated AtGRP7 protein levels a

higher proportion of AtGRP7 pre-mRNA is spliced to a PTC-

containing NMD substrate through binding of AtGRP7 to its own

intron and subsequent use of a cryptic intronic 50splice site. The

alternative splice form (as_AtGRP7) contains a PTC and is degraded

via NMD
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MicroRNAs

miRNAs are single-stranded RNA species of *22 nucle-

otides. They represent recently discovered post-

transcriptional regulators in development, differentiation

and response to environmental signals [89, 90]. Their

double-stranded precursors (pre-miRNAs) are hairpin loop

structures excised from primary transcripts (pri-miRNAs)

by DROSHA, assisted by proteins with double-stranded

RNA binding domains. Pre-miRNAs are subsequently

exported from the nucleus and further processed by DICER

to duplexes of *22 nucleotides which 2-nucleotide over-

hangs at the 30 ends. One strand is loaded onto the RNA-

induced silencing complex (RISC), which subsequently is

directed to the target mRNA. In animals, miRNAs usually

have imperfect complementarity to elements in the 30UTRs

of mRNA targets, leading to inhibition of translation and/or

stimulation of degradation [91, 92]. As miRNAs control at

least a third of mammalian mRNAs and thus represent

global regulators of utmost importance [90], it is perhaps

not surprising that they appear as novel players in the

circadian system.

A microarray experiment was performed in Drosophila

to discover rhythmic miRNAs in a circadian timecourse

[93]. Dme-miR-263a and -263b were identified that exhibit

daily changes in abundance in wild-type flies but not in an

arrhythmic mutant defective in CYCLE [93]. Among the

predicted targets are several transcripts related to clock

function that now need to be validated.

When the miRNA biogenesis pathway in clock neu-

rons in fly heads was downregulated in another study,

the amplitude of locomotor activity rhythms was reduced

[94]. To identify targets of miRNA regulation, mRNAs

associated with RISC have been co-immunoprecipitated

from fly head extracts with an antibody against ARG-

ONAUTE1 (AGO1). Rhythmically expressed mRNAs are

not significantly enriched but mRNAs for the clock

components clk and vri are. Notably, clk association with

AGO1 varies across the day and is maximal several

hours after its mRNA peak. The clk 30UTR confers

repression upon a luciferase reporter, indicating

that indeed it serves as miRNA-binding site. These

data suggest that declining CLK levels following the

clk mRNA peak partly result from miRNA-mediated

repression [94].

Having thus established a miRNA-based component in

the core clock mechanism of Drosophila, an elegant

experiment designed to specifically inhibit pri-miRNA

maturation in circadian cell types by RNAi against DRO-

SHA and PASHA identifed miRNAs involved. Among the

pri-miRNAs accumulating is the precursor of bantam

(ban), a miRNA with a prominent role in development

[95]. In addition, ban appears to affect the core oscillator

through translational regulation of clk conferred by ban

binding sites in its 30UTR (Fig. 7) [94].

Another strategy was chosen to identify rhythmic miR-

NAs in mammals, based on the rationale that miRNA

oscillations may result from BMAL1/CLK-dependent

rhythmic transcription [96]. Chromatin immunoprecipita-

tion revealed that CLK binds to the enhancer region of the

miR219-1 gene, and both pre-miR-219 and mature miR-

219 indeed display circadian rhythms. Moreover, knock-

down by miR-219 antagomirs leads to period lengthening

indicating that miR-219 is not only clock-controlled but in

turn also influences rhythms. Similarly, the enhancer of the

miR-132 precursor is bound by CREB, a light-inducible

transcription factor in the SCN, and miR132 modulates

light input to the clock [96]. The targets of both miRNAs

remain to be determined.

Profiling the miRNome by microarrays has identified

several miRNAs with diurnal variation in abundance in

mouse retina [97]. Of these, miR-182 and miR-96 target

the 30UTR of Adenylyl cyclase VI mRNA (Adcy6) that

oscillates in antiphase with miR-182 and miR-96, sug-

gesting that both miRNAs contribute to Adcy6 cycling.

Also among their predicted targets is Clk, adding the

Fig. 7 Involvement of the

miRNAs in the Drosophila
circadian system. The core

oscillator controls rhythmic

expression of a number of

miRNAs [93]. The bantam
miRNA targets the oscillator

component CLK through

interaction with its 30UTR [94]
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possibility for another level of feedback on the core

oscillator [97].

In mouse liver, the pri- and pre-miRNA precursors of

miR122, the prevalent miRNA in hepatocytes, oscillate

about four- to tenfold in abundance, indicating that tran-

scription of the miR-122 locus is under circadian control

[98]. However, mature miR-122 levels do not change

throughout the day due to their high stability. To unravel

whether miR-122 would nevertheless exert circadian con-

trol, the global effect of miR-122 downregulation has been

analyzed [98]. In these experiments, the steady-state

abundance of the target mRNAs served as proxy for their

translational repression, since it is often accompanied by

reduced mRNA levels. Indeed, transcripts with altered

levels in mice injected with miR-122 antisense oligonu-

cleotides were significantly enriched for circadian

transcripts. Among them are transcripts for regulators of

metabolism suggesting that miR-122 participates in circa-

dian control of hepatic metabolism. Also in line with these

results is the finding that the consequence of miR122

depletion on circadian targets depends on the time of the

day. Gatfield and colleagues propose that constant repres-

sion of basal translation levels by an miRNA can strongly

increase the circadian amplitude of a protein synthesized

from rhythmic mRNA. Alternatively, the newly loaded

RISC complex that depends on processing of rhythmically

available pre-miRNA122 could be functionally different

from already existing RISC complex [98].

In Arabidopsis, several miRNAs oscillate either diur-

nally or under clock-control [78, 99]. The functional

implications are not yet clear. However, miRNAs have a

demonstrated role in clock output processes such as the

seasonal timing of floral transition in Arabidopsis [100].

Natural antisense transcripts

Natural antisense transcripts (NATs) have been implicated

in clock regulation in Neurospora. The Crosthwaite labo-

ratory has identified a suite of antisense transcripts

overlapping the frq gene that cycle in an opposite phase to

frq [101]. Like frq itself, these NATs are induced by light

and mutants defective in light-induced production of frq

NATs show delayed rhythms and enhanced phase shifting

by light. Thus, the NATs appear to play a role in light

entrainment.

In Arabidopsis, rhythmic NATs are detected for 7% of

the protein coding genes using tiling arrays [78]. Among

these are the clock-associated proteins LHY, CCA1 and

TOC1. In contrast with the frq NATs, these NATs have a

phase similar to their sense transcripts [78]. Furthermore,

813 of the rhythmic NATs correspond to sense strands that

are arrhythmic. Before any conclusions on the functional

significance can be drawn, it needs to be determined to

what extent sense and antisense transcripts are co-expres-

sed in the same cell type.

The regulation of Arabidopsis FLOWERING LOCUS C

(FLC) by NATs may also be of relevance for the circadian

system. Apart from controlling the transition to flowering,

FLC lengthens the period of the circadian clock at 27�C

and thus has temperature-specific effects on circadian

rhythms [102]. An FLC NAT is involved in regulation of

FLC abundance through a novel mechanism: alternative

30end processing of the FLC antisense transcript influences

transcription of the FLC sense transcript through chromatin

modification [103].

Outlook

The observed regulation at the post-transcriptional level for

both circadian output genes and core clock genes enforces

the notion that circadian transcription can only partly

account for rhythmic gene expression. So far, insights into

post-transcriptional events mainly concern one-on-one

control: in several instances, RBPs have been identified

that, through recognizing cis-active features within the

transcripts, shape rhythmic mRNA profiles or time-of-day-

dependent translation. Among these are both general RBPs

previously identified as mediators of mRNA processing,

like hnRNP K or PTB, and RBPs identified on the basis of

their circadian function, like CHLAMY1 and AtGRP7.

Recently, a genome-wide screen for modifiers of the cir-

cadian clock in human cell lines has uncovered several

RBPs and splicing factors affecting amplitude or period of

clock genes [104].

Large-scale definition of RBP targets will extend the view

on post-transcriptional networks. A bioinformatic search

based on the known binding site for a circadian RBP

has successfully identified transcripts whose rhythmic

translation is controlled by CHLAMY1 [87]. However,

computational methods to identify conserved RNA binding

motifs have their limitations. The structural context of the

binding sites is important for target recognition and, thus,

programs for RNA sequence alignment have to be informed

by structure [105]. Furthermore, microarray profiling of

transgenic organisms aberrantly expressing RBPs also reveal

indirect targets. Thus, immunoprecipitation of RNPs and

identification of the associated RNAs by microarray

hybridization or deep sequencing is required to globally

define mRNAs associated with RBPs in vivo, as performed

for Drosophila LARK. In addition to targeted analysis of

circadian RBPs, mining of transcripts associated with non-

circadian RBPs will presumably uncover overlaps with the

circadian transcriptome in the light of general cellular RBPs

influencing clock transcript oscillations [41, 43].
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To fully understand the extent of post-transcriptional

coordination in the circadian system, appropriate genome-

wide screens for post-transcriptional events have to be

further developed. Assessment of mRNA turnover by

microarray hybridization requires elimination of the tran-

scriptional component through inhibitors of transcription. In

this way, oscillating transcripts have been found among

unstable transcripts in Arabidopsis [49]. To monitor genome

wide time-of-day-specific translational status of mRNAs,

their association with polysomes can be assessed [106].

More globally, post-transcriptional processes them-

selves may be under clock control, as exemplified by

circadian regulation of exosome components in Neuros-

pora [48]. The identified miRNA participation in core

clock mechanisms adds the possibility of additional layers

of feed-back regulation and fine tuning of clock gene

expression. Introduction of miRNAs in a theoretical model

describing the negative feedback of Drosophila PER on its

own RNA has shown that both amplitude and frequency

can be affected [107]. The impact of miRNAs on the cir-

cadian transcriptome and proteome is likely larger than

currently estimated, because both the percentage of genes

under control by miRNAs is increasing and novel modes of

miRNAs actions are discovered such as a decoy activity

interfering with RBPs action on their targets [108].
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