Circadian Post-transcriptional Control
of Metabolism
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Abstract Circadian clocks control thousands of genes, which ultimately generate
rhythms in signaling pathways, metabolism, tissue physiology and behavior.
Although rhythmic transcription plays a critical role in generating these rhythmic
gene expression patterns, recent evidence has shown that post-transcriptional
mechanisms are also important. Here we describe studies showing that regulation
of mRNA poly(A) tail length is under circadian control and that these changes
contribute to rhythmic protein expression independently of transcription.
Nocturnin, a circadian deadenylase that shortens poly(A) tails, contributes to this
type of circadian post-transcriptional regulation. The importance of tail-shortening
by Nocturnin is evident from the phenotype of mice lacking Nocturnin, which
exhibit resistance to diet-induced obesity and other metabolic changes.

Introduction

Circadian clocks regulate and coordinate rhythms in behavior, physiology, bio-
chemistry and gene expression in mammals (Pittendrigh 1981a, b; Akhtar
et al. 2002; Panda et al. 2002; Storch et al. 2002; Ueda et al. 2002; Duffield 2003;
Welsh et al. 2004; Reddy et al. 2006), allowing animals to synchronize appropri-
ately to the environmental light:dark cycles. The mammalian circadian clock is
composed of an intracellular feedback mechanism in which interlocking
transcriptional-translational feedback loops generate the 24-h rhythms (reviewed
in Lowrey and Takahashi 2004; Takahashi et al. 2008) and drive rthythms of 5-10 %
of genes in a cell type-specific manner (Duffield 2003; Rey et al. 2011; Koike
et al. 2012; Menet et al. 2012). This extensive control over mRNA expression
results in rhythmicity of many cellular pathways, including many aspects of
metabolism. Mutations that alter the clock have broad negative effects on the
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organism, including insulin resistance and obesity (Rudic et al. 2004; Shimba
et al. 2005; Turek et al. 2005; Green et al. 2008), some types of cancer
(Fu et al. 2002; Gorbacheva et al. 2005; Hoffman et al. 2009, 2010a, b; Ozturk
et al. 2009; Kang et al. 2010), cardiovascular disease (Curtis et al. 2007; Reilly
et al. 2007) and sleep and affective disorders (Toh et al. 2001; Kripke et al. 2009;
Srinivasan et al. 2009; Touma et al. 2009). Therefore, an understanding of the
molecular mechanism of clocks in mammals is critical for the understanding and
treatment of human health.

The components of the central circadian clock are transcriptional activators and
repressors, and cyclic activation and repression drive the oscillation that comprises
the pacemaker and generates the 24-h periodicity. In addition, these proteins drive
rhythms in many other genes, through both direct and indirect transcriptional
mechanisms. Although this transcriptional control is a major contributor to the
resulting rhythms in mRNA levels, a number of recent studies have demonstrated
that post-transcriptional regulation also must play an important role. For example, a
large percent of rhythmic mRNAs in liver do not have rhythmic pre-RNAs (Koike
et al. 2012; Menet et al. 2012) and, in mouse liver, almost 50 % of the rhythmic
proteins do not have rhythmic steady-state mRNA levels (Reddy et al. 2006).
Moreover, circadian rhythms can exist in red blood cells devoid of nuclei (O’Neill
and Reddy 2011; O’Neill et al. 2011). Therefore, regulatory mechanisms beyond
transcription can also drive rhythmic physiology.

Post-transcriptional Mechanisms

Although transcription drives mRNA synthesis, the ultimate protein expression
patterns also reflect regulation at many other levels (Fig. 1). Even as the mRNA
is being transcribed, large complexes of proteins associate with the nascent tran-
script and regulate the efficiency and pattern of splicing, the choice of 3’-end
cleavage site and polyadenylation (Pawlicki and Steitz 2010). The mature transcript
undergoes further regulation during nuclear export, cytoplasmic localization, RNA
stability and translation. The importance of post-transcriptional regulation has
become clear over the last decade, with the discovery of many RNA binding
proteins, specific types of ribonucleases, and the extensive machinery that conducts
microRNA-mediated control of mRNA stability and translation. Although signifi-
cant progress has been made in this area, understanding of post-transcriptional
mechanisms still lags behind that of transcriptional processes.

The poly(A) tails at the 3’-end of most eukaryotic mRNAs are thought to be
important for controlling translatability and stability, and one post-transcriptional
regulatory mechanism is to modulate the length of these tails. Indeed, regulation of
poly(A) tail length has been shown to play critical roles in many biological
processes, including oocyte maturation, mitotic cell cycle progression, cellular
senescence and synaptic plasticity (Gebauer et al. 1994; Groisman et al. 2002,
2006; Huang et al. 2002, 2006; Novoa et al. 2010). Changes in poly(A) tail length
can occur at many points during the lifetime of an mRNA. Long poly(A) tails of
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Fig. 1 Post-transcriptional regulation controls expression at many steps throughout the lifetime of
the mRNA, and rhythms in poly(A) tail length can result from transcriptionally coupled mecha-
nisms and cytoplasmic mechanisms (Kojima et al. 2012)

about 250 nt are initially added to the nascent transcript in the nucleus following the
3’-end cleavage (Kuhn and Wahle 2004). Following export out of the nucleus, a
protein called cytoplasmic poly(A)-binding protein (PABPC) binds to the tail and
stabilizes the mRNA. Through direct interactions with the translation-initiation
factor elF4G, which in turn binds to the cap-binding protein eIF4E, PABPC is
thought to facilitate translation initiation by forming a “closed-loop™ circular
structure (Kuhn and Wahle 2004). Removal or shortening of the tail by a specific
class of ribonucleases called deadenylases can, in turn, result in translational
silencing and, in some cases, mRNA degradation. Alternatively, cytoplasmic
polyadenylation can, in some cases, lengthen the tail of an mRNA that was
previously shortened and stabilize it and render it translationally competent
(Richter 2007).

Circadian Control of poly(A) Tail Length

Daily variations in poly(A) tail length were reported for two mRNAs (Robinson
et al. 1988; Gerstner et al. 2012), causing us to wonder whether the circadian clock
uses this mechanism more broadly to regulate gene expression post-
transcriptionally. Therefore, we fractionated mRNAs from mouse livers collected
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at various circadian times into pools of mRNAs with short (~50 nt) and long
(>100 nt) poly(A) tails (Kojima et al. 2012) using a modification of an oligo
(dT) affinity chromatography method with differential elution stringencies (Meijer
et al. 2007). These pools of mRNAs, along with a non-fractionated total poly(A)+
control, were subjected to microarray analysis, and relative tail-length was deter-
mined by the ratio of expression of each mRNA in the long vs. short tail pools
(normalized for expression level using the total poly(A)+ expression level). Using
this method, followed by independent validation, we identified several hundred
mRNAs that exhibited robust changes in poly(A) tail length over the course of the
circadian day.

Further characterization of these mRNAs revealed that they fell into three
general classes (Fig. 1). The first class contained mRNAs that were transcribed
rhythmically and also exhibited rhythms in their overall steady-state levels. The
second class was also transcribed rhythmically but these mRNAs had long half-
lives and therefore were not rhythmic at the steady-state level. The third class of
mRNAs with rhythmic poly(A) tails were not rhythmic at either the level of
synthesis or at the steady-state level; these mRNAs appear to be long-lived and
have poly(A) tails that are cyclically shortened and lengthened in the cytoplasm.
Strikingly, in all the cases we tested, the poly(A) tail rhythms correlated with
rhythmic protein levels, even in the cases where the steady-state levels of the
mRNAs were not changing. These data suggest that circadian changes in poly
(A) tail length can significantly contribute to rhythmic protein synthesis, indepen-
dent of transcription.

Nocturnin Is a Circadian Deadenylase

The mechanism by which the clock controls poly(A) tail length is not well under-
stood and appears to involve different mechanisms at different circadian phases
(Kojima et al. 2012). However, one strong candidate is the deadenylase Nocturnin
(gene name, Ccrn4l; Green and Besharse 1996; Baggs and Green 2003), which is
robustly rhythmic in many mouse tissues, with peak expression in the middle of the
night (Wang et al. 2001; Garbarino-Pico et al. 2007; Kojima et al. 2010). Nocturnin
is a member of the superfamily of deadenylases that includes CCR4, Nocturnin,
Angel, and 2'PDE (Goldstrohm and Wickens 2008; Godwin et al. 2013), but
Nocturnin has a distinct amino-terminus from the other members. Nocturnin is
also unique among all deadenylases in its characteristic high amplitude rhythms,
with nighttime peaks (most of the other deadenylases are arrhythmic or have very
low amplitude rhythms that peak in the day) (Kojima et al. 2012). In addition,
Nocturnin is unique in that it is an immediate early gene that is acutely induced by
many stimuli (Garbarino-Pico et al. 2007). Given the difference in temporal and
spatial expression patterns of the deadenylases (Yamashita et al. 2005; Morita
et al. 2007; Wagner et al. 2007; Kojima et al. 2012) and the different phenotypes
caused by disrupting specific deadenylases (Molin and Puisieux 2005; Morris
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et al. 2005; Green et al. 2007; Morita et al. 2007; Washio-Oikawa et al. 2007), it is
likely that each deadenylase targets a specific set of transcripts, although the
identities of these transcripts and the mechanisms by which they are targeted by a
particular deadenylase are not well characterized.

Loss of Nocturnin Results in Broad Metabolic Changes

The importance of Nocturnin’s contribution to circadian changes in poly(A) tail
length was tested by generating mice lacking Nocturnin (Noc—/—; Green
et al. 2007). These mice appeared normal and healthy when raised in standard
conditions and bred well. However, when raised on a Western-style high fat diet,
the Noc—/— mice did not gain weight at the same rate as the wild-type mice and
remained lean whereas the wild-type mice became obese (Fig. 2). The Noc—/—
mice had smaller fat pads and were protected from hepatic steatosis. Despite this
resistance to diet-induced obesity, the Noc—/— mice did not eat less, were not more
active, and did not show significant changes in whole body respiration as measured
in metabolic cages (Green et al. 2007; Douris and Green 2008). These mice did,
however, have changes in mRNA expression levels of many key metabolic regu-
lators in the liver, often showing loss of rhythmicity of normally rhythmic genes.
Nocturnin is likely not part of the core circadian mechanism, because the Noc—/—
mice had normal circadian locomotor rhythms and normal expression of the core
clock genes in the liver. However, it is directly regulated by the core circadian
transcription factor heterodimer CLOCK/BMALL and is, therefore, a direct output
of the intracellular core circadian loop. In addition, it is regulated by systemic
circadian signals, likely originating directly or indirectly from the core circadian
pacemaker in the suprachiasmatic nucleus in the hypothalamus, because Nocturnin
is one of only a few dozen rhythmic genes that maintain rhythmicity following
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Fig. 2 Nocturnin knockout (KO) mice are resistant to diet-induced obesity. WT wild-type
(Modified from Green et al. 2007)
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genetic disruption of the clock, specifically in the liver of mice (Kornmann
et al. 2007).

Some clues to the mechanism behind the lean phenotype observed in the
Noc—/— mice came from examination of Nocturnin’s role in the small intestine
(Douris et al. 2011). Nocturnin is expressed throughout the digestive tract, but with
particularly high levels in the upper part of the small intestine. As in other tissues, it
is robustly rhythmic, peaking during the night—the time of maximal food intake in
the nocturnal mouse. Pan and Hussain (2009) had previously shown that many of
the transporters involved in macronutrient absorption by the intestinal enterocytes
were under the control of the circadian clock. Accordingly, we found that lipid
absorption in the wild-type mice was strongly circadian, with rapid appearance of
newly ingested lipoprotein particles into the circulation when the mice were
gavaged with olive oil at night, but slow and limited appearance when olive oil
was administered during the day. In contrast, the Noc—/— mice had no rhythm in
absorption and exhibited slow “daytime-like” absorption profiles following gavage
given both night and day (Douris et al. 2011; Stubblefield et al. 2012). Furthermore,
the enterocytes in the Noc—/— mice accumulated large cytoplasmic lipid droplets,
suggesting that dietary lipids were stored in these cells when Nocturnin was not
present—at all times in the Noc—/— cells or during the daytime in wild-type mice.
The mechanism by which this deadenylase regulates dietary lipid absorption is not
clear, but several mRNAs that encode proteins involved in lipid droplet formation,
breakdown and chylomicron assembly are dysregulated in the Noc—/— intestine,
and some of these may be direct targets of Nocturnin deadenylase activity.

Nocturnin also plays important roles in other metabolically relevant tissues. In
bone, Nocturnin interacts with a specific long isoform of /gf/ mRNA, suppressing
its expression (Kawai et al. 2010a). In bone-marrow stromal cells, Nocturnin is
acutely induced more than 30-fold by the peroxisome proliferator-activated recep-
tor gamma (PPAR-gamma) agonist rosiglitazone, and Noc—/— mice have reduced
marrow adiposity and high bone mass (Kawai et al. 2010b). In addition,
overexpression of Nocturnin enhances adipogeneis in preadipocyte 3T3-L1 cells
and negatively regulates osteogenesis in mouse osteoblastic MC3T3-El cells
(Kawai et al. 2010b). Together these data suggest that Nocturnin plays an important
role in the mesenchymal stem-cell lineage allocation that may ultimately influence
adipogenesis and body composition.

Conclusions

The large contribution of post-transcriptional regulation to the generation and
modulation of rhythmic mRNA and protein profiles has recently become apparent
largely thanks to the use of genome-wide interrogation of rhythmic mRNA expres-
sion and transcriptional and post-transcriptional states. The ongoing development
of innovative high-throughput methods for analyzing various nuances of gene
expression (TAIL-seq, GRO-seq, CLIP-seq, and many more) will undoubtedly



Circadian Post-transcriptional Control of Metabolism 47

yield ever more information about how the clock controls the many layers of gene
expression that drive the complex rhythmic physiology and behavior of mammals.
We expect that new modes of post-transcriptional regulatory mechanisms will be
uncovered and that these will be shown to play an important role in shaping these
rhythms.

Nocturnin is likely only one of many post-transcriptional modulators that con-
tribute to circadian expression profiles, but the profound metabolic phenotype in the
Noc—/— mice shows that it is playing an important role in regulating circadian
metabolic profiles. However, to understand how loss of Nocturnin causes these
phenotypes, it will be critical to identify the relevant Nocturnin target mRNAs and
to uncover how these target mRNAs are recognized by Nocturnin. Finally, the exact
function of deadenylation by Nocturnin is still not clear. Although removal of tails
has long been thought to target them for decay, it has recently been discovered that
many mRNAs are maintained in the cell in short-tailed states that are quite stable.
Are these short-tailed mRNAs translationally silent and waiting to have their tails
lengthened in response to the appropriate signal or do they have some other
function? Only time will tell. ..
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