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Abstract
Nocturnin is a circadian clock-regulated deadenylase thought to control mRNA expression post-transcriptionally through
poly(A) tail removal. The expression of Nocturnin is robustly rhythmic in liver at both the mRNA and protein levels, and mice
lacking Nocturnin are resistant to diet-induced obesity and hepatic steatosis. Here we report that Nocturnin expression is
regulated by microRNA-122 (miR-122), a liver specific miRNA. We found that the 39-untranslated region (39-UTR) of
Nocturnin mRNA harbors one putative recognition site for miR-122, and this site is conserved among mammals. Using a
luciferase reporter construct with wild-type or mutant Nocturnin 39-UTR sequence, we demonstrated that overexpression of
miR-122 can down-regulate luciferase activity levels and that this effect is dependent on the presence of the putative miR122 recognition site. Additionally, the use of an antisense oligonucleotide to knock down miR-122 in vivo resulted in
significant up-regulation of both Nocturnin mRNA and protein expression in mouse liver during the night, resulting in
Nocturnin rhythms with increased amplitude. Together, these data demonstrate that the normal rhythmic profile of
Nocturnin expression in liver is shaped in part by miR-122. Previous studies have implicated Nocturnin and miR-122 as
important post-transcriptional regulators of both lipid metabolism and circadian clock controlled gene expression in the
liver. Therefore, the demonstration that miR-122 plays a role in regulating Nocturnin expression suggests that this may be an
important intersection between hepatic metabolic and circadian control.
Citation: Kojima S, Gatfield D, Esau CC, Green CB (2010) MicroRNA-122 Modulates the Rhythmic Expression Profile of the Circadian Deadenylase Nocturnin in Mouse
Liver. PLoS ONE 5(6): e11264. doi:10.1371/journal.pone.0011264
Editor: Shin Yamazaki, Vanderbilt University, United States of America
Received March 26, 2010; Accepted May 17, 2010; Published June 22, 2010
Copyright: ß 2010 Kojima et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: D.G. received long-term fellowships from The Federation of European Biochemical Societies (FEBS) and The International Human Frontier Science
Program Organization (HFSP). C.E. is employed by Regulus Therapeutics, but no further financial support (beyond salary) was provided to this project. This work
was supported by NIH GM076626 (to C.B.G.). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.
Competing Interests: Carla Green serves on the Scientific Advisory Board of ReSet Therapeutics, Inc. Christine Esau is employed by Regulus Therapeutics, but
the reagent contributed to this study is available to the scientific community through an MTA and is not under clinical development. These interests do not alter
the authors’ adherence to all the PLoS ONE policies on sharing data and materials.
* E-mail: Carla.Green@utsouthwestern.edu

transcribed miRNAs (pri-miRNAs) are then cleaved by Drosha,
which is an RNaseIII endonuclease, in the nucleus, releasing the
shorter (265 nt long) precursor miRNA (pre-miRNA). Subsequently, pre-miRNAs are exported into the cytoplasm, and are
further digested by Dicer, which is an endonuclease that cleaves
double-strand RNA or pre-miRNAs, and become a short duplex
RNA. This duplex RNA is incorporated into the functional
miRNA-induced silencing complex (miRISC) where target
mRNAs are recognized and processed [6,7]. miRNAs recognize
target sequences usually in the 39-UTRs of target mRNAs with a
requirement for a nearly perfect match between the 59-proximal
‘seed’ region (position 2–8) of the miRNA and its target mRNA for
binding specificity [7,8]. Once the miRNA recognizes and
interacts with its target RNA, it generally results in inhibition of
protein synthesis and/or triggers deadenylation and degradation,
although the detailed mechanisms are still in debate [6,7].
In mammals, more than 50% of all protein-coding mRNAs are
predicted to be targets of a miRNA, therefore most, if not all,
biological processes seem to be controlled by miRNAs to some
degree [6]. Contributions of circadian clock function to miRNA or
vice versa have been demonstrated. Rhythmic expression of

Introduction
Nocturnin is a circadian deadenylase [1,2], which removes
poly(A) tails from its target RNAs, and is thought to control target
RNA expression by either enhancing RNA degradation or
silencing translation. Nocturnin shows rhythmic expression in many
tissues such as spleen, kidney and heart in mice and this
rhythmicity is particularly robust in liver [3]. Nocturnin is also an
immediate early gene, and its expression is acutely induced by
stimuli such as serum and 12-O-tetradecanoyl-phorbol-13-acetate
(TPA) in cultured cells [2]. Mice lacking Nocturnin (Noc2/2) are
resistant to diet-induced obesity and hepatic steatosis [4]. Although
the expression of ‘core’ circadian clock genes is not affected in
Noc2/2 mice, expression profiles of rhythmic ‘output’ genes such
as Srebp1c and Pparc, key regulators of lipid-related gene
expression, are significantly changed [4]. These and other data
indicate that Nocturnin is important for proper lipid metabolism.
MicroRNAs (miRNAs) are short (19–25 nt), noncoding RNA
molecules that can regulate their target gene expression posttranscriptionally [5]. MiRNAs are transcribed, capped, adenylated
and spliced just as protein-coding mRNAs, and these primary
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miRNAs has been observed in mouse retina and suprachiasmatic
nucleus (SCN), the site of the circadian pacemaker [9,10]. Other
miRNAs such as miR-132 and miR-219 are functionally involved
in the clock and regulate circadian period or light dependent
resetting of the clock in the SCN [9]. Also several mammalian core
clock genes such as Period1, 2, 3 and Clock as well as Drosophila Clock
have been demonstrated to be targets of miRNAs [11,12,13].
MicroRNA-122 (miR-122) is a liver-specific miRNA. It is the
most abundant miRNA in this organ accounting for approximately 70% of the total miRNA population [14]. Proper miR-122
expression is important for normal liver function [15,16]. Blocking
miR-122 expression leads to the reduction of plasma cholesterol
and triglyceride levels in both rodents and primates, [15,17,18,19].
Moreover, mice in which miR-122 is knocked down are resistant
to diet-induced hepatic steatosis [18], supporting a role for this
miRNA in fatty acid and cholesterol metabolism in liver. In
humans, the level of miR-122 is repressed in hepatocellular
carcinomas and in patients with nonalcoholic steatohepatitis
[20,21]. There is also a functional connection between miR-122
and circadian rhythms, because the transcription of miR-122 is
rhythmic, and circadian transcripts are enriched in a gene set that
is misregulated by miR-122 knock-down in vivo [22].
Many mRNAs have been predicted to be potential targets of
miR-122, but only a few genes such as cationic amino acid
transporter1 (Cat1), cyclinG1, or Smarcd1/Baf60a have been
demonstrated to be bona fide targets [15,22,23,24,25]. In this study,
we identified Nocturnin as one of the target mRNAs of miR-122 in
mouse liver and we propose that miR-122 is important for shaping
the appropriate circadian expression profile of Nocturnin.

Results and Discussion
Nocturnin is a target of miR-122 in cultured cells
Although target mRNAs frequently have multiple copies of
miRNA target sites in their 39-UTR [7], examination of the
Nocturnin mRNA sequence revealed a single potential target
sequence for miR-122 in its 39-UTR (Fig. 1A). However, this
single site contained a miR-122 seed sequence that was highly
conserved in human, mouse, rat, and cow (Fig. 1B).
In order to test whether this sequence was indeed a miR-122
recognition site, we used a cell-based luciferase reporter system in
which the mouse Nocturnin 39-UTR was cloned downstream of the
Firefly luciferase gene. We also generated constructs in which the
7 bp ‘‘seed’’ sequence (CACUCCA) within the putative miR-122
site was either mutated or deleted (Fig. 2A). When miR-122 was

Figure 2. miR-122 down-regulates Nocturnin WT luciferase
reporter activity but not its RNA level. A. Schematic representation of the Nocturnin 39-UTR luciferase reporter genes. Nucleotide
sequences of mutations introduced into Mut and Del reporters are also
shown. X and D denote mutation and deletion of WT Nocturnin 39-UTR,
respectively. Luc; luciferase, BGH; Bovine growth hormone polyadenylation signal. B. Relative luciferase activities (means 6 S.E. Three
independent experiments in duplicate) of Nocturnin 39-UTR reporters
with various levels of miR-122 overexpression in NIH3T3 cells. Firefly
luciferase activity was normalized to Renilla luciferase activity. The
firefly/Renilla ratios without miR-122 expression were set as 1 for each
reporter gene. Asterisks represent p,0.005 versus no miR-122
overexpression (white bars). C. Relative RNA levels of reporter genes
(means 6 S.E. Two independent experiments in duplicate) with miR-122
overexpression in NIH3T3 cells. Firefly luciferase level was normalized to
Renilla luciferase level.
doi:10.1371/journal.pone.0011264.g002

expressed in NIH3T3 cells with the WT Nocturnin 39-UTR, we
observed a dose-dependent decrease in relative luciferase activity
(Fig. 2B). In contrast, miR-122 overexpression did not affect the
luciferase activity of constructs with mutated or deleted miR-122
target sequences (Fig. 2B). Similar results were obtained in
HEK293 cells as well (data not shown). These results indicated
that Nocturnin is a potential direct target of miR-122, and miR-122
recognizes the putative recognition site present in the Nocturnin 39UTR.
Since most mRNAs undergo either deadenylation and degradation and/or inhibition of protein synthesis after miRNA
recognition and binding [6,7], we investigated whether miR-122
overexpression affected the Nocturnin 39-UTR reporter RNA levels.

Figure 1. The Nocturnin 39UTR possesses one putative miR-122
recognition site. A. The sequence of WT Nocturnin 39-UTR (top) and
miR-122 (bottom) around the putative miR-122 recognition site. Black
and gray lines represent the perfect match and G-U wobbles,
respectively. B. miR-122 recognition sequences of Nocturnin gene in
Homo sapiens (NM_012118; nt1930–1953), Mus musculus (NM_009834,
nt2100–2121), Rattus norvegicus (NM_138526, nt1680–1702), and Bos
taurus (NM_001082454, nt1693–1715). Red characters represent the
seed sequence for miR-122 recognition.
doi:10.1371/journal.pone.0011264.g001
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Although the overall RNA levels of control reporter (lacking any of
the Nocturnin 39-UTR) were higher than those containing the 39UTR sequence, in no case was there an effect of miR-122 (Fig. 2C).
Therefore, the changes in luciferase activity must be due to miR122 mediated inhibition of protein synthesis rather than to RNA
decay.

Interaction between Nocturnin and miR-122 is specific
In order to investigate the specificity of miR-122 towards
Nocturnin, we tested whether miR-125a or miR-125b could reduce
the activity of the Nocturnin 39-UTR reporter. These two miRNAs
are highly expressed in brain, heart and lung, and some genes such
as lin-28 and ERBBs have been identified as their targets
[26,27,28], but the Nocturnin 39-UTR does not contain putative
miR-125a or 125b sequence recognition motifs. When these
miRNAs were co-expressed with Nocturnin 39-UTR reporter genes,
both miR-125a and -125b failed to repress the luciferase activity of
Nocturnin 39UTR WT, even under conditions where miR-122 was
able to effectively repress reporter gene expression (Fig. 3A). The
failure to repress the Nocturnin 39-UTR WT luciferase level by
miR-125a or -125b was not due to the absence of miRNA
expression, since Northern blot analysis showed that the miRNAs
are well expressed in HEK293 cells (Fig. 3B).

Figure 4. Mature miR-122 expression is not rhythmic in liver.
The levels of miR-122 were determined by Northern blotting from liver
samples taken at various circadian times as indicated. One mouse per
time point was used. U6 snRNA was measured as a loading control.
White and black arrowheads indicate mature miR-122 and pre-miR-122,
respectively.
doi:10.1371/journal.pone.0011264.g004

blot analysis, which was rhythmic with highest levels at night
(Fig. 4; black arrowhead) and probably corresponded to pre-miR122. These results are consistent with the previous report that the
expression of both pri-miR-122 and pre-miR-122 is rhythmic but
that mature miR-122 is not [22].

miR-122 expression is not rhythmic
Since Nocturnin expression exhibits high amplitude rhythms in
liver [3,4], we tested whether miR-122 expression might also be
rhythmic in liver. The mature form of miR-122 expression was not
rhythmic (Fig. 4; white arrowhead), consistent with the fact that
the half-life of miRNAs can be well over 24 hours [29]. However,
we detected another more slowly migrating band in our Northern

The deadenylase activity of Nocturnin is not necessary for
miR-122 mediated self regulation
MiRNAs not only repress translation but can also trigger
deadenylation and degradation and/or translational silencing of
their target mRNAs [30,31]. Since the Nocturnin gene encodes a
deadenylase, we wondered whether Nocturnin’s deadenylation
activity could contribute to the miR-122 effect on the Nocturnin
message. We thus co-expressed miR-122 and Nocturnin reporter
genes (Fig. 2A) in Mouse Embryonic Fibroblasts (MEFs) derived
from Noc+/+, Noc+/2, and Noc 2/2 mice to see if loss of a functional
Nocturnin deadenylase would affect the down-regulation of
Nocturnin expression mediated by miR-122. However, no significant difference in miR-122’s ability to down-regulate the
expression of Nocturnin 39-UTR reporter was observed between
genotypes (Fig. 5A), suggesting that the deadenylase activity of
Nocturnin is not necessary for miR-122 to down-regulate Nocturnin
expression. Loss of Nocturnin expression also did not affect the
expression level of miR-122 in mouse liver (Fig. 5B).

Endogenous Nocturnin is a target of miR-122 in vivo
To test whether the effects of miR-122 on Nocturnin in cell
culture could also be observed in vivo, we analyzed endogenous
expression of Nocturnin in liver using mice in which miR-122
expression was knocked down by injecting miR-122 specific
antisense oligonucleotides (ASOs).
Four doses of miR-122 ASO or PBS control were injected
intraperitoneally into mice, and 14–15 days after the first injection
(corresponding to 2–3 days after the last injection), livers were
harvested around the clock at 4hr intervals. Analysis of livers from
miR-122-depleted animals relied on the same samples as in [22].
As described in [22], miR-122 depletion was .85% on average,
but showed some time point-dependent variation due to the
rhythmic production of miR-122. Nocturnin mRNA expression
remained rhythmic after miR-122 ASO administration, but the

Figure 3. Effect of miR-122 on Nocturnin reporter expression is
specific. A. Relative luciferase activities (means 6 S.E. Two independent
experiments in triplicate) when reporter genes were co-transfected with
either miR-122, miR-125a, or miR-125b in NIH3T3 cells. Asterisks
represent p,0.005 miR-122 versus no miR-122, miR-125a, or miR-125b.
B. Northern blot analysis of miRNAs. Same amount of plasmid DNA (1 mg)
to express miR-122, -125a, and -125b was transfected into HEK293 cells.
doi:10.1371/journal.pone.0011264.g003
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Figure 5. Deadenylase activity of Nocturnin was not involved in
miR-122-mediated self-regulation. A. Relative luciferase activities
(means 6 S.E. Three independent experiments in duplicate) with miR122 overexpression in MEFs (White bars; +/+, Gray bars; +/2, Black bars;
2/2). Luciferase activities were normalized as described in Figure 2.
Asterisks represent p,0.005 versus no miR-122. B. miR-122 expression
was measured from Noc+/+ and Noc2/2 livers. RNA samples are pools of
equal amounts of RNA from each circadian time point (ZT 0, 4, 8, 12, 16,
and 20, one mouse per time point).
doi:10.1371/journal.pone.0011264.g005

amplitude was significantly increased (Fig. 6A). This up-regulation
was more significant at ZT12 and 16 (ZT refers to Zeitgeber Time
and ZT0 is defined as time (hours) of lights on and ZT12 is defined
as time of lights off) compared to other time points, corresponding
to times when the expression of Nocturnin is usually high. These
data were consistent with previous reports that listed Nocturnin
mRNA as one of a set of mRNAs that were up-regulated by
knocking down miR-122 in vivo [15,18]. Although overexpression
of miR-122 did not affect the RNA level of the Nocturnin reporter
gene (Fig. 2C), the knock down of miR-122 was able to
significantly increase Nocturnin mRNA levels in mouse liver. This
could be due to the difference between synthetic reporter gene vs.
endogenous mRNA or the difference between cultured cell system
vs. in vivo system.
Endogenous Nocturnin protein expression was also measured
around the clock with or without miR-122 ASO, and we found
that Nocturnin protein was significantly higher during the night
(ZT12) in the miR-122 ASO injected mice than in those injected
with PBS (Fig. 6B). In an independent set of animals we
furthermore confirmed that injection of a control ASO, specific
for the brain-specific miR-124, did not increase Nocturnin levels at
the two time points tested, ZT0 or ZT12 (Fig. 6C). The larger
effect of miR-122 ASO at night is likely due to the high levels of
Nocturnin mRNA during this phase of the circadian cycle. Nocturnin
mRNA expression is tightly regulated in liver peaking at ZT12
(Fig. 6A), and its amplitude can be almost 100-fold [3]. Our data
thus demonstrate that this robustly rhythmic expression of
Nocturnin in liver is shaped, at least in part, by miR-122.
It has become increasingly clear that miRNAs play a role in many
biological processes such as development, cell proliferation/
differentiation, apoptosis, and metabolism, and misregulation of
miRNA expression can lead to pathological conditions including
PLoS ONE | www.plosone.org

Figure 6. Nocturnin is up-regulated by miR-122 knock-down in
vivo. A. Nocturnin mRNA expression was measured by qRT-PCR from
livers collected at the times indicated from mice that were previously
treated with miR-122 ASO or PBS (mean 6 S.E.). Each time point
represents an average from three mice. p,0.05 by two-way ANOVA
(PBS vs. miR-122 ASO). B. Nocturnin protein expression in PBS or miR122 ASO treated mouse liver (mean 6 S.E.) around the clock was
measured on Western blots and then quantitated using Image J
software. Each point represents average of three mice. Two-way ANOVA
(PBS vs. miR-122 ASO) was not significant (p = 0.32). C. Representative
Western blots of Nocturnin expression in PBS, miR-122 ASO, or miR-124
ASO treated mouse liver (two mice per group) at ZT0 and ZT12. An
independent set of mice as that in panels A and B was used. D.
Nocturnin protein expression in PBS, miR-122 ASO, or miR-124 ASO
treated mouse liver (mean 6 S.E.) at ZT0 and ZT12. Western blots
(Fig. 6C) were quantitated using Image J software. Each point
represents an average of two mice.
doi:10.1371/journal.pone.0011264.g006

cancer, autoimmunity, and obesity [6]. Obesity and/or metabolic
syndrome have become a major health problem especially among
western countries, and several reports have indicated that there is an
4
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mice (Noc+/2) or their wild-type counterparts (Noc+/+). All the
MEFs, mouse NIH3T3 cells and human HEK293 cells were
grown in Dulbecco’s Modified Eagle Medium (Invitrogen) with
10% fetal bovine serum (ATLANTA biologicals) at 37uC with
5% CO2.
Mice were maintained on a 12:12 LD cycles and fed ad libitum.
Animal experiments were conducted following the protocols
approved by the Institutional Animal Care and Use Committees.
Antisense oligonucleotide (ASO) treatment was performed as
previously described [22]. Briefly, ASO treatment was performed
in 11-week male C57BL/6 mice (Elevage Janvier, Le Genest St
Isle, France) by intraperitoneal injection. The ASOs were chimeric
29-fluoro/29-O-methoxyethyl modified oligonucleotides with a
completely modified phosphorothioate backbone. The exact
chemistry is available on request. Mice were allowed to adapt to
a 12 hr/12 hr LD regimen for 10 days and then (days 11, 15, 18
and 22; at ZT6 or ZT22) received 4 doses of 20 mg ASO/kg body
weight in 150 ml, or 150 ml of saline (PBS control). On days 24
and 25 (i.e. 2–3 days after the last injection), animals were
sacrificed at the respective ZTs, and livers were snap-frozen in
liquid nitrogen.

association between miRNA expression and obesity and/
or metabolic syndrome. For example, the expression of miR-27,
-335, and -519d is up-regulated in liver and/or adipose tissue of
obese mice or humans [32,33,34,35,36]. In addition, the proper
expression of miR-122 in liver is critical for lipid metabolism, since
overexpression of miR-122 increased and knockdown of miR-122
decreased cholesterol and fatty acid biosynthesis [15,18]. Nocturnin
is also important for proper lipid metabolism in liver, since Noc2/2
mice manifest hepatic steatosis under high-fat diet conditions and
are resistant to diet-induced obesity [4]. Furthermore, both miR122 and Nocturnin are implicated to play a role in circadian rhythms
[4,22]. Taken together, our findings suggest that the regulation of
Nocturnin expression by miR-122 is an important connection
between circadian clocks and hepatic lipid metabolism.

Materials and Methods
Plasmid DNA constructs
The mouse Nocturnin 39-UTR was cloned from mouse liver
cDNA by PCR. The PCR was performed at 95uC for 5 min as the
initial step and then for 30 cycles of 95uC for 30 s, 55uC for 30 s,
and 72uC for 2 min, followed by a final extension of 1 cycle of
72uC for 7 min, utilizing the following primers; mNoc3UTRF 59CTAGATCACAAGCGTCTTAACCAGGG-39, mNoc3UTRR
59- TCTAGAACTTTATAAATAAGATATTTACCATTTTACCACTGG-39. Then, the PCR product was cloned into pCR2.1
-TOPO (Invitrogen). Subsequently, mutations into the putative
miR-122 recognition site were introduced by QuikChange Site
Directed Mutagenesis kit (Stratagene). The reactions were
performed at 94uC for 5 min as the initial step and then for 18
cycles of 94uC for 30 s, 55uC for 1 min, and 68uC for 14 min,
followed by a final extension of 1 cycle of 72uC for 7 min with the
following primers; mNocmiR122mutF 59- CCCGCATTGAAAAGGTGTTTGGTGAGGTGTTTGAGCTTGTTG-39 and
mNocmir122mutR 59- CAACAAGCTCAAACTGGAGTGCAAACACCTTTTCAATGCGGG-39 for mNoc 39-UTR mut, and
mNocmiR122delF 59- CCCGCATTGAAAAGGTGTTTGGTTTGAGCTTGTTGTTCATCTGTG-39 and mNoc miR122delR 59- CACAGATGAACAACAAGCTCAAACCAAACACCTTTTCAATGCGGG-39 for mNoc 39-UTR del. All three
Nocturnin 39-UTR clones (WT, Mut, and Del) in pCR2.1-TOPO
vector were verified by sequencing. Then, these inserts were
removed from pCR2.1-TOPO by BamHI/ApaI digestion, and
ligated into pELSB luciferase reporter vector [37].
For miRNA expression plasmids, genomic sequences of
respective miRNAs were first amplified by PCR. The PCR was
performed at 94uC for 5 min as the initial step and then for 40
cycles of 94uC for 30 s, 58uC (miR-122) or 55uC (miR-125a and
miR-125b) for 30 s, and 72uC for 1 min, followed by a final
extension of 1 cycle of 72uC for 7 min, utilizing the following
primers; miR122F 59-GTATGATGTGGTTTGTAAGAAGTGTCTGCC-39, miR122R 59-GTGTCAGGGTAGTCAGTGTTGGG-39, miR125aF 59-GCCAATGTCTCTAGGGTTCTAGAAGC-39, miR-125aR 59-CAGCTGGCAGACACGGAGGC-39,
miR125bF 59-CCTGGGCCCACAGTAACAGTTG-39, miR125bR
59-GGGCCCCATTAACTGGCATATAATCC-39. The PCR products were first cloned into pCR2.1-TOPO, and sequences were
verified. Then, inserts were cut out by BamHI/EcoRV (miR-122 and
miR-125a) or SpeI/NotI (miR-125b) and ligated into pcDNA3.1/V5HisB (Invitrogen).

DNA Transfections
Transfection was carried out using FuGENE6 (Roche) for
NIH3T3 and HEK293 cells, or Lipofectamine 2000 for MEFs,
according to manufacturer’s instructions. Two days after transfection, cells were washed with phosphate-buffered saline (PBS)
and harvested in 150 ml of passive lysis buffer (Promega). For
induction of ecdysone-mediated transcription, Ponasterone A
(5 mM) (Invitrogen) was added to the culture medium 20 h prior
to harvesting the cells. Luciferase activities were assayed with the
Dual-Luciferase Reporter Assay System (Promega) using Turner
Designs Model 20 luminometer (Turner). The Renilla luciferase
plasmid was cotransfected to normalize each transfection assay.
For Fig. 2B and 3A, 24 well plates were used for luciferase
measurement. Amounts of DNA that were transfected were as
follows; 50 ng firefly reporter genes, 15 ng pRL-CMV (Renilla
luciferase), 50 ng pVgEcR-RXR, pmiR-122 (0 ng, 10 ng, 50 ng,
100 ng, 200 ng, and 400 ng, respectively for Fig. 2B or 100 ng of
pmiR-122, 125a and 125b for Fig. 3A) and pcDNA3.1 to obtain a
total amount of 515 ng (Fig. 2B) or 415ng (Fig. 3A) of DNA per
well. For Fig. 2C, 6 well plates were used for RNA measurement.
Amounts of DNA that were transfected were as follows; 150 ng
firefly reporter genes, 45 ng pRL-CMV (Renilla luciferase), 150 ng
pVgEcR-RXR, pmiR-122 (0 ng, 30 ng, and 600 ng, respectively)
and pcDNA3.1 to obtain a total amount of 1545 ng of DNA per
well.

qPCR Analysis
Total RNA was extracted from NIH3T3 cells with TRIZOL
reagent (Invitrogen), followed by DNaseI treatment twice (Ambion),
iScript cDNA synthesis kit (Bio-Rad) was used for reverse
transcription, and the levels of firefly and Renilla luciferase mRNA
were examined by MyiQ real-time PCR machine (Bio-Rad) using iQ
SYBR Green Supermix (Bio-Rad). The primer sequences were as
follows: pGL3-lucF, 59-CTGATTTTTCTTGCGTCGAGTTT-39;
pGL3-lucR, 59- GCGCGGAGGAGTTGTGTTT-39; pRL-lucF,
59-ACATGGTAACGCGGCCTCTT-39; and pRL-lucR, 59-TGCCCATACCAATAAGGTCTGGTA-39. The amount of the firefly
luciferase mRNA was normalized against that of the Renilla luciferase
mRNA, and the relative mRNA abundance was calculated using
Pfaffl Ct method [2].
For ASO-treated mice, RNA was prepared as previously
described [22]. Primers used were as follows; NocF, 59-ACCAGC-

Cells and Animals
Mouse Embryonic Fibroblast (MEF) cells were derived from E14
embryos of Nocturnin knockout mice (Noc2/2), Nocturnin heterozygous
PLoS ONE | www.plosone.org
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CAGACATACTGTGC-39; NocR, 59- CTTGGGGAAAAACGTGCCT-39, 45srRNAF, 59-TGCTGATTGCTTGTTTGGTC39; 45srRNAR, 59-ACACCCGAAATACCGATACG-39.

transfer to PVDF membrane (Bio-Rad). The membrane was then
blocked with BLOTTO solution (0.1% Tween 20 and 5% dry
nonfat milk powder in Tris-buffered saline [TBS], pH 7.4) for 1 hr
at room temperature. The membrane was treated with the
primary antibody, anti-Nocturnin antibody (Gift of GarbarinoPico, E.) or anti-TUBULIN (SIGMA) overnight at 4uC. After
washing, the blots were treated with secondary antibodies
conjugated to horseradish peroxidase, and developed with
chemiluminescence Western blotting kit (Roche) or ECL plus
(Amersham).

Northern Blot
RNAs were extracted from HEK293 cells by TRIZOL, and
equal amounts of total RNA were denatured and fractionated by
electrophoresis on a 15% polyacrylamide-8M Urea gel. After
electroblotting and cross-linking onto Hybond-N+ membrane
(Amersham), the blots were probed at 42uC in QuickHyb
(Stratagene) with terminally radiolabeled oligonucleotides complementary to miR-122 (59-ACAAACACCATTGTCACACTCCA-39), miR-125a (59-TCACAGGTTAAAGGGTCTCAGGGA39) miR-125b (59-TCACAAGTTAGGGTCTCAGGGA), or U6
(59-CATCCTTGCGCAGGGGCCATGC-39), followed by washing with 26 SSC (16 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% sodium dodecyl sulfate (SDS), and then with 0.56
SSC-0.1% SDS at 42uC.

Acknowledgments
We thank Drs. Eduardo Garbarino-Pico and Nicolas Douris for their help
in generating the MEF cell lines and providing the NOCTURNIN
antibody. We are most grateful to Ueli Schibler (University of Geneva) in
whose lab part of this work was performed. D.G. received long-term
fellowships from The Federation of European Biochemical Societies
(FEBS) and The International Human Frontier Science Program
Organization (HFSP).

Western Blot
Mouse liver samples were homogenized in RIPA buffer (50mM
Tris-HCl, 150mM NaCl, 2mM EDTA, 0.5% Sodium deoxycholate, 1% Igepal CA-630, 5mM DTT), containing protease
inhibitor (SIGMA). Equal amounts of each sample were separated
by electrophoresis on an SDS-10% polyacrylamide gel before

Author Contributions
Conceived and designed the experiments: SK DG CBG. Performed the
experiments: SK DG. Analyzed the data: SK DG. Contributed reagents/
materials/analysis tools: SK DG CE. Wrote the paper: SK CBG.

References
19. Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M, et al.
(2010) Therapeutic silencing of microRNA-122 in primates with chronic
hepatitis C virus infection. Science 327: 198–201.
20. Cheung O, Puri P, Eicken C, Contos MJ, Mirshahi F, et al. (2008) Nonalcoholic
steatohepatitis is associated with altered hepatic MicroRNA expression.
Hepatology 48: 1810–1820.
21. Kutay H, Bai S, Datta J, Motiwala T, Pogribny I, et al. (2006) Downregulation
of miR-122 in the rodent and human hepatocellular carcinomas. J Cell Biochem
99: 671–678.
22. Gatfield D, Le Martelot G, Vejnar CE, Gerlach D, Schaad O, et al. (2009)
Integration of microRNA miR-122 in hepatic circadian gene expression. Genes
Dev 23: 1313–1326.
23. Bhattacharyya SN, Habermacher R, Martine U, Closs EI, Filipowicz W (2006)
Relief of microRNA-mediated translational repression in human cells subjected
to stress. Cell 125: 1111–1124.
24. Gramantieri L, Ferracin M, Fornari F, Veronese A, Sabbioni S, et al. (2007)
Cyclin G1 is a target of miR-122a, a microRNA frequently down-regulated in
human hepatocellular carcinoma. Cancer Res 67: 6092–6099.
25. Elmen J, Lindow M, Silahtaroglu A, Bak M, Christensen M, et al. (2008)
Antagonism of microRNA-122 in mice by systemically administered LNAantimiR leads to up-regulation of a large set of predicted target mRNAs in the
liver. Nucleic Acids Res 36: 1153–1162.
26. Makeyev EV, Zhang J, Carrasco MA, Maniatis T (2007) The MicroRNA miR124 promotes neuronal differentiation by triggering brain-specific alternative
pre-mRNA splicing. Mol Cell 27: 435–448.
27. Babak T, Zhang W, Morris Q, Blencowe BJ, Hughes TR (2004) Probing
microRNAs with microarrays: tissue specificity and functional inference. RNA
10: 1813–1819.
28. Wu L, Belasco JG (2005) Micro-RNA regulation of the mammalian lin-28 gene
during neuronal differentiation of embryonal carcinoma cells. Mol Cell Biol 25:
9198–9208.
29. Kai ZS, Pasquinelli AE (2010) MicroRNA assassins: factors that regulate the
disappearance of miRNAs. Nat Struct Mol Biol 17: 5–10.
30. Fabian MR, Mathonnet G, Sundermeier T, Mathys H, Zipprich JT, et al. (2009)
Mammalian miRNA RISC recruits CAF1 and PABP to affect PABP-dependent
deadenylation. Mol Cell 35: 868–880.
31. Wu L, Fan J, Belasco JG (2006) MicroRNAs direct rapid deadenylation of
mRNA. Proc Natl Acad Sci U S A 103: 4034–4039.
32. Karbiener M, Fischer C, Nowitsch S, Opriessnig P, Papak C, et al. (2009)
microRNA miR-27b impairs human adipocyte differentiation and targets
PPARgamma. Biochem Biophys Res Commun 390: 247–251.
33. Lin Q, Gao Z, Alarcon RM, Ye J, Yun Z (2009) A role of miR-27 in the
regulation of adipogenesis. FEBS J 276: 2348–2358.
34. Martinelli R, Nardelli C, Pilone V, Buonomo T, Liguori R, et al. (2010) miR519d Overexpression Is Associated With Human Obesity Obesity (Silver
Spring).

1. Baggs JE, Green CB (2003) Nocturnin, a deadenylase in Xenopus laevis retina: a
mechanism for posttranscriptional control of circadian-related mRNA. Curr Biol
13: 189–198.
2. Garbarino-Pico E, Niu S, Rollag MD, Strayer CA, Besharse JC, et al. (2007)
Immediate early response of the circadian polyA ribonuclease nocturnin to two
extracellular stimuli. Rna 13: 745–755.
3. Wang Y, Osterbur DL, Megaw PL, Tosini G, Fukuhara C, et al. (2001)
Rhythmic expression of Nocturnin mRNA in multiple tissues of the mouse.
BMC Dev Biol 1: 9.
4. Green CB, Douris N, Kojima S, Strayer CA, Fogerty J, et al. (2007) Loss of
Nocturnin, a circadian deadenylase, confers resistance to hepatic steatosis and
diet-induced obesity. Proc Natl Acad Sci U S A 104: 9888–9893.
5. Shyu AB, Wilkinson MF, van Hoof A (2008) Messenger RNA regulation: to
translate or to degrade. Embo J 27: 471–481.
6. Chekulaeva M, Filipowicz W (2009) Mechanisms of miRNA-mediated posttranscriptional regulation in animal cells. Curr Opin Cell Biol 21: 452–460.
7. Carthew RW, Sontheimer EJ (2009) Origins and Mechanisms of miRNAs and
siRNAs. Cell 136: 642–655.
8. Mendes ND, Freitas AT, Sagot MF (2009) Current tools for the identification of
miRNA genes and their targets. Nucleic Acids Res 37: 2419–2433.
9. Cheng HY, Papp JW, Varlamova O, Dziema H, Russell B, et al. (2007)
microRNA modulation of circadian-clock period and entrainment. Neuron 54:
813–829.
10. Xu S, Witmer PD, Lumayag S, Kovacs B, Valle D (2007) MicroRNA (miRNA)
transcriptome of mouse retina and identification of a sensory organ-specific
miRNA cluster. J Biol Chem 282: 25053–25066.
11. Meng F, Henson R, Lang M, Wehbe H, Maheshwari S, et al. (2006)
Involvement of human micro-RNA in growth and response to chemotherapy in
human cholangiocarcinoma cell lines. Gastroenterology 130: 2113–2129.
12. Kadener S, Menet JS, Sugino K, Horwich MD, Weissbein U, et al. (2009) A role
for microRNAs in the Drosophila circadian clock. Genes Dev 23: 2179–2191.
13. Nagel R, Clijsters L, Agami R (2009) The miRNA-192/194 cluster regulates the
Period gene family and the circadian clock. FEBS J 276: 5447–5455.
14. Chang J, Nicolas E, Marks D, Sander C, Lerro A, et al. (2004) miR-122, a
mammalian liver-specific microRNA, is processed from hcr mRNA and may
downregulate the high affinity cationic amino acid transporter CAT-1. RNA
Biol 1: 106–113.
15. Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, et al. (2005)
Silencing of microRNAs in vivo with ‘antagomirs’. Nature 438: 685–689.
16. Girard M, Jacquemin E, Munnich A, Lyonnet S, Henrion-Caude A (2008) miR122, a paradigm for the role of microRNAs in the liver. J Hepatol 48: 648–656.
17. Elmen J, Lindow M, Schutz S, Lawrence M, Petri A, et al. (2008) LNA-mediated
microRNA silencing in non-human primates. Nature 452: 896–899.
18. Esau C, Davis S, Murray SF, Yu XX, Pandey SK, et al. (2006) miR-122
regulation of lipid metabolism revealed by in vivo antisense targeting. Cell
Metab 3: 87–98.

PLoS ONE | www.plosone.org

6

June 2010 | Volume 5 | Issue 6 | e11264

miR-122 Modulates Nocturnin

35. Nakanishi N, Nakagawa Y, Tokushige N, Aoki N, Matsuzaka T, et al. (2009)
The up-regulation of microRNA-335 is associated with lipid metabolism in liver
and white adipose tissue of genetically obese mice. Biochem Biophys Res
Commun 385: 492–496.

PLoS ONE | www.plosone.org

36. Takanabe R, Ono K, Abe Y, Takaya T, Horie T, et al. (2008) Up-regulated
expression of microRNA-143 in association with obesity in adipose tissue of mice
fed high-fat diet. Biochem Biophys Res Commun 376: 728–732.
37. Kojima S, Hirose M, Tokunaga K, Sakaki Y, Tei H (2003) Structural and
functional analysis of 39 untranslated region of mouse Period1 mRNA. Biochem
Biophys Res Commun 301: 1–7.

7

June 2010 | Volume 5 | Issue 6 | e11264

