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Rhythmic A-to-1 RNA editing revealed by

comprehensive analysis of CLOCK-controlled genes
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Abstract

In the circadian clock in mammals, which is composed of a transcription-translation
feedback loop, CLOCK-BMAL1 complex rhythmically binds to DNA to transactivate a
series of the target genes driving the circadian molecular oscillation. Our previous
study identified a large number of CLOCK-binding sites in mouse liver by chromatin
immunoprecipitation-sequencing (ChlP-Seq) and rhythmically expressed RNAs and
miRNAs by RNA-Seq analysis. In the present study, comparative analysis of
CLOCK-ChIP-Seg and RNA-Seq of poly (A)+ RNA and small RNA revealed the
importance of circadian regulation of post-transcriptional events, such as alternative
splicing and miRNA-mediated gene silencing. Among them, | found that Adar2
(Adenosine deaminase acting on RNA 2, also known as Adarb1) has CLOCK-binding
sites in its first intronic region, and rhythmically expressed in mouse liver. ADAR
enzymes bind to double-stranded RNA (dsRNA) and hydrolytically convert adenosines
(A) to inosines (1), which is called A-to-1 RNA editing. RNA-Seq analysis
demonstrated that A-to-1 RNA editing levels in the transcripts shows a robust change in
a time-of-day-dependent manner, peaking in the late afternoon. Rhythmic A-to-1 RNA
editing events were attenuated in the Bmall-deficient or the Adar2-deficient mice.
Furthermore, Deep-sequencing analysis also revealed that Adar2 is essential for normal
MRNA expression rhythms of a great number of genes, suggesting the significant effect
of A-to-1 RNA editing on RNA abundance rhythms. Moreover, Adar2 plays an
important role for precise circadian period in both mRNA oscillation and locomotor
activity rhythms with abnormal accumulation of CRY2 protein.  Collectively, |
elucidated the CLOCK-mediated post-transcriptional regulations and the functional

crosstalk between A-to-1 RNA editing and circadian rhythm.
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1 Introduction

Most organisms have self-sustaining time-keeping mechanisms referred as circadian
clocks, which align internal physiological conditions to daily environmental changes
with an approximate 24hr period. In mammals, the circadian clocks are located in
almost every cell in the body such as liver, and these individual oscillators need to be
synchronized within the tissue by the master clocks of hypothalamic suprachiasmatic
nucleus (SCN) (Mohawk et al., 2012). The mammalian circadian clocks are composed
of auto-regulatory transcription-translation feedback loops (TTFL) (Asher and Schibler,
2011; Dunlap, 1999; Hastings et al., 2003; Reppert and Weaver, 2002). The positive
factors in the feedback loops consist of basic helix-loop-helix (bHLH)-PAS
transcription factors, CLOCK and BMALZ1, which form a heterodimer and bind to
canonical CACGTG E-box and noncanonical E-box sequences (CACGTT, CACGNG,
and CATGJ[T/C]G) (Yoshitane et al., 2014) to promote transcription of thousands of
clock-controlled genes including Per and Cry.  On the other hand, the negative factors
in the feedback loops, PER and CRY, bind to the CLOCK-BMAL1 complex resulting in
suppression of the E-box-dependent transactivation including their own transcription.
TTFL is an essential mechanism to produce robust 24 h rhythms of various gene
expression and circadian outputs such as sleep wake cycle, hormone rhythm and blood
pressure (Fig. 1).

Recently, in the circadian clock, posttranslational modifications such as
phosphorylation and ubiquitination regulate the function and stability of core clock
proteins leading to robust oscillations with the stable period (Gallego and Virshup,
2007; Hirano et al., 2013; Kon et al., 2014; Lee et al., 2001; Yoshitane et al., 2009,

2012). In addition to posttranslational modifications, the importance of post-



transcriptional modifications in circadian mechanisms has become clear over the last
decade (Kojima et al., 2011; Lim and Allada, 2013). For example, post-transcriptional
regulations such as RNA methylation, IRES-mediated translational regulation, mMRNA
stability, alternative splicing, polyadenylation, and miRNA-mediated gene silencing
were found to play key roles in the modulation of circadian systems (Chen et al., 2013;
Du et al., 2014; Fustin et al., 2013; Kim et al., 2010; Kojima et al., 2012; McGlincy et
al., 2012; Woo et al., 2009, 2010). Intriguingly, several studies indicated that a large
fraction (about 75%) of rhythmically expressed mMRNAs exhibit no significant
transcriptional rhythm, suggesting a large effect of post-transcriptional regulation on
generation of MRNA abundance rhythms (Koike et al., 2012; Menet et al., 2012).

In the present study, | addressed the questions, how CLOCK regulates a large
number of transcripts oscillation, and how large post-transcriptional regulation
contribute to the circadian outputs. | revealed the complicated mechanisms that
CLOCK-mediated various regulations such as indirect transcriptional regulations and
rhythmic miRNA-mediated gene silencing.  Furthermore, | elucidated the functional
interaction between circadian rhythm and A-to-1 RNA editing at the molecular and

physiological levels for the first time.
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Figure 1 Transcriptional-translational feedback loop in circadian clock



2 CLOCK-ChIP-Seg and RNA-Seq reveal the

rhythmic post-transcriptional regulations

2.1 Introduction

In the circadian cycling of gene expression, previous study elucidated that the important
mechanism that CLOCK/BMAL1 complex rhythmically binds to genomic regions of E-
boxes sequences (Fig. 2) (Ripperger and Schibler, 2006). In addition, circadian
phosphorylation of CLOCK and BMAL1 were previously reported (Huang et al.,
2012b; Kondratov et al., 2006; Yoshitane et al., 2009), which were thought to be an
pivotal regulation for rhythmic activity of the CLOCK-BMAL1 complex binding to the
E-boxes. Previously, we performed CLOCK-ChIP-Seq for comprehensive
identification of in vivo CLOCK-binding sites in mouse liver, and enumerated the
functional noncanocical E-box sequences (Yoshitane et al., 2014).  Furthermore, our
RNA-Seq and small RNA-Seq analyses illustrated various oscillating mRNAs, ncRNAs
and miRNAs.

In this study, | focused my attention on CLOCK-mediated indirect regulations such
as transcription factors and post-transcriptional regulations. | revealed the presence of
novel rhythmic genes, such as Krippel-Like Factor (KLF) transcription factors,
IncRNAs and miRNAs, which were under the regulation of rhythmical CLOCK-
binding. In addition, rhythmically regulated alternative-splicing events were also
examined by gRT-PCR, which were predicted in RNA-Seq dataset in our laboratory.
These indirect regulations should have significant effects on circadian outputs in

addition to transcription-translation feedback loops.
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Figure 2 Rhythmic binding of CLOCK/BMAL1 complex to DNA
CLOCK/BMALL1 complex binds to enhancer element called E-box in a circadian
manner and transactivates thousands of clock controlled genes (Ripperger and Schibler,
2006).



2.2 Materials and Methods

221 Animals

The animal experiments were approved by the animal ethics committee of the
University of Tokyo. C57BL/6J mice were individually housed in cages with
commercial chow (CLEA Japan) and tap water available ad libitum under the controlled

environment (temperature 22 + 2°C humidity 65 + 10%).

2.2.2 RNA preparations

Mice liver were isolated at 6 time points per day three times after thirty-eight hours
from the beginning of constant dark conditions (projected CT). The total RNA was
prepared from mouse liver by using miRNeasy Mini Kit (QIAGEN) according to the

manufacturer’s protocol, and was used for gRT-PCR experiments.

2.2.3 Cell culture and dual luciferase assay

HEK293T cells that were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Following plasmids were transiently
transfected to HEK293T cells in 12-well plates by using Lipofectamine Plus reagent
(Invitrogen) to quantify activities of CLOCK-BMAL1 transactivation. 200 ng
BMAL1/pcDNA3.1 and 200 ng Myc-CLOCK/pSG5 in combination with 20 ng firefly
luciferase plasmids of pGL3 promoter vectors that harbors various genomic sequences
including E-box and E-like box elements as a reporter, and 1 ng renilla luciferase
plasmids of pRL-SV40 as an internal control. Reporter plasmids were constructed as
previously described (Sasaki et al., 2009). The inserted sequences were as follows: for

KIf11 (5'- CCCGG ACCAAAACAC GTGCC GCCGC CCGCC -3, KIf13 (5'-



TACAG GCACC TGCTG CTCCATGTGC TTCTG -3'), 0610005C13Rik (5'- CTGAG
CCAGG TGTGG TGGCA CACGT GCCTG TC -3'), mir-148a (5'- CCTCC TCAGG
GTCAC GTGCG CGCTG GGCGG -3'), mir-150 (5'- CGGGT TGGGAAACAC
GTGCT GGGAT TCAGT -3'), mir-802-proximal (5'- GGACG CTGTT CGCAC
GTGCC TGGGG TGTCC -3'), mir-802-distal (5'- TTATT TAGCT CTCAC GTGGA
ATTTG TTAGA -3'), E4bp4 (5- GAGAG ACACG TGCTT GACAC ACACG TGGGG
CAC -3). The total amount of the transfected plasmids was adjusted at a constant level
by the addition of empty vector. The transfected cells were harvested 36 hr after the
transfection, and the cell lysates were subjected to dual luciferase assays by
luminometry (Promega) according to the manufacturer’s protocol.

To test the miR-802-mediated gene silencing of Cav1l through 3’UTR, Cav1-
3’UTR luciferase reporter vector was constructed by inserting Cav1-3’UTR fragment
into the Xhol site of pGL3-promoter vector (downstream of the firefly luciferase).

For expressing miR-802, the genomic regions at around pri-miR-802 was amplified
from mouse genome and cloned into pcDNA3.1 digested by BamHI and Xhol.
Following plasmids were transiently transfected to HEK293T cells in 12-well plates by
using Lipofectamine Plus reagent (Invitrogen). 1,000 ng miR-802/pcDNA3.1 and 100
ng Cav1-3’UTR /pGL3 in combination with 20ng renilla luciferase plasmids of pRL-
SV40 as an internal control.  The cloning primers used for constructions were shown

in Table 1.

2.24 gRT-PCR
The total RNA prepared at every time points was reverse transcribed by using Go Script
reverse transcriptase (Promega) with both an anchored (dT) 15 primer and a random

oligonucleotide primer according to the manufacturer’s protocols. quantitative RT-



PCR (qRT-PCR) analyses were performed by using StepOnePlus™ Real-Time PCR

System (Lifetechnologies) with the gene-specific primers shown in Tablel.



2.3 Results

2.3.1 Kruppel-Like Factor (KLF) family as circadian transcription factors

Our CLOCK-ChIP-Seq and RNA-Seq data revealed 324 rhythmic transcripts under the
regulation of CLOCK binding (Yoshitane et al., 2014).  On the other hand, our dataset
also showed that the presence of rhythmic transcripts which exhibited no significant
CLOCK-binding, suggesting the importance of indirect regulation for circadian outputs.
In fact, gene ontology (GO) analysis identified a lot of rhythmically expressed
transcription factors as CLOCK targets. Among them, | remarked Kruppel-Like
Factor (KLF) family members were supposed to be CLOCK targets from our deep-
sequencing dataset. CLOCK-ChIP-Seq tags were found in the loci of the KIf11 and
KIf13 gene, including a CACGTG canonical E-box and noncanonical E-boxes near the
CLOCK-ChIP peaks, respectively (Fig. 3A). gRT-PCR revealed that KIf11 and KIf13
MRNAs were actually expressed in a circadian manner in mouse liver (Fig. 3B). |
confirmed that CLOCK/BMAL1 transactivated these genes through the genomic
sequences around the CLOCK-binding sites by dual luciferase reporter assays (Fig. 3C).
In addition, our laboratory previously showed circadian expression of KLF10 and the
presence of E-box in its promoter region (Hirota et al., 2010), where rhythmic binding
of CLOCK was also detected. Furthermore, the other Kriippel-Like Factor (KLF)
family members were found to show rhythmic expression and have CLOCK binding
sites in their gene loci, for example, KIf9, KIf15 and KIf16 genes (Fig. 4).

Interestingly, the molecular phylogeny of Krippel-like family members based on their
functional and phylogenetic similarities revealed that KLF9, 10, 11, 13 and 16 are all
categorized to group 3 of KLF family (Fig. 4). They commonly have mSin3a-binding
domain and show repressor activity through their interaction with co-repressor mSin3A.

The only exception is KIf14, which exhibits no expression and has not yet been

9



established the physical interaction with mSin3A. Collectively, these data suggested
that CLOCK-regulated KLF family members should have important roles in rhythmic

expression of their target genes, and contribute to global circadian outputs.
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Figure 3 CLOCK/BMAL1-dependent transactivation of KIf11 and KIf1l

(A) The genomic sequences and the sequenced tags of CLOCK ChlIP-Seq data at around
the KIf11 loci in mouse liver at CT 8 and CT 20, modified from Yoshitane et al.
(Yoshitane et al., 2014). Closed circles marked with LD and DD indicate the peak
positions of CLOCK ChIP-Seq tags at ZT8 and CTS8, respectively, modified from
Yoshitane et al. (Yoshitane et al., 2014). Closed and shaded boxes indicate CACGTG-
type E-box and the one-mismatched sequences, respectively. Underlined DNA
sequences were used for dual luciferase reporter assay. (B) Circadian expression
profiles of KIf11 quantified by gRT-PCR analysis in mouse liver. The signals were
normalized to Thp for each sample and the mean value at the peak time was set to 1
(mean £ SEM; n =3). Change over time was analyzed by one-way ANOVA, ** =p <
0.01, ***=p<0.001. (C) CLOCK/BMAL1-dependent transactivation of KIf11
revealed by dual luciferase reporter assay in HEK293T cells. The mean ratio of firefly
to renilla luciferase signals without expression of CLOCK and BMALL1 were setto 1
(mean £ SEM; n = 3, *** = p < 0.001 by Student's t-test, versus without CLOCK and
BMALL).
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Figure 4 Circadian regulation of KLF transcription factors

Molecular phylogeny of Kriippel-like family members. ClustalX tool version 2.1 was
used for creation of sequence alignment and a neighbor-joining tree.  The full-length
amino acids sequences of the KLF family members were analyzed and mouse SP1 was
examined as outgroups (h, human; r, rat; m, mouse; c, chicken; z, zebrafish). Three
distinct groups were defined previously (McConnell and Yang, 2010) according to their
functional and phylogenetic similarities. CLOCK-ChIP-Seq scores, p-values of gene

expression rhythmicities, and g-values indicating significance of changes in expression
of KIf transcripts are shown.
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2.3.2 Rhythmic posttranscriptional regulation by alternative splicing

Transcribed mRNA precursors (pre-mRNAS) are processed to produce various mRNA
isoforms through alternative splicing, which are translated into related proteins with
qualitatively distinct functions. Previously, very few studies referring the relationship
of circadian rhythm and alternative splicing were reported in mammals (McGlincy et
al., 2012; PreuB3ner et al., 2014). Therefore, | focused on the circadian regulation of
alternative splicing events.

Circadian variation of the cassette-type alternative splicing were investigated from
the RNA-Seq data in Yoshitane et al. By counting the numbers of RNA-Seq tags
aligned to splice junctions, eighty-three exons were identified as rhythmic cassette-type
ones whose spliced patterns changed throughout the day. Among them, | revealed
circadian profiles of the alternative splicing of Mink1 (Misshapen-like Kinase 1) and
Ubqglnl (Ubiquilin 1) transcripts by quantitative RT-PCR with splice-junction primers
(Fig. 5). Rhythmically spliced mRNAs likely produce circadian differences of protein
isoforms and their functions. MINKTL is classified as the germinal center kinase family
member, and activates JNK pathway to play an important role in cytoskeleton
reorganization, cell adhesion and cell motility (Hu et al., 2004). JNK pathway were
found to be important for mammalian circadian clockwork (Yoshitane et al., 2012), so
that the differently spliced isoforms of Mink1 might cause distinct regulation on
circadian rhythms.  Moreover, UBQLNZ1 is an important component of ubiquitination
machinery to proteasome, and directly associates with Presenilinl or 2, which are
known to generate B-amyloid (Haapasalo et al., 2011). A significant association
between a risk for Alzheimer’s disease and an increased expression level of
alternatively spliced isoform lacking exon 8 of the UBQLNL1 transcript were reported

(Bertram et al., 2005). Circadian expression profiles of alternatively spliced isoform

13



of Ubglnl including exon 8 (Fig. 5) suggest the possible mechanism that disordered
circadian rhythms lead to the increased risk for Alzheimer’s disease. What splicing
factors cause circadian alternative splicing events remain to be elucidated. Note that a
splicing factor of PTBP1 (Polypyrimidine tract binding protein) were rhythmically
expressed and the CLOCK binding were observed in the Ptbpl gene locus. PTBP1
binds to pyrimidine-rich sequences like as UCUU, which are observed near the
alternative exons of Mink1 and Ubgln1, suggesting the time-of-day dependent
regulation of RNA splicing pattern and their function was one of the important post-

transcriptional regualtion by circadian clock.
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Figure 5 Circadian regulation of alternative splicing
(A) A scheme of primers for qRT-PCR analysis. (B) Time-of-day dependent
alternative splicing events revealed by qRT-PCR.

14



2.3.3 Circadian regulation of long non-coding RNAs

Recently, long non-coding RNAs (IncRNAs) have come to be of special interest with
advances in sequencing technologies revealing a large number of InCRNAs. IncRNAs
are thought to be involved in regulating gene expression through epigenetic processes
(Plath et al., 2002). Our CLOCK-ChIP-Seq and RNA-Seq showed that some INcCRNAs
had CLOCK-binding sites in their gene loci, and rhythmically expressed in mouse liver.
| investigated the CLOCK-ChIP-Seq data in Yoshitane et al. and examined the gene
expression profiles of 0610005C13Rik IncRNAs. The CLOCK binding was detected
at its third intron harboring at least one functional E-box (Fig. 6A). Consistently,
0610005C13Rik mRNAs showed rhythmic expression by gRT-PCR in mouse liver (Fig.
6B). Dual luciferase assay showed the CLOCK/BMAL1-dependent transactivation
through the intronic E-boxes (Fig. 6C). The presence of CLOCK-controlled INCRNAs
were confirmed by these data, suggesting important mechanisms that INcRNAs

contribute to circadian outputs of gene expression rhythms.
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Figure6 CLOCK/BMALL1-dependent transactivation of ncRNA
Circadian regulation of 0610005C13Rik regulated by CLOCK/BMAL1 was revealed.
Statistics and abbreviations as in Fig. 3.
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2.3.4 Rhythmically controlled post-transcriptional regulation mediated by
MiRNAS

Previous study reported that some miRNAs exhibit robust circadian rhythms of
expression, and they show significant effects on the circadian oscillation itself and
various circadian outputs such as metabolic pathway (Cheng et al., 2007; Gatfield et al.,
2009; Vollmers et al., 2012). | comprehensively searched rhythmically expressed
miRNAs in our small RNA-seq dataset, and found mir-148a-3p, mir-150-3p and mir-
802-5p were expressed in a circadian manner in mouse liver. gRT-PCR analysis
confirmed rhythmic expression profiles of mir-150-3p (Fig. 7A). Dual luciferase
reporter assay confirmed that CLOCK/BMAL1 transactivated these genomic sequences
near the CLOCK-binding sites in their loci (Fig. 7B).  To confirm the rhythmic
transcription of precursor miRNAs, gRT-PCR was performed by using primers at the
stem-loop for quantification of primary miRNAs. pri-mir-802 was rhythmically
expressed, suggesting that the CLOCK/BMAL1-dependent transcription caused miRNA
expression rhythms (Fig. 8A). Rhythmically expressed miRNAs likely produce
circadian profiles of transcripts targeted by miRNA-mediated gene silencing.
TargetScan, which is a program of computational prediction for miRNA targets,
predicted Cavl (Caveolin-1) is a putative target of miR-802, and indeed, the previous
study confirmed that prediction (Lin et al., 2011). | also demonstrated that a luciferase
reporter harboring Cavl 3’UTR transiently transfected in HEK293T cells exhibited
decreased activity by the overexpression of miR-802 (Fig. 8B). Note that no distinct
circadian profiles of Pol Il occupation was found in the Cavl gene locus indicating that
its transcript were not transcribed in a circadian manner (Le Martelot et al., 2012).
However, Cavl mRNA showed circadian expression profiles, and steady-state levels of
Cav1 transcripts were suppressed when the pri-mir-802 expression reached a peak
phase (Fig.8A). These data demonstrated a possible mechanism that the circadian

16



profiles of mMRNA abundance were regulated by rhythmically expressed miRNAs.
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Figure 7 Rhythmically expressed miRNAs transactivated by CLOCK/BMALL1
(A) gRT-PCR analysis revealed rhythmically expressed miR-150. (B)
CLOCK/BMALL1-dependent transactivation of miRNAs revealed by dual luciferase
reporter assay in HEK293T cells.  Statistics and abbreviations as in Fig. 3.
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Figure 8 Rhythmic gene silencing of Cavl transcripts regulated by miR-802

(A) Circadian expression profiles of pri-mir-802 quantified by qRT-PCR analysis. The
signals were normalized to Thp for each sample and the mean value at the peak time
was set to 1 (mean + SEM; n = 3). Change over time was analyzed by one-way
ANOVA, *=p<0.05. (B) The gene silencing effect of mir-802 on Cavl 3’UTR in
HEK?293T cells were analyzed by dual luciferase reporter assay. Statistics and
abbreviations as in Fig. 3.
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2.4 Discussion

The improvement in sequencing technology enabled us to perform variety of
sequencing analyses and describe the genome-wide cellular state under different
conditions, including time-of-day differences. Several transcriptome analyses of
circadian rhythms were recently performed (Koike et al., 2012; Menet et al., 2012;
\Vollmers et al., 2012), however, they did not mention the significant role of indirect
regulations in circadian outputs. In the present study, | revealed the indirect
regulations through CLOCK-controlled KLF transcription factors, and found various
post-transcriptional regulations.

Recent study elucidated that KLF15 contributes to circadian expression of KChIP2
gene in order to regulate the duration and pattern of myocardial repolarization resulting
in circadian QT interval variation in the heart (Jeyaraj et al., 2012a). In addition, KIf15
was also identified as clock-dependent peripheral regulator for nitrogen homeostasis
rhythms in liver through controlling the expression of enzymes involved in nitrogen
homeostasis (Jeyaraj et al., 2012b). Furthermore, KIf9 was found to be a rhythmic
transcription factor modulating keratinocyte proliferation in a circadian manner (Sporl
etal., 2012). Intriguingly, the molecular phylogeny of Krippel-like family members
revealed the suggestive enrichment of group 3 KLF family members in CLOCK-
controlled rhythmic KIf genes. KIf members belonging to group 3 coordinately
regulate target genes expression with co-repressor mSin3A, and protein complexes
containing mSin3A act as histone deacetylase-dependent corepressors. These facts
imply evolutionarily conserved transcriptional regulations by histone modification that
regulate circadian outputs by using KIf members. In fact, Weitz laboratory elucidated

that PSF (Polypyrimidine tract binding protein associated splicing factor) within the
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PER complex purified from mouse tissues recruits mSin3A, and subsequently PER
complex rhythmically delivers histone deacetylases to the Perl promoter, resulting in
repression of Perl transcription (Duong et al., 2011). Taken together, a coevolutionary
mechanism of mSin3A-dependent circadian transcriptional regulation would be
possible.

| validated the presence of some rhythmically expressed miRNAs, and they have
CLOCK-binding sites in their gene loci. | realized that the peak phase of rhythmic
miRNAs were enriched during the subjective day (data not shown), suggesting the
significant effect of CLOCK-controlled transactivation in miRNA accumulation
rhythms. Interestingly, our RNA-Seq data showed the circadian profiles of transcripts
related to miRNA biogenesis, such as Ago4, suggesting that circadian regulations of
miRNA biogenesis could exist in addition to a CLOCK-dependent regulation.  Further
study is needed.

In the present study, | revealed the pivotal roles of CLOCK-controlled indirect
regulations such as rhythmically expressed transcription factors, rhythmic INCRNAs,
rhythmic miRNA-mediated gene silencing and circadian changes of alternative splicing
events (Fig. 9). CLOCK-controlled KLF family members might regulate rhythmic
expression of their target genes, and rhythmic post-transcriptional regulations might be

important for adequate circadian physiological outputs.
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3 Adar2 regulates rhythmical A-to-1 RNA editing and

circadian gene expression
3.1 Introduction

Recent studies showed significant effects of post-transcriptional regulation on
generating mRNA abundance rhythms in the mammalian circadian clock. Previous
works primarily focused on quantitative post-transcriptional modifications which lead to
protein abundance rhythm, such as poly(A) tail length (Kojima et al., 2012), mMRNA
translation (Jouffe et al., 2013; Lee et al., 2014) and miRNA-mediated gene silencing
(Chen et al., 2013; Cheng et al., 2007; Du et al., 2014; Gatfield et al., 2009). Recently,
it was shown that the qualitative post-transcriptional modification, that is, RNA-
methylation-dependent RNA processing elicits circadian period elongation (Fustin et al.,
2013). However, a role of RNA modification in circadian rhythms is still elusive.

In our previous chromatin immunoprecipitation-sequencing (ChlP-Seq) and RNA-
Seq study, we extensively identified 1,629 CLOCK-target genes in the mouse liver
(Yoshitane et al., 2014). In order to investigate novel CLOCK-regulated post-
transcriptional regulation, I comprehensively searched CLOCK-regulated rhythmic genes
from 1,629 CLOCK-target genes in combination with the other three transcriptome data
in mouse liver. Here, we found CLOCK rhythmically binds to the intronic regions of
Adenosine deaminase acting on RNA 2 (Adar2) gene locus, leading to the rhythmical
expression of Adar2 in mouse liver. A-to-I RNA editing is a post-transcriptional
modification catalyzed by the adenosine deaminase acting on RNA (ADAR) enzymes

which bind to double-stranded RNA (dsRNA) and hydrolytically convert adenosines (A)
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to inosines (I) (Hogg et al., 2011; Nishikura, 2010). As the translation machinery
recognizes inosine as guanosine, editing in protein coding regions causes a codon change
and leads to subsequent alteration of amino acids sequences. In addition, editing in non-
coding RNA molecules such as precursors of microRNAs (miRNAs) regulates the
biogenesis of mMiIRNA, and editing in intornic region causes alternative splicing event and
nonsense-mediated RNA decay (Mallela and Nishikura, 2012) (Fig. 10). In mammals,
three ADAR family members of ADAR1 (Adar), Adar2 (Adarbl) and Adar3 (Adarb2)
were identified and alternative promoters give rise to two protein isoforms of ADAR1
(ADARL1 pl110, ADAR1 p150), although ADAR3 has not been shown to have any
catalytic activity (Chen et al., 2000). A-to-1 RNA editing is an essential process, as
Adarl” and Adar2” mice exhibit embryonic and postnatal lethal phenotypes,
respectively (Hartner et al., 2004; Higuchi et al., 2000). One of the important editing
sites among Adar2-mediated editing is the recoding site of the genomically encoded
glutamine (Q) to an arginine (R) residue (known as Q/R site) in the transcript encoding
subunit B of the glutamate-gated ion channel receptors 2 (Gria2), which regulates the
calcium permeability of receptors.  Genetic engineering of mice to substitute a
glutamine for arginine codon for the Q/R site (Gria2®'R mice) averts the early postnatal
death in absence of functional Adar2 gene, demonstrating that the Q/R site within Gria2
is the essential editing for survival (Higuchi et al., 2000). Adar2” / Gria2®® mice
display normal phenotype and life span, however, the physiological role of all ADAR2
substrates have remained to be elucidated.

In the present study, |1 showed CLOCK-dependent transactivation of Adar2 leading
to rhythmic gene expression. A-to-1 RNA editing showed cycling editing levels which
were largely abolished not only in Bmall-knockout mice but also in Adar2-knockout mice.

RNA-Seq analysis in the knockout mouse revealed that Adar2 is essential for normal
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circadian output as the rhythmic mRNA expression of a great number of genes.
Intriguingly, the Adar2-knockout mice exhibited short period rhythms of gene expression
and locomotor activity, with inhibition of translational repression of Cry2 by let-7 miRNA.
Collectively, we elucidated that the qualitative post-transcriptional regulation of A-to-I
RNA editing has critical roles of both the circadian oscillation and dynamic circadian

outputs, that is, editing rhythms and mRNA abundance rhythms.
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Figure 10 Physiological roles of A-to-1 RNA editing
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3.2 Materials and Methods

3.2.1 Animals

The animal experiments were approved by the animal ethics committee of the University
of Tokyo. C57BL/6J mice, Bmall-knockout mice (C57BL/6J background) (Shimba et
al., 2011) and Adar2” / Gria2®R mice (C57BL/6J background, obtained from Mutant
Mouse Regional Resource Centers (MMRRC)) (Higuchi et al., 2000) were individually
housed in cages with commercial chow (CLEA Japan) and tap water available ad libitum

under the controlled environment (temperature 22 + 2°C humidity 65 + 10%).

3.2.2 Behavioral experiments

Six- to ten-week-old mice were housed individually in cages equipped with running
wheels and were entrained to 12 hr light / 12 hr dark (LD) cycles for at least 2 weeks and
released into constant dark (DD) conditions for 21 days or longer. The spontaneous
locomotor activities were recorded by wheel revolutions in 5 min bins and analyzed by
using ClockLab software (Actimetrics). The circadian period of the activity rhythms
under DD conditions were determined by chi-square periodogram procedure, based on
locomotor activity in two weeks interval taken 10 days after the start of DD conditions.
In the jet lag experiments, the animals were entrained to LD cycles for at least 2 weeks,
and then LD cycles were 8-hr phase-advanced and subsequently 8-hr phase-delayed.
The amounts of phase advance or phase delay after subjection to the phase-shifted LD

cycles were determined by the days required for entrainment.

3.2.3 Cell culture and transfection

NIH3T3 and HEK293T cells were cultured as previously described (Yoshitane et al.,

2009). NIH3T3 and HEK293T17 cells were transiently transfected by using
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Lipofectamine Plus reagent (Invitrogen) and Lipofectamine 3000 reagent (Invitrogen),
respectively, according to the manufacturer’s protocols. Plasmids used for transfection

are described in each experiment methods.

3.2.4 Plasmids

Mammalian expression vectors encoding FLAG-tagged mouse ADAR2 proteins and
shRNAs (short hairpin RNAs) for Adar2 were constructed as described previously
(Kurabayashi et al., 2010). For FLAG-ADARZ2, an oligonucleotide encoding the FLAG
epitope sequence was fused to the 5’ end of full-length mouse Adar2 cDNA and cloned
into pSG5. The empty pSG5 vector was used for the control of transfection. shRNAs
(short hairpin RNAs) were designed by using siDirect (http://sidirect2.rnai.jp/), a Web-
based online software program, and the inserted sequences were as follows: 5'- GTGTA
TCAAC GGTGAATACATGA-3' forshAdar2_1,5-GTGGT AGATG GCCAGTTCTT
TGA -3 for shAdar2_2, 5'- AAGGT GATAA GTGTT TCGAC AGG -3' for shAdar2_3.
A control short hairpin RNA was designed as previously described (Kon et al., 2014).
Oligonucleotides to express the sShRNAs were inserted into the pSilencer3.1-H1 puro

vector (Ambion).

3.2.5 Quantitative RT-PCR (qRT-PCR)

For quantifying gene expression, RNA was reverse transcribed by Go Script Reverse
Transcriptase (Promega) with both an anchored (dT)15 primer and a random oligo primer.
The cDNA was subjected to real-time PCR (StepOnePlus™Real-Time PCR Systems :
Applied Biosystems) by using GoTag Master Mix (Promega) with the following gene
specific primers shown in Table 1.  The gene specific primers for Rps29 were previously

described (Svingen et al., 2009).
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3.2.6 Dual luciferase reporter assay

To quantify CLOCK/BMALZ1-dependent transactivation, dual luciferase reporter assay
was performed as described previously (Yoshitane et al., 2014).  Briefly, HEK293T cells
in 12-well plates were transiently transfected with 200 ng Myc-CLOCK/pSG5 and 200
ng BMAL1/pcDNA3.1 in combination with 20 ng of a firefly luciferase plasmid that
harbors the intronic regions of Adar2 gene locus as a reporter, and 2 ng of renilla
luciferase plasmid (pRL-SV40) as an internal control.  Reporter plasmids were
constructed as described (Sasaki et al., 2009). The inserted sequences were as follows:
5- ACCAT TGCTG AAACC CCGTG AAAAA GATTG GCTTG -3' for E-box1, 5'-
ACCAT TGCTG AAACG GCCCT AAAAA GATTG GCTTG -3 for E-box1 mut, 5'-
CCTGT CAGTG TTCTC ACGTG GCCAT CCCCA GAAAT -3'for E-box2, 5- CCTGT
CAGTG TTCTG GACCT GCCAT CCCCA GAAAT -3' for E-box2 mut. The total
amount of DNA was adjusted by adding the empty expression plasmids.

To quantify the effect of Adar2 on Cry2 3’ UTRs reporter expression, NIH3T3 cells
in 12-well plates were transiently transfected with 5 ng Luc-Cry2 3’UTR/pGL4.13 in
combination with 500 ng of Adar2 shRNAs and 2 ng of renilla luciferase plasmid (pRL-
SV40) as an internal control.  For construction of reporter plasmid, the 3’UTR region of
the mouse Cry2 gene (nucleotides from 1 to 1100 or 1101 to 2177) was inserted into the
Xbal site of pGL4.13 (Promega). For mutation in the Cry2 3’ UTR region, the predicted
let-7g target sites (nucleotides from 1369 to 1375) sequences were mutated into

GCCATAG.

3.2.7 Real-time monitoring of circadian rhythms of cultured cells

Real-time monitoring of luciferase expression was performed by using NIH3T3 cells
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expressing a luciferase reporter containing the 0.3-kb promoter region of the mouse
Bmall gene in combination with 500 ng of Adar2 shRNAs as previously described (Kon

et al., 2008).

3.2.8 Direct Sequencing and editing frequency
For quantifying editing frequency, total RNA was reverse transcribed by Go Script

Reverse Transcriptase (Promega) with both an anchored (dT) 15 primer and a random
oligo primer. The cDNA was amplified by KOD-Plus-Neo (TOYOBO) with the gene
specific primers, and then, a second PCR reaction was performed with 80-fold-diluted
first RT-PCR product as a template and primers for the second PCR. Gene specific
primers were shown in Tablel. Subsequently, the amplified cDNA fragments from RT-
PCR were treated with EXoSAP-IT (USB) and were directly sequenced on an Genetic
Analyzer 3500 (Applied Biosystem) by using the BigDye v3.1 Ready Reaction mix
(Applied Biosystems). Editing sites appeared as mixed peaks in traces. Four-dye-trace
sequences in abi file format were  processed  using BioEdit
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html).  Editing frequency was quantified by
measuring maximal height of A peaks (unedited) and G peaks (edited) and calculating

percentage of the population edited at each site (100 % x [G height / (A height + G

height)]).

3.2.9 Antibodies and immunoblot analysis

Preparation of mouse liver nuclear proteins were described previously (Yoshitane et al.,
2009). Liver nuclear proteins were immunoblotted with following antibodies; anti-f3-
actin, anti-Flag, anti-TBP, anti-PER2 (Alpha Diagnostic International), CLSP3 anti-

CLOCK (Yoshitane et al., 2009), BI1BH2 anti-BMAL1 (Yoshitane et al., 2009), anti-
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CRY1 (Hirano et al., 2013), anit-CRY2 (Hirano et al., 2013), anti-ADAR2 (Bioworld

technology).

3.2.10 Preparation of RNA

Mice liver was isolated at 6 time points per day after thirty-eight hours from the beginning
of DD conditions (projected CT). For RNA-Seq experiments, total RNA was prepared
from mouse liver by using TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol, and subsequently, poly(A)+ RNA were isolated from the total RNA as the
manufacturer’s protocol. For quantitative RT-PCR and direct sequencing, total RNA
was prepared from mouse liver and NIH3T3 cells by using miRNeasy Mini Kit

(QIAGEN) according to the manufacturer’s protocol.

3.2.11 Deep-Sequencing

For Adar2” / Gria2®® mice and the Adar2*"* / Gria2®R littermates, purified RNA samples
were sequenced on Illumina HiSeq 2500 sequencer (101 bp, paired end), according to the

manufacturer’s protocol.

3.2.12 Data Availability

Illumina sequencing data for the RNA-Seq (6 time points, with two biological replicates
for each time points) are available in the DDBJ/EBI/NCBI databases under the accession

numbers DRPXXXXX

3.2.13 Reference sequence and annotation data

The mouse genome sequence was obtained from Ensembl (mm10,
http://www.ensembl.org/). The annotated gene models (GRCm38) and the annotations

of rRNAs were taken from Ensembl (release 75, http://www.ensembl.org/). The
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annotations of tRNAs were retrieved from GTRNADB (http://gtrnadb.ucsc.edu/) (Chan

and Lowe, 2009).

3.2.14 Identification of rhythmic editing sites

Sequenced reads were trimmed by cutadapt (Martin, 2011) version 1.5 with the
parameters " -q 5 --overlap=15 --minimum-length 50 -a" allowing up to six mismatches.
Trimmed reads were mapped to the mouse genome (mm10) by MapSplice (Wang et al.,

2010) (version 2.1.8) with paramters "--min-map-len 50 --max-hits 1". bamtools
(Barnett et al., 2011) (version 2.3.0) were used for selecting uniquely and properly
mapped pairs. 'rmdup' command in samtools (version 0.1.19) were used for removing
potential PCR duplicates: if multiple pairs have identical external coordinates, only retain
the pair with highest mapping quality. Among the registered editing sites in the database
of DARNED and RADAR (Kiran et al., 2012; Ramaswami and Li, 2014), editing sites
were detected by in-house programs written in Java. Editing sites having more than 5-
read coverage at every time point were considered to be expressed. Editing frequency
was calculated if at least three SNV counts were present at editing sites and forward strand
ratiowas = 0.1to =0.9 in order to avoid strand-specific error. Forward strand ratio
means the ratio of reads with SNV on forward strand to those on both strands.  Editing
frequencies from the two independent six-time points were concatenated and were
considered to be rhythmic if the computational program of Circwave (Oster et al., 2006)

detects rhythmicity with threshold of p<0.1. Heatmaps were generated by the “gplots”

package of R by using the function “heatmap2”.

3.2.15 Identification of rhythmically expressed transcripts

For the estimation of gene expression levels, TopHat2 version 2.0.11 (Kim et al., 2013)
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was used for mapping sequenced reads to the mouse genome (mml0) (Table 2).
bamtools (Barnett et al., 2011) (version 2.3.0) were used for selecting uniquely and
properly mapped pairs. ‘rmdup’' command in samtools (version 0.1.19) were used for
removing potential PCR duplicates. Cufflinks version 2.2.1 (Trapnell et al., 2010) was
used for estimating the expression level of each gene as fragments per kilobase of exon
per million fragments (FPKM) and for detecting differentially expressed genes between
Adar2” / Gria2®R mice and the Adar2*'* / Gria2®R littermates at each time point (g-value
<0.2). Agene was considered to be expressed if the sum of its FPKM values across the
six time points was more than three. FPKM values from the two independent six-time
points rhythms were concatenated and a gene was defined as rhythmic if all of three
programs, ARSER (Yang and Su, 2010), JTK cycle (Hughes et al., 2010) and Circwave
(Oster et al., 2006) detected rhythmicity with threshold of p-value < 0.05 and amplitude
(maximal/minimal FPKM) >= 1.5. When we considered arrhythmic genes, a more

stringent cut-off was used to increase sensitivity, p-value >=0.05 in all of three programs.
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3.3 Results

3.3.1 Adar2is adirect target of CLOCK-BMAL1 complex

Previously, we reported a genome-wide map of CLOCK binding sites and circadian gene
expression by CLOCK-ChIP-Seq and RNA-Seq analyses (Yoshitane et al., 2014).
Among 1,126 genes that were rhythmic in our RNA-Seq dataset, 157 genes are
enumerated as rhythmic transcript in mouse liver in all of the other three published papers
(Koike et al., 2012; Menet et al., 2012; Vollmers et al., 2012) (Fig. 11, Table 3). 81
CLOCK target genes defined by our CLOCK-ChIP-Seq were identified as faithfully
rhythmic, including well-known clock genes such as Perl, Per2, Per3, Dbp, HIf, Tef,
Nrldl and Nrld2. Among them, the Adar2 (Adarbl) transcript definitely showed a
rhythmical expression profile and CLOCK protein rhythmically binds to two intronic
regions in the Adar2 gene locus (Fig. 12A, B). To determine Adar2 expression rhythms,
total RNAs were prepared from wild-type mouse liver isolated at the 6 time points under
constant dark (DD) conditions with three biological replicates at each time points, and
were subjected to gRT-PCR. Adar2 mRNA levels showed significant oscillation with a
peak at CT14 (CT represents circadian time under DD conditions, the beginning of DD
conditions was defined as CT12) (Fig. 12C, Left Top). The Adar2 mRNA was
constantly kept low throughout the day in Bmall-knockout mice liver (Shimba et al.,
2011), where rhythmic expression of known clock-controlled genes was abolished (Fig.
12C, Left Bottom). Three ADAR family members, ADARL1 (Adar), ADAR2 (Adarbl)
and ADAR3 (Adarb2), are present in mammals. Alternative promoters in Adarl gene
give rise to two protein isoforms, ADAR1 p150 and ADAR1 p110, and ADARS3 has not
been shown to have any catalytic activity (Chen et al., 2000). The expression levels of

the two Adarl isoforms p150 and p110 showed faint rhythms and mostly constant,
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respectively (Fig. 12C, Middle, Right), while Adar3 was not expressed in mouse liver
(Menet et al., 2012; Yoshitane et al., 2014). In the promoter assays, CLOCK and
BMALL activated the transcription through the two Adar2 intronic sequences, in which
CCCGTG noncanonical E-box (in the E-box1 region) and the canonical CACGTG E-box
(in the E-box2 region) were found (Fig. 12D). The transcriptional activation was
significantly attenuated by introducing a mutation in the E-box (Fig. 12D). ADAR2
protein levels were also found to be rhythmic in wild-type and also in Adar2*'* / Gria2®R
mice liver (Fig. 13). These data indicate that ADAR2 is rhythmically regulated by

CLOCK transactivation, and A-to-1 RNA editing is under the circadian control.

Yoshitane et al. Koike et al.

Menet et al. Vollmers et al.

Figure 11 Overlap of rhythmic genes in the four published papers
Overlap of rhythmic genes identified in mouse liver transcripts by RNA-Seq analysis.
Yoshitane et al. (7), Koike et al. (21) and Vollmers et al. (23) were examined under DD

conditions, and Menet et al. (22) were performed under LD conditions.
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Figure 12 CLOCK/BMALL1-dependent transactivation of Adar2 in mouse liver
(A) CLOCK ChIP-Seq data at around the Adar2 loci in mouse liver at CT 8 and CT 20.
Two CLOCK-binding sites were named as E-box1 and E-box2, modified from

Yoshitane et al. (Yoshitane et al., 2014). mic sequences in E-box1 and E-




box 2 regions. Closed circles marked with LD and DD indicate the peak positions of
CLOCK ChIP-Seq tags at ZT8 (zeitgeber time) and CT8, respectively, modified from
Yoshitane et al. (Yoshitane et al., 2014). Closed and shaded boxes indicate CACGTG-
type E-box and the one-mismatched sequences, respectively. Underlined DNA
sequences were examined for transactivation activity in dual luciferase reporter assay in
HEK293T cells. (C) Circadian expression profiles of Adar2, Adar1p150 and
Adarl1pl10 transcript quantified by gRT-PCR analysis in wild-type (Top), Bmall-
knockout mice and wild-type littermates (Bottom) mouse liver. The signals were
normalized to Rps29 for each sample and the mean value at the peak time was set to 1.
Data are means with SEM from three independent mice (n = 3). Change over time
was analyzed by one-way ANOVA, * =p < 0.05, ** = p < 0.01, *** =p < 0.001, n.s. =
p = 0.05. (D) E-box1-luc/pGL3, E-box1 mut-luc/pGL3, E-box2-luc/pGL3 and E-
box2 mut-luc/pGL3 were used as firefly luciferase plasmids. The values of the
luciferase activities were shown as the ratios of bioluminescence signals from firefly
luciferase to those from renilla luciferase (internal control). Means of the signal ratios
without expression of CLOCK and BMAL1 were setto 1. Data are means with SEM
from three independent experiments (n = 3, *** = p < 0.001 by Student's t-test, versus
without CLOCK and BMALL).
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Figure 13 Circadian expression profiles of ADAR2 proteins

(A) Rhythmically expressed ADAR?2 proteins in mouse liver indicated by an arrow (top
panel). A nonspecific band is indicated by an asterisk. TBP served as a loading
control (bottom panel). (B) The band intensities of ADAR2 in (E) are plotted. The
signals were averaged from three independent mice and the mean value at the peak time
was setto 1. Data are means with SEM (n =3). Change over time was analyzed by
one-way ANOVA, * = p <0.05. (C) Rhythmically expressed ADAR2 proteins in the
Adar2-knockout and the littermate wild-type mice liver are indicated by an arrow. A

nonspecific band is indicated by an asterisk.



3.3.2 Rhythmic A-to-1 RNA editing events regulated by Adar?2
The previous studies indicated that the editing level [G / (A+G) (%)] could be reliably

assessed by the relative heights of chromatogram peaks from direct sequencing, hence
inosine is decoded as guanosine by the translation machinery (Barbon et al., 2003; Huang
et al., 2012a). Accordingly, I examined whether A-to-I RNA editing levels are under
circadian control.  The editing level at the Q/R decoding site of FInb (Filamin beta) and
the Q/R decoding site of Cdk13 (Cyclin-dependent kinase 13) showed robust changes in
a circadian manner with peaks at CT 6-10 (Fig. 14). It was reported that ADAR2 edits
its own pre-mRNA generating a new splice site for long isoform of Adar2 mRNA, which
has been used as a marker for the ADAR2 deaminase activity (Maas et al., 2001; Rueter
etal., 1999) (Fig. 15A). I revealed the expression rhythm of the long isoform of Adar2
transcripts by gRT-PCR with the isoform-specific primers, implying that the editing
activity per se has rhythmicity (Fig. 15B). The relative band intensity from RT-PCR
products of Adar2 long isoform demonstrated consistent results (Fig. 15C). These
editing events were kept at constantly low levels throughout the days in Bmall-knockout
mice liver (Fig. 14B, 15B; Middle), in which the Adar2 expression rhythms were
abolished (Fig. 12C). Then, | assessed the effects of ADAR2 on rhythmic editing events
by using Adar2”- / Gria2®'R mice, exhibiting complete loss of the editing events that were
observed in the littermate Adar2*"* / Gria2®R mice (Fig. 14B, 15B; Bottom). Note that
the knock-in allele of Gria2®"® should not affect the circadian oscillation in mice liver,
where Gira2 gene does not express. These data demonstrated that the A-to-1 RNA

editing mediated by rhythmic Adar2 showed circadian variation.
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Figure 14 Determination of rhythmic editing levels regulated by Adar2

(A) Direct-sequencing chromatograms from RT-PCR products of FInb and Cdk13
transcripts.  Closed circles represent the decoding editing sites.  (B) Circadian
profiles of editing level [G / (A+G) (%)] in FInb and Cdk13 transcripts showed
rhythmical editing levels and attenuated or no editing with Bmall or Adar2- deficient
genotypes. Change over time was analyzed by one-way ANOVA, * =p <0.05, ** =p
<0.01, ***=p<0.001,ns.=p = 0.05. Data are means with SEM from three
independent mice (n = 3).
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Figure 15 Circadian regulation of alternative splicing mediated by Adar2 auto-
editing

(A) Regulation of alternative splicing by ADAR2-mediated editing (Rueter et al., 1999).
Adar2 gene structural models at around an auto-editing site (shown as a yellow circle)
and alternative splicing patterns are indicated. Auto-editing creates a new splicing
acceptor site and causes inclusion of the 47 nucleotides cassette (shown as a shaded
box) to the mature Adar2 transcript resulting in the expression of truncated inactive
ADAR?2 due to frame shift. Inverted arrows indicate primers for gRT-PCR of the long
isoform mRNA. (B) Circadian expression profiles of long isoform of Adar2
transcripts in mouse liver quantified by qRT-PCR analysis. The signals were
normalized to Rps29 for each sample and the mean value at the peak time was set to 1.
Data are means with SEM from three independent mice (n = 3). Change over time
was analyzed by one-way ANOVA, * =p <0.05, **=p<0.01,ns.=p = 0.05. (C)
RT-PCR analyses for quantifying the efficiency of Adar2 auto-editing. The PCR
products corresponding to long isoforms and short isoforms of Adar2 transcripts are
indicated and the relative band intensities are plotted.
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3.3.3 Genome-wide identification of rhythmic RNA editing in mouse liver

To date, advances in sequencing technologies have identified a large number of A-to-I
RNA editing sites in human and mouse, which were registered in the database of
DARNED and RADAR (Kiran et al., 2012; Ramaswami and Li, 2014; Sakurai et al.,
2014; Wulffetal., 2011). Hence, | employed RNA-Seq analysis to profile genome-wide
circadian editing events in the Adar2-knockout (Adar2” / Gria2®®) and the wild-type
littermates (Gria2®®) mice liver. Poly(A)+ RNAs were prepared from mice liver
isolated 4 hr intervals under DD condition with two biological replicates at every time
points, and were subjected to Illumina HiSeq™ 2500 sequencing (paired end 101 bp
reads). Raw sequence reads were aligned to the mouse genome (mm10) at most Six
mismatches. For quantification of editing level [G / (A+G) (%)], the number of aligned
reads including A and G base at editing sites were enumerated. For instance, the editing
level calculated from the sequenced reads at the Q/R decoding site of FInb showed a
robust change in a circadian manner (Fig. 16), which agreed very well with the direct
sequencing result (Fig. 14B). No occurrence of G base was found at the editing site in
the aligned reads of Adar2-knockout mice transcripts. Among the 8,410 registered
editing sites in the DARNED and RADAR, 743 sites had more than 5-read coverage at
every time points in our liver transcriptome data enough to determine their editing levels.
The editing levels of 132 editing sites exhibited statistically significant rhythmicity in my
dataset analyzed by CircWave ver3.3 (Oster et al., 2006) (Fig. 17A, Table 4). Large
parts of them were found in 3’UTR region, and only 5 rhythmic editing sites were found
in CDS (Fig. 17B).  All of the rhythmic editing levels in CDS were examined by direct
sequencing, and the rhythmic editing levels were completely abolished in the Adar2-
knockout mice except for the Azinl editing sites (Fig. 18A). Futhermore, the rhythmic

editing levels in 3’UTR and intronic region were validated by direct sequencing (Fig. 18B,
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C). The peak phases of the rhythmic editing levels were largely at CT6-10, and the
profiles of editing peak phases were altered by Adar2-deficinecy, suggesting the rhythmic
editing events were mainly regulated by Adar2 (Fig. 19). In fact, about 85% of rhythmic
editing sites exhibited the attenuation of rhythmicity in the Adar2-knockout mice, and
60% exhibited no significant rhythmicity (Fig. 19A). Gene expression levels of the
transcripts, in which the rhythmic editing sites were found, did not show distinct
rhythmicity and their peak phases were not enriched at CT6-10 (Fig. 20). This result
suggested that the turnover of transcripts should not be main attribution of the rhythmic
editing levels. Collectively, the deep-sequencing analysis demonstrated the

comprehensive circadian profiles of A-to-1 RNA editing levels mainly attributed to Adar2.
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Figure 16 Calculation of the rhythmic editing level in the FInb transcripts by

RNA-Seq analysis

(A) Aligned sequenced tags at around the Q/R site of FInb transcripts shown with the

gene structure. A Closed circle represents the editing site. (B) Circadian profiles of
editing level [G / (A+G) (%)] at the editing sites of FInb transcripts in the Adar2-
knockout mice (Adar2” / Gria2®R) and the wild-type littermates (Adar2*'* / Gria2R®)
revealed by the number of aligned tags in RNA-Seq analysis
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Figure 17 Identification of rhythmic editing sites by RNA-Seq analysis
(A) A flowchart for comprehensive identification of rhythmical editing sites. (B) A pie

chart classifying the 132 rhythmic editing sites into categories based on their positions

in the mouse genome.
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Figure 18 Rhythmic editing levels quantified by direct-sequencing
The circadian profiles of editing levels at the editing sites in CDS (A), in 3’UTR (B)

and in intronic (C) region revealed by RNA-Seq (Top) and direct sequencing (Bottom).
Change over time was analyzed by one-way ANOVA, * =p <0.05, ** = p <0.01, *** =
p<0.001,ns.=p = 0.05.
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Figure 19 Circadian differences of editing levels at the rhythmic editing sites
(A) Heatmap representation of rhythmically regulated editing levels (n = 132). Editing

levels of two biological replicates across time points in the Adar2-knockout (Left) and
the littermates wild-type (Right) mice were shown in each lane corresponding to one
editing site, ordered by the peak phases. High levels were displayed in yellow and low
in blue. (B) The acrophase distribution of editing levels at the rhythmic editing sites.
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Figure 20 The correlation between the editing levels and the gene expression

levels
Heatmap representation of rhythmic editing levels which were located in the annotated

transcripts (n = 113, Left) and the gene expression levels (n = 113, Right) correspond to
the transcripts attributed to the rhythmic editing sites. Editing levels of two biological
replicates across time points were shown in each lane corresponding to one editing site,

ordered by the peak phases.
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3.3.4 Adar2 affects the circadian period in gene expression rhythm and wheel-
running rhythm

To confirm these editing rhythms were not caused by attenuation of circadian oscillation
in the Adar2-deficient state, | analyzed circadian gene expression. For the estimation of
RNA expression levels, Fragments Per Kilobase of exon per Million mapped fragments
(FPKM) were calculated by using Cufflinks version 2.2.1 (Trapnell et al., 2010).
Expression levels of all transcripts were estimated and showed high reproducibility
between replicate samples with average R? values 0.98 (Fig. 21A). Core clock genes
were rhythmic in both genotype mice, which was consistent with gRT-PCR data,
indicating highly quantitative analysis of my RNA-Seq dataset (Fig. 21B, C).
Intriguingly, the expression profiles of core clock genes in the Adar2-knockout mice were
found to be phase-advanced rhythm when compared to the wild-type littermates (Fig.
21C). In addition, 659 transcripts (4.9% of expressed genes) that were identified as
rhythmic in both genotype mice (Fig. 22A, see Methods) exhibited statistically short
period and phase-advanced rhythm in the knockout mice (Fig. 22B, C). The frequency
distribution of the peak phases also showed phase advances (Fig. 22D). These data raise
the possibility that Adar2 affects the periodicity of circadian oscillation.

Short hairpin RNAs (ShRNASs) against Adar2 reduced the endogenous mRNA levels
of Adar2 and inhibited the expression of Flag-ADAR?2 protein in NIH3T3 cells (Fig. 23A,
B). The knockdown and overexpression of Adar2, which caused down- and up-
regulation of the A-to-I RNA editing activity (Fig. 23C), respectively, shortened and
lengthened the period of the cellular clock (Fig. 24). In order to definitively evaluate
the physiological function of Adar2 in determination of circadian period in vivo, the
locomotor activities of Adar2”- / Gria2R®R, Adar2*'* / Gria2®R and Adar2*"* / Gria2?@

mice were recorded under DD conditions after two weeks entrainment in the 12-h-
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light/12-h-dark (LD) cycle (Fig. 25A). Adar2” / Gria2®R mice exhibited rhythmic
activities with a free-running period (top) of 23.54 + 0.04 hr, which was significantly
shorter than that of their control littermates (Adar2*'* / Gria2®R tpp: 23.76 + 0.03 hr)
(Fig. 25B). This short period phenotype was consistent with the gene expression
rhythms from my transcriptome data and cellular rhythms (Fig. 22, 24).  No significant
change in circadian periodicity between Adar2** / Gria2®R and Adar2*"* / Gria2¥? mice
indicated that the knock-in allele of Gria2®'R would not affect the circadian periodicity of
the wheel-running rhythm (Fig. 25B). In the eight-hour jet-lag experiments, the Adar2-
knockout mice showed significantly faster re-entrainment to the new advanced LD
schedule compared to the control littermates (Fig. 26A, B). Re-entrainment to the
delayed LD cycles showed statistically no difference between the two genotypes (Fig.
26C). The profiles of the activity onset also exhibited that the Adar2-knockout mice
entrained to the delayed LD cycles more rapidly than the control littermates (Fig. 26D).
The immediate re-entrainment to phase-advanced LD cycles were probably caused by the
short periodicity, reinforcing the short period phenotype of the Adar2-knockout mice.
Notably, in the previous studies, the gene expression profiles in the SCN with a nocturnal
light pulse stimulation did not show a distinct change in Adar2 expression, indicating that
light did not appear to influence Adar2 expression in the SCN (Hatori et al., 2014;

Jagannath et al., 2013).
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Figure 21 The expression rhythms of core clock genes in the Adar2-knockout
mice

(A) Comparison between the biological replicates of transcript expression levels
(FPKM) exhibited a high degree of reproducibility with average R? values 0.98. The
expression levels per gene were plotted. (B and C) Circadian expression profiles of
typical core clock genes in the Adar2-knockout mice (Adar2”- / Gria2®R) and the wild-
type littermates (Adar2*'* / Gria2®R) are revealed by RNA-Seq analysis (B) and by
gRT-PCR analysis (C). In panel (C), The signals were normalized to Rps29 for each
sample and the mean value at the peak time was setto 1. Data are means with SEM
from three independent mice (n = 3). Difference between the genotypes were analyzed
by Student's t-test, * = p < 0.05.
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Figure 22 Comprehensive analysis for gene expression rhythms revealed by
RNA-Seq in the Adar2-knockout mice

(A) Heatmap representation of the rhythmically expressed genes both in the Adar2-
knockout mice and the wild-type littermates (n = 659). Gene expression levels of two
biological replicates across time points were shown in each lane corresponding to one
gene, ordered by the phases. High expression was displayed in yellow and low
expression in blue. (B and C) A difference of circadian peak phases (Aacrophase) (B)
and circadian periods (C) of gene expression rhythms between the genotypes (n = 659;
*=p <0.05, *** = p <0.001 by Paired t-test). The period and phase from Circwave
were used for the analysis. The acrophase of each genes in the wild-type was set to 0
in (B). (D) The acrophase distribution of rhythmic genes in both genotypes.
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Figure 23 Knockdown and overexpression of Adar2 in NIH3T3 cells
(A) Unsynchronized NIH3T3 cells were transiently transfected with ShRNA expression

vectors (shAdar2_1, shAdar2_2 and shAdar2_3) for Adar2 and its transcripts were
measured by qRT-PCR. The signals were normalized to Rps29 for each sample and
the mean value of control ShRNA induced cells was set to 1. Data are means with
SEM from three independent experiments (n = 3). (B) Unsynchronized NIH3T3 cells
were transiently transfected with a Flag-ADAR?2 expression vector in combination with
an Adar2 shRNA or control shRNA expression vector. The cell lysates were subjected
to immunoblotting. ACTB served as a loading control.  (C) Expression levels of the
long isoforms of Adar2 in NIH3T3 cells transfected with Adar2 shRNA expression
vectors or a Flag-ADAR2 expression vector.  Statistics and abbreviations as in (A).
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Figure 24 Cellular rhythms of Adar2 knockdown and overexpression cells
(A and B) NIH3T3 cells were transiently transfected with a Bmall-luciferase reporter in

combination with an Adar2 shRNA (A) or a Flag-ADAR2 (B) expression vector.
Twenty-four hours after transfection, the cells were synchronized with dexamethasone
treatment for 2 h, and luciferase activity was monitored. A representative set of
bioluminescence rhythms is shown. (C and D) The period length of bioluminescence
rhythm in panels (A and B) is shown. Data are means with SEM (n = 6; (A), n=8;
(B), * =p <0.05, ** =p <0.01, *** = p < 0.001 by Student's t-test, versus control
shRNA or Flag empty).
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Figure 25 Wheel-Running Activities of the Adar2-knockout Mice
(A) Representative double-plotted actograms of the wheel-running activities of three

genotypes. Mice were entrained to LD cycle for at least 2 weeks and subsequently
transferred to DD conditions. Dot plots represent wheel running activity, and gray
shading indicates dark lighting conditions. (B) Circadian periods of free-running
activities in DD determined by chi-square periodogram. Data from days 11 through 24
in DD were used for the calculation of the circadian periods. Data are means with
SEM (n = 12 (Adar2** / Gria2?), 14 (Adar2** / Gria2®®) and 21 (Adar2”-/
Gria2®R); * =p <0.05,** =p<0.01,ns.=p = 0.05 by Tukey-Kramer method).
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Figure 26 Jet lag experiments of the Adar2-knockout mice
(A) Representative double-plotted actograms of the wheel-running activities of 8 hr LD

phase advance and subsequently 8 hr LD phase delay. (B and C) Days required for re-
entrainment to 8 hr advanced (B) and 8 hr delayd (C) LD cycles. Data are means with
SEM (n = 15 (Adar2*'* / Gria2®R) and 17 (Adar2”- / Gria2®'R) for advanced LD cycles,
and n = 13 (Adar2** / Gria2®R) and 12 (Adar2”- / Gria2®'R) for delayed LD cycles; * =
p < 0.05 by Student’s t test). (D) The time of activity onset during 8 hr advanced jet-
lag conditions was determined by ClockLab software. The means of the onset times

were plotted with error bars indicating SEM (* = p < 0.05 by Student’s t test).
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3.3.5 Adar2 modulates the circadian period via miRNA-mediated silencing of Cry2
translation

Such a short-period phenotype should be caused by altered expression of clock
components, | investigated the circadian profiles of core clock proteins CRY1, CRY?2,
PER2, CLOCK and BMALL in the Adar2-knockout mice liver (Fig. 27A, B). CRY2
protein significantly increased at CT14-18, whereas Cry2 mRNA level did not change at
any time points, suggesting the miRNA-mediated translational regulation of Cry2 (Fig.
27B, C). Itis well known mechanism that ADAR enzymes regulate miRNA biogenesis,
since miRNAs are produced from a precursor transcripts harboring a double-stranded
stem-loop structure, which can serve as a substrate for ADARs (Nishikura, 2010).
Importantly, the miRNA-mediated gene silencing of Cry2 were previously reported (Du
et al., 2014), and the programs for miRNA target prediction, TargetScan (Garcia et al.,
2011)  (http://www.targetscan.org/) and miRNA.org (Betel et al, 2008)
(http://www.microrna.org/microrna/home.do), predicted Cry2 to be one of the targets of
let-7g. The A-to-1 RNA editing site in pri-let-7g transcript was reported (Kawahara et
al., 2008). Furthermore, the previous study revealed that expression levels of mature
let-7g were down-regulated in the Adar2-knockout mice, probably caused by the
regulation of miRNA biogenesis by A-to-1 RNA editing (Kawahara et al., 2007a; Vesely
etal., 2012). Indeed, | found the attenuation of rhythmic profiles of pri-let-7g by Adar2-
deficiency (Fig. 28A). Note that the circadian profiles of mature let-7g were shown in
the published miRNA transcriptome analysis (Vollmers et al., 2012). In NIH3T3 cells,
knockdown of Adar2 significantly up-regulated the activity of luciferase reporter
harboring the Cry2 3° UTR, and this up-regulation of the reporter activity was completely
abolished by introducing a mutation at the predicted let-7g target site in the Cry2 3° UTR

(Fig. 28B). These experiments suggested a hypothesis mechanism that CRY2 protein
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expression was suppressed by Adar2 through the regulation of let-7g biogenesis, and the

CRY2 accumulation should result in the short-period phenotype.
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Figure 27 Circadian expression profiles of core clock genes in the Adar2-

knockout mice
(A) Circadian expression profiles of CLOCK, BMAL1, CRY1, CRY2 and PER2

proteins in the Adar2-knockout mice and the wild-type littermates liver. A nonspecific
band is indicated by an asterisk. TBP served as a loading control (bottom panel). (B)
The band intensities in panels (A) were plotted. The signals were averaged from three
independent mice and the mean value at the peak time was setto 1. Data are means
with SEM (n = 3). Difference between genotypes were analyzed by Student's t-test, *
=p<0.05.
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Figure 28 Post-transcriptional regulation of CRY2 by miRNA-mediated gene
silencing

(A) Circadian expression profiles of pri-let-7g revealed by qRT-PCR. The signals
were normalized to Rps29 (mean £ SEM; n = 3). Statistics and abbreviations as in
Fig. 18. (B) Dual luciferase assay of unsynchronized NIH3T3 cells transiently
transfected with a luciferase-Cry2 3’UTR reporter (nt 1-1100 or 1101-2177) in
combination with an Adar2 shRNA expression plasmid (mean + SEM; n=3; **=p<
0.01, n.s. = p = 0.05 by Student's t-test, versus control ShRNA). A mutation in the
predicted let-7g target sites (nt 1369-1375) was shown as a black circle.
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3.3.6 Adar2 post-transcriptionally regulates circadian outputs of various genes

A-to-1 RNA editing modulates steady-state RNA levels through various mechanisms such
as the regulation of miRNA biogenesis and the cleavage of hyper-edited dsRNA
containing inosines (Kawahara et al., 2007b; Scadden, 2005). Indeed, a global effect of
editing on expression levels of target RNAs was reported (St Laurent et al., 2013). A
computational method, Cuffdiff (Trapnell et al., 2010), detected statistically significant
changes in expression of transcripts between the genotypes, and the number of
differentially expressed genes was changed across the time points with a peak at CT10
(Fig. 29A). The editing frequencies also showed rhythmic profiles with a peak at CT6-
10 (Fig. 19), implying that Adar2 rhythmically regulates the steady-state levels of the
transcripts.  To my surprise, a large fraction of genes identified as rhythmic in the Adar2-
knockout mice were not overlapped with those in the wild-type mice (Fig. 29B).
Among them, 359 genes (21% of rhythmic) were faithfully identified as rhythmic in the
wild-type but not in the Adar2-knockout with statistical analysis by the three programs;
JTK cycle, ARSER, Circwave (Fig. 30A, see Methods). | confirmed the rhythmic
profiles of Slcolad4 and Aimll transcripts were actually attenuated in Adar2-deficient
mice by qRT-PCR (Fig. 30B). On the other hand, 149 genes exhibited statistically
significant rhythmicity in the Adar2-knockout but not in the wild-type (Fig. 31A). In
fact, the rhythmic profiles of Ugt2b38 transcripts were abolished by Adar2-deficiency
(Fig. 31B), proposing a hypothetical mechanism of an Adar2-mediated homeostatic
process that suppresses mRNA abundance rhythms of rhythmically transcribed genes in
a tissue-specific manner. 359 transcripts, which were identified as rhythmic in the wild-
type but not in the Adar2-knockout, did not largely have distinct transcription rhythms
from the nascent RNA-Seq dataset, suggesting the important roles of Adar2 on post-

transcriptionally regulated RNA rhythms in mouse liver (Menet et al., 2012) (Fig. 32).
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These experiments suggested that cyclic profiles of various RNA levels were post-

transcriptionally produced by Adar2.
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Figure 29 Gene expression profiles revealed by RNA-Seq

(A) The number of differentially expressed genes between the Adar2-knockout mice
and the wild-type littermates liver (Cuffdiff; g <0.2). (B) Overlap of rhythmic genes
in the Adar2-knockout mice and the wild-type littermates.
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Figure 30 Cycling profiles of steady-state mMRNA levels in the Adar2-knockout
mice

(A) Heatmap representation of rhythmically expressed genes in the wild-type mice but
not in the Adar2-knockout mice (n = 359). Gene expression levels of two biological
replicates across time points were shown in each lane corresponding to one gene,
ordered by the peak phases. (B) Circadian expression profiles of Slcola4 and Aim1l
revealed by qRT-PCR analysis. The signals were normalized to Rps29 (mean + SEM,;
n=3). Statistics and abbreviations as in Fig. 18.
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Figure 31 Cycling profiles of steady-state mMRNA levels in the Adar2-knockout
mice

(A) Heatmap representation of rhythmically expressed genes in the Adar2-knockout
mice but not in the wild-type mice (n = 149). Gene expression levels of two biological
replicates across time points were shown in each lane corresponding to one gene,
ordered by the peak phases. (B) Circadian expression profiles of Ugt2b38 revealed by
gRT-PCR analysis. The signals were normalized to Rps29 (mean £ SEM; n = 3).
Statistics and abbreviations as in Fig. 18.
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Figure 32 Gene transcription rhythms in the Adar2-knockout mice
Pie charts showing the distribution of gene transcription rhythms modified from

Nascent RNA-Seq dataset in Menet et al. (Menet et al., 2012).
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3.4 Discussion

Recent studies revealed that the post-transcriptional regulations such as RNA methylation,
alternative splicing, polyadenylation, and miRNA-mediated gene silencing were
rhythmically regulated by circadian clock, and they were also found to be important
players in the modulation of circadian systems (Chen et al., 2013; Du et al., 2014; Fustin
et al.,, 2013; Kojima et al., 2012; McGlincy et al., 2012). In the present study, I
established the molecular and physiological link between circadian rhythm and A-to-I
RNA editing for the first time inmammals. CLOCK and BMAL1 complex rhythmically
binds to the promoter regions of Adar2 gene locus and promotes Adar2 expression rhythm
(Fig. 12). Phase delay in Adar2 expression between mRNA and protein would be
caused by a negative auto-regulatory mechanism that the self-editing of Adar2 mRNA
results in a frameshift, producing a small non-functional protein (Fig. 15A). In the
accumulating phase of Adar2 mRNA expression and editing levels, ADAR2 protein
expression was suppressed by auto-regulation.  On the other hand, in the declining phase
of editing activity, steady-state level of ADAR2 protein was gradually increased, and
subsequently, ADAR2 produce next cycles of editing rhythms.

Constant and moderate low levels of Adar2 in Bmall-knockout mouse liver
consequently resulted in arrhythmic and low editing activity profiles (Fig. 12C, 14B, 15B).
In addition, Adar2 deficiency caused complete loss of editing activities (Fig. 14B, 15B).
These results strongly suggested that rhythmically expressed Adar2 produces the rhythms
of editing levels at various editing sites. Such rhythmic editing events at CDS regions
probably cause circadian variations of protein functions. However, the physiological
function of these rhythmical recoding events remained to be elucidated since the

biological functions of these editing sites have been still elusive. | found that the
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introduced Q to R substitution in the Cdk13 proteins engender the putative nuclear
localization signals (RQKRRR to RRKRRR) (Westergaard et al., 2010), raising the
possibility that a rhythmical editing at this site could change localization of CDK13
protein in a circadian manner.

| extensively analyzed how Adar2 affects the editing levels and gene expression
rhythms by using deep-sequencing. Adar2 has a large effect on editing level rhythms
and gene expression profiles. My analysis revealed the surprising results that the
cycling profiles of approximate 20% of all rhythmic genes depended on Adar2-mediated
post-transcriptional regulation. Recently, RNA-Seq and Nascent-Seq experiments in
mouse liver have demonstrated that a large fraction of steady-state mMRNA levels that have
rhythms are not transcribed rhythmically (Koike et al., 2012; Menet et al., 2012). My
experiments elucidated that A-to-I RNA editing constitutes a part of mechanisms that
produce the oscillation of stady-state mRNA levels without transcriptional rhythm.
Precisely what aspects of Adar2-dependent events produce the rhythms of steady-state
MRNA levels have remained unclear, however, the present study indicates one possible
mechanism that Adar2 rhythmically regulates the biogenesis of miRNAs which regulate
gene expression rhythms.

Previous reports described that Adar2” / Gria2®® mice display normal appearance
and life span, and the physiological role of all ADAR2 substrates had remained to be
elucidated except for limited numbers of targets especially in central nervous system
(CNS). Present RNA-Seq data revealed that the expression profiles of various clock-
controlled genes in the Adar2-knockout mice liver exhibited significantly short-period
rhythms compared to the wild-type littermates, which is consistent with the short-period
phenotypes of behavioral experiments (Fig. 25, 26). Short-period phenotype of the

Adar2-knockout mice were attributed to up-regulation of CRY2 protein by the loss of
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miRNA-mediated translational repression caused by Adar2-mediated miRNA biogenesis.
Consistently, the previous study revealed the long-period phenotype of Cry2-knockout
mice and the short-period phenotype of knockdown of Dyrkla in cultured cells with
abnormal accumulation of CRY 2 protein (Kurabayashi et al., 2010; Thresher et al., 1998).
It could not have ruled out the possibility that short-period phenotype of the Adar2-
knockout mice are associated with alteration of the master clock oscillation in the SCN
neuronal network, since A-to-1 RNA editing have an critical role of neuronal activities in
CNS. Recent study revealed that Adar2-mediated RNA editing of the Cay 1.3 1Q-
domain modulates potential firing rates of SCN slice, although they did not mention the
effect on daily variation of SCN firing rates (Huang et al., 2012a). In addition, rhythmic
locomotor activity experiments in Drosophila under light-dark (12:12 hr) condition on
hypomorphic allele of drosophila Adar gene, which is homologous to the mammalian
RNA editing enzyme ADAR?2, showed the decreased anticipation of dark-light transitions
with reduced locomotor activity (Jepson et al., 2011). The experiment suggested the
importance of dAdar on circadian oscillation, though they could not rule out the
possibility that either light or decreasing locomotor activity affected the decreased
anticipation phenotype. However, | emphasize that the short-period rhythms of gene
expression profiles in transcriptome data reliably demonstrates the physiological
importance of Adar2 on circadian oscillations in every tissues in the body.

A statistically significant about 15-min decrease in circadian period of Adar2” /
Gria2®R mice is similar magnitude to that observed in single knockout of circadian clock
components (Fig. 25). On the other hand, mammalian circadian clock are often
regulated by several redundant mechanisms. For example, double-knockout mice for
CLOCK/NPAS2, CRY1/CRY2 and PER1/PER2 exhibit complete loss of circadian

rhythmicity in wheel-running activity and gene expression (Bae et al., 2001; DeBruyne
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et al., 2007; van der Horst et al., 1999; Vitaterna et al., 1999; Zheng et al., 2001). In
mammals, Adarl and Adar2 coordinately mediate A-to-1 RNA editing suggesting the
possibility that double-knockout of Adarl and Adar2 might show severe phenotype for
rhythmicity. Further study is needed.

There had been very few reports referring the relationship of circadian rhythm and
RNA editing. The Nitabach laboratory demonstrated that A-to-1 RNA editing did not
show any evidence of circadian oscillation in fly heads (Hughes et al., 2012), probably
due to tissue limitation.  According to my results, only faint editing rhythms were found
in several regions of murine brain (data not shown). Hence A-to-1 RNA editing were
known to be tissue-specifically regulated, | speculate that fly head or mouse brain
exhibited no editing rhythms as a result of cell heterogeneity, whereas liver largely
consists of hepatocytes. Instead, Nitabach and colleagues revealed that functional loss
of period significantly altered the levels of RNA editing at several editing sites. My
study suggests the possibility that period loss alters expression levels of Clock and the
downstream Adar expression levels resulting in the global changes of editing levels.

Collectively, I elucidated the circadian expression of Adar2 by CLOCK-dependent
transactivation, and illustrated the rhythmic profiles of Adar2-dependent editing events
in a genome-wide manner. In addition, | demonstrated the significant mechanism that
Adar2 plays an essential role for the robust circadian oscillation by suppressing CRY2
expression through the regulation of miRNA biogenesis. Furthermore, | emphasized
that Adar2-mediated post-transcriptional regulation significantly contributed to circadian

profiles of steady-state mMRNA levels and global circadian outputs (Fig. 33).

66



CRY2 |
Slow Down of

@ Circadian Oscillation

CLK B1 =P @ —

Circadian

Outputs

g —
— MIRNA

—"  biogenesis

A

A-to-| RNA
editing
A Y e
AV

———————
S
AV a TN

~ Alternative splicing =~

4"“
i+ =[]
Editing sites
-

~ MRNA abundance =

AV Ve

Figure 33 Models for the Adar2-mediated regulations of the rhythmical RNA
editing events and global circadian outputs

See text for details.

67



4 Conclusions

In the first part of this study, 1 demonstrated CLOCK-controlled rhythmic regulation of
KLF transcription factors, IncRNAs and miRNAs. Rhythmically expressed miRNAS
lead to circadian expression profiles of their target mMRNAs. In addition, alternative
splicing events are also regulated in a circadian manner. These results indicate
important contributions of indirect regulations and post-transcriptional regulations on
dynamic circadian outputs. In particular, | established the functional crosstalk between
circadian rhythm and A-to-1 RNA editing for the first time, in the second part of this study.
A-to-1 RNA editing enzyme Adar2 is rhythmically transcribed by CLOCK-BMALL1
complex in mouse liver. As a result, Adar2-mediated A-to-1 RNA modification in
mRNAs and Adar2-dependent alternative splicing exhibit circadian profiles. The RNA-
Seq analysis identified various rhythmic editing sites, which are largely dependent on
Adar2, and their peak phases show significant enrichment during dusk phase.
Furthermore, a large number of transcripts oscillations are attenuated in Adar2-knockout
mice, suggesting that cyclic profiles of various RNA accumulation are post-
transcriptionally produced by Adar2. On the other hand, Adar2 inhibits expression of
CRY?2 proteins through a regulation of miRNA let-7g biogenesis, which has a pivotal
function in circadian period of gene expression and locomotor activity.

Collectively, a rhythmic post-transcriptional regulation of A-to-1 RNA editing plays
an essential role in generating global circadian outputs, in addition, circadian clock itself

needs to A-to-1 RNA editing for normal circadian rhythmicity.
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Table 1 Primers for cloning, qRT-PCR and sequencing

primer name

primer sequences (5 — 3"

mir-802 cloning Fw
mir-802 cloning Rv
Cav1-3’UTR cloning Fw
Cav1-3’UTR cloning Rv
Cry2-3°’UTR cloning Fw
Cry2-3’UTR cloning Rv
Thp-Fw

Thp-Rv

KIf11-Fw

KIf11-Rv

KIf13-Rv

KIf13-Rv
pri-mir-802-Fw
pri-mir-802-Rv
0610005C13Rik-Fw
0610005C13Rik-Rv
UbgInl-Fw
UbgInl-inRv
Ubalnl-exRv
Mink1-Fw
Mink1-inRv
Mink1-exRv
Rps29-Fw
Rps29-Rv
Adar2-Fw
Adar2-Rv

Adarl p150-Fw
Adarl p150-Rv
Adarl p110-Fw
Adarl p110-Rv
Adar2 long-Fw
Adar2 long-Rv
Dbp-Fw

Dbp-Rv

Perl-Fw

Perl-Rv

Per2-Fw

Per2-Rv

Cryl-Fw

Cryl-Rv

Cry2-Fw

Cry2-Rv

CGGGATCCGCAGAGACGGAAGAGGATAC
CCGCTCGAGTTACTATGTCAGAAGGCAGCG
GCCGTGTAATTCTAGTCAAGGATGAAAGGTTTTTTTCCC
CCGCCCCGACTCTAGTTATAGGACATGCAGCATAAAAAAGTG
GACTGGAGAGCCATCGCTCC
TTTTACTCAGACAGGATCAG
ATGGTGTGCACAGGAGCCAAG
TCATAGCTACTGAACTGCTG
AAGCTCATCTTCGCACTCAC
AACTTCTTGTCACAGCCGTC
GGGAAATCTTCGCACCTC
ATAGTGCCGTGCCAGCTC
GATGAGAGGACGCTGTTCGC
CGCTTATCCACGAGAAACGC
TCCATCTATGACACCGCTTG
GCGTTTACTGTTGTGCGTTC
CAGTCCCTGAGCCAGAAC
ATTATTCAGCATCATCTGCG
GGGTTCTGCATCTGCG
GCCAAGCCTGAAGACCAC
AATTGCTCGCTTATAGCTTGC
TTTGAGCAACACAAAGTCTGC
TGAAGGCAAGATGGGTCAC
GCACATGTTCAGCCCGTATT
TTGCCCTGAAGGAGTTTTG
GAGGGCTTCTTGACTGGC
TCTCAAGGGTTCAGGGGAC
TACGACTGTGTCTGGTGAGGG
TTGGGACTAGCCGGGAAG
TACGACTGTGTCTGGTGAGGG
AAAAGAGGTCTCCGCCAGTC
TGTGGTGCCCAGAAAGAGTAAC
AATGACCTTTGAACCTGATCCCGCT
GCTCCAGTACTTCTCATCCTTCTGT
CAGGCTAACCAGGAATATTACCAGC
CACAGCCACAGAGAAGGTGTCCTGG
GGCTTCACCATGCCTGTTGT
GGAGTTATTTCGGAGGCAAGTGT
CCCAGGCTTTTCAAGGAATGGAACA
TCTCATCATGGTCATCAGACAGAGG
GGGACTCTGTCTATTGGCATCTG
GTCACTCTAGCCCGCTTGGT
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Clock-Fw
Clock-Rv
Npas2-Fw
Npas2-Rv
Bmall-Fw
Bmall-Rv
Reverba-Fw
Reverba-Rv
ReverbB-Fw
ReverbB-Rv
Decl-Fw
Decl-Rv
Dec2-Fw
Dec2-Rv
Slcolad-Fw
Slcolad-Rv
Aimll-Fw
Aim1l-Rv
Ugt2b38-Fw
Ugt2b38-Rv
pri-let-7g-Fw
pri-let-7g-Rv
Finb-seqFw1
FInb-seqRv1
FInb-seqFw2
FInb-seqRv2
Cog3-seqFwl
Cog3-segRv1
Cog3-seqFw2
Cog3-seqRv2
Copa-seqFwl
Copa-seqRv1l
Copa-seqFw2
Copa-seqRv2
Cdk13-seqFwl
Cdk13-seqRv1
Cdk13-seqFw2
Cdk13-seqRv2
Azinl-seqFwl
Azinl-seqRv1
Azinl-seqFw2
Azinl-seqRv2
Rpal-seqFwl
Rpal-seqRv1l
Rpal-seqFw2
Rpal-segRv2

CCTATCCTACCTTGGCCACACA
TCCCGTGGAGCAACCTAGAT
ATGCTGCCGTCTGTTGTC
AAGAATTCACCCAGCTGATG
GCAGTGCCACTGACTACCAAGA
TCCTGGACATTGCATTGCAT
CGTTCGCATCAATCGCAACC
GATGTGGAGTAGGTGAGGTC
ACGGATTCCCAGGAACATGG
CCTCCAGTGTTGCACAGGTA
ATCAGCCTCCTTTTTGCCTTC
AGCATTTCTCCAGCATAGGCAG
ATTGCTTTACAGAATGGGGAGCG
AAAGCGCGCGAGGTATTGCAAGAC
GGGAAAATCTGAGAAAGAGG
GTTAATGCCAACAGAAATGC
TCTCCAAGGCTTTGGCTC
AGGCTGATCCTGGGAGTG
AAGAAATGGGACTCATTTTACAG
TTGTCTCAGCTAAGGTGGTG
GTGCACCAGCTACCAAATG
AATCCCAGAGATGAGCAGG
CCCAGCTGAGTTCAGCATCTGGAC
CTTGACATCGATCGTGTGGATGC
CGGCCTCTCCATTGCTGTTG
ATTCTCATGCGGGATGAAGCG
CCAAGGATTATCACAGGAAGC
GCCTAAAAAATCGTGGAACAG
GCCTTGTCTGCCTGCATAC
AAAAAATCGTGGAACAGTCATAG
TGAGCGCCTCAGATGATCAGAC
CAACCTCCCATGCCTTTGATTC
TCAGATGATCAGACCATTCGGG
TGCCTTTGATTCATTCATACGCC
CCTCTGCTCTTCCTGGCTG
CGGACTGGGAGCTCACATC
CTCTGCTCTTCCTGGCTGC
ACTGGGAGCTCACATCCTCG
GAGTGATGAGCCAGCCTTC
CCAGCATCTTGCATCTCATAC
GATGAGCCAGCCTTCGTG
GCATCTTGCATCTCATACCAATC
ATCAAAGGCCTATCGTTAATATC
CTGATGCAAACTGAAGCC
CAAAGGCCTATCGTTAATATCTG
CTGTAGCAGCCTGGATGTC
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Table 2 Number of sequenced tags of RNA-Seq

RNA unmapped mapped tags
total tags (%)

samples tags all (%) unique (%) multi (%)
WT CT02-1 91,801,028 1,684,628 1.8 90,116,400 98.2 89,344,882  97.3 771518 0.8
WT CT02-2 51,193,078 2,103,921 41 49,089,157 95.9 48,628,433  95.0 460,724 0.9
WT CT06-1 72,257,200 3,121,691 43 69,135,509 95.7 68,611,427  95.0 524,082 0.7
WT CT06-2 76,755,656 4,979,295 6.5 71,776,361 935 71,120,925  92.7 655,436 0.9
WT CT10-1 59,571,486 3,098,682 5.2 56,472,804 94.8 55,990,862  94.0 481,942 0.8
WT CT10-2 53,959,212 1,860,685 3.4 52,098,527 96.6 51,645,281  95.7 453,246 0.8
WT CT14-1 65,175,622 3,444,904 53 61,730,718 94.7 61,161,570 93.8 569,148 0.9
WT CT14-2 49,127,454 2,669,186 5.4 46,458,268 94.6 45,931,142 935 527,126 1.1
WT CT18-1 76,180,484 3,610,642 47 72,569,842 953 71,969,026  94.5 600,816 0.8
WT CT18-2 58,597,338 3,653,461 6.2 54,943,877 93.8 54,472,373  93.0 471,504 0.8
WT CT22-1 81,568,534 3,685,162 45 77,883372 955 77,298,568  94.8 584,804 0.7
WT CT22-2 52,553,912 2,188,434 4.2 50,365,478  95.8 49,973,839  95.1 391,639 0.7
KO CT02-1 87,958,970 5035981 5.7 82,922,989 94.3 82,154,491  93.4 768,498 0.9
KO CT02-2 72,625,320 4,309,937 5.9 68,315,383 94.1 67,951,245  93.6 364,138 05
KO CT06-1 97,903,638 4,891,173 5.0 93,012,465 95.0 92,226,211  94.2 786,254 0.8
KO CT06-2 52,322,684 3,458,587 6.6 48,864,097 93.4 48,471,980 92.6 392,117 0.7
KO CT10-1 93,163,248 5,070,280 54 88,092,968 94.6 87,043,158 934 1,049,810 1.1
KO CT10-2 67,001,700 2491212 37 64,510,488 96.3 63,975,834 95,5 534,654 0.8
KO CT14-1 53,923,978 2,591,525 4.8 51,332,453  95.2 50,914,274 94.4 418,179 0.8
KO CT14-2 62,996,908 3,710,214 59 59,286,694 94.1 58,591,773  93.0 694,921 11
KO CT18-1 78,528,680 3,837,671 49 74,691,009 95.1 74,073,533 943 617,476 0.8
KO CT18-2 43,988,742 2,981,222 6.8 41,007,520 93.2 40,621,094  92.3 386,426 0.9
KO CT22-1 52,579,070 2,238,152 4.3 50,340,918 95.7 49,913,641  94.9 427,277 0.8
KO CT22-2 80,434,378 3,190,342 4.0 77,244,036  96.0 76,594,491  95.2 649,545 0.8
average 68,007,013 3,329,458 4.9 64,677,556  95.1 64,111,669  94.2 565,887 0.8
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Table 3 List of the rhythmic genes which are common in the four published
papers (Koike et al., 2012; Menet et al., 2012; Vollmers et al., 2012; Yoshitane et al.,

2014)

aene CLOCK-Ch|P-Sea at CT8

Nrldl 1773.9
Dbp 1423.6
Mtss1 862.4
Perl 849.9
KIf13 826.1
Per2 807.5
Nrid2 689.4
Tef 672.4
Fafr2 555.9
Gys2 546.8
Usp2 502
Pcsk4 489.8
Gprl46 464.9
Thrsp 362
HIf 329.4
Pik3ap1 312.2
Rorc 307.1
Weel 276.7
Esrra 262
Cryl 261
Coal0b 250
Por 250
Efhd2 239.8
Nra4 239
Upp2 239
St6oall 2239
Clmn 2119
Ripk2 206
Ndral 199.9
Slc2a2 198
Nfil3 173.2
3010026009Rik 167.3
Tencl 167
Slc2a9 166.7
Arsa 166
Fkbp4 162
Naef 161.2
Serpina6 157.8
Mknk?2 149
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aene CLOCK-ChIP-Sea at CT8

Per3 140.4
Insia2 140
Rdh9 137.1
Litaf 132.3
Sic37a4 1224
Klhdc7a 120.9
Cyp2a5 118.9
Marveldl 118
Odcl 1175
Pnrcl 106.2
Ppfibpl 105
Stk35 102.9
Abhd6 98.8
St30al5 98.8
Slc7a2 98.6
Steap3 98
Gpd1l 97
ElovI3 95.1
Eps8I2 95
Sicdad 94
Arsq 90
Rnf125 89
Dtx4 88
Fpas 85.9
Ddhd2 83
Stat5h 82.9
Abcg8 81
Adarbl 78.9
Rhbdd2 75
Cbs 732
Rcll 725
Mthfr 70.9
Pde9a 68.6
Gldc 67.8
Homer2 66
Abca8b 65
Chka 65
Pnkd 63
Narf 61.8




aene CLOCK-ChIP-Seq at CT8

Lro4
Azinl
Abcab
Cerndl
Acot3
Clock
Fmo5
Ivnslabp
Tars
Psen2
Svde2
Wdr6
Ptp4al
Lrrc28
Gehl
Enppl
Pop1r3b
Laals9
Fnipl
Fbxo21
Slcl6al2
1300002K09Rik
Hal
Crip2
Ube2u
BC029214
Amt
Abcb11
Abth2
Aapat6
Akrlcl9
Appll
Arntl
Atplbl
Avprla
Casp6
Ccna2
Cldn1
Clec2h
Clpx
Cml5

61.5
59.3
54
53
50
48
47.3
47
46
44
43.3
42
41
39
37.4
36.9
36.4
36
33.6
32
28.6
24
217
21.2

-
- N
N N o

O O O O O O O O O O o o o o

gene CLOCK-ChIP-Seq at CT8

Crot
D630039A03Rik
Ddc
Dhrs3
Enpp3
Fbxo6
Fkbp5
Fmo2
Gabarapll
Gfod2
Grk5
Hacll
Hsd3b5
Hsd3b7
Leol
Mad2I2
Mrea
P2ryl
Pfkfbl
Ppard
Pxmp4
Rfxank
Slc16a5
Sic17a3
SIc30a10
Slc45a3
Sicolad
Sortl
Spon2
St5

Sytl
Tob2
Trim24
Tsc22d3
Tsku
Tubb2a
Ypel2

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o
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Table 4 List of the rhythmic editing sites

chr coordinate editing reaion gene name pvalue WT pvalue KO
11 75300593 3'UTR Rpal 0.0001 0.0702
15 38491613 CDS AZIN1 0.0002 0.3354
11 75300623 3'UTR Rpal 0.0004 0.0109
7 140135783 intergenic intergenic 0.0005 0.09
19 44396424 3UTR Scdl 0.0008 0.0023
5 142669235 3UTR Wipi2 0.001 0.0354
2 18215357 3'UTR Dnajcl 0.0012 0.1959
5 142669236 3UTR Wipi2 0.0016 0.0251
4 149118197 intronic Dffa 0.0018 0.1521
7 140105799 3UTR Echsl 0.0022 0.5904
16 20123739 3UTR Kihi24 0.0024 0.166
7 140135784 intergenic intergenic 0.0026 0.0369
3 58590823 3UTR 2810407CO2Rik 0.0034 0.0012
11 75176384 3'UTR Ovca2 0.0037 0.613
2 132309633 3UTR Cds2 0.0038 0.0127
14 31700626 3UTR Ankrd28 0.0039 0.0122
7 79360769 3UTR Abhd2 0.0056 0.2405
19 4763089 intronic uc008gap.1 0.006 0.368
X 56587643 3UTR Mmgtl 0.0065 0.0278
16 32299847 3'UTR Rnf168 0.007 0.0626
10 128800572 3UTR Mmp19 0.0074 0.0368
5 142669249 3UTR Wipi2 0.0075 0.0194
10 128800569 3UTR Mmp19 0.0076 0.1509
11 77520357 3'UTR Abhd15 0.0082 0.2463
16 32299854 3UTR Rnf168 0.0098 0.3519
1 133138010 3UTR Ppplri5h 0.0112 0.0894
11 3150400 intronic Sfil 0.0114 0.0406
9 103086056 3UTR Slco2al 0.0118 0.0441
10 76555590 intergenic intergenic 0.0127 0.2813
X 56587644 3'UTR Mmgtl 0.0147 0.0022
18 56956934 3UTR C330018D20Rik 0.0148 0.0593
8 40917790 3UTR Slc7a2 0.0149 0.1675
17 24176489 3'UTR Thcld24 0.0149 0.3372
2 132309669 3UTR Cds2 0.0151 0.0199
14 32296625 3'UTR Parg 0.0154 0.7145
3 87921521 intronic Mrpl24 0.0162 N.D.
5 142669292 3'UTR Wipi2 0.0174 0.163
11 75300618 3UTR Rpal 0.0175 0.1357
14 31700662 3'UTR Ankrd28 0.0195 0.4835
16 97857208 3UTR C2cd2 0.0205 0.0524
8 40917799 3UTR Slc7a2 0.021 0.0993
132309655 3UTR Cds2 0.0213 0.0034
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15
14
12
17

14

18

18

11

14

10
10

15

17

14

11

19
11

87011887
9199472
72539504
70995129
33928729
103164712
52294229
124894122
56956940
56956572
45377142
129309987
75300610
21797711
96632458
128799433
76555582
40920188
55255640
35857734
75719719
118869941
75300578
96057240
72482670
140136607
30203359
7538115
75176432
72482340
91015870
96632460
126891517
86836358
40920192
135909342
100871715
3280063
87921526
35391298
55255254
112958242
55255566
72432367
81454965
38491612

3'UTR
intergenic
3UTR
intergenic
3UTR
3'UTR
3'UTR
3'UTR
3UTR
3UTR
3UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
intergenic
3'UTR
3'UTR
3'UTR
CDS
intronic
3'UTR
intergenic
3'UTR
intergenic
intronic
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
intronic
3'UTR
3'UTR
intergenic
3'UTR
intergenic
intergenic
CDS

Ugt2b35
intergenic
Fndc3a
intergenic
Tapbp
Mierl
Tox4
Exoc8
C330018D20Rik
C330018D20Rik
Dcaf10
Rbbp4
Rpal
Samd8
Rbm8a
Mmp19
intergenic
Slc7a2
uc007vsh.1
Mdcl
Cog3

Ivd

Rpal
intergenic
Slc35el
intergenic
Cchll

Atl3
Ovca2
Slc35el
Celfl
Rbm8a
2010106G01Rik
Nt5dc3
Slc7a2
Ywhag
9030617003Rik
Seppl
Mrpl24
Rhpn2
uc007vsh.1
intergenic
uc007vsh.1
intergenic
intergenic
AZIN1
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0.0216
0.0222
0.0225
0.0228
0.0231
0.0236
0.0239
0.0245
0.0253
0.0263
0.0267
0.0267
0.0283
0.0283
0.0293
0.0297
0.0299
0.0302
0.0304
0.0309
0.0316
0.0319
0.0334
0.0363
0.0364
0.0392
0.0396
0.0411
0.0412
0.0416
0.0429
0.0439
0.0442
0.0453
0.0458
0.0477
0.0483
0.0483
0.0491
0.0491
0.0493
0.0497
0.0497
0.0499
0.0503
0.0504

N.D.

N.D.

N.D.

0.0168
0.4463
0.0326
0.3203
0.3766
0.3073

0.052
0.2811
0.1439
0.2708
0.0306
0.3447
0.1184
0.0638
0.0983
0.0265

0.1134
0.231
0.2627
0.368

0.0691
0.8563
0.0128
0.1365

0.3527
0.2448
0.0111
0.0793

0.096
0.2026
0.0561
0.1369
0.1311
0.0763
0.4002

0.247
0.5125
0.0028
0.3197
0.3052
0.4689
0.3546
0.0063
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75301040
31700663
55255684
35787911
3539445
55255642
124894190
87931707
8165933
75300631
79360851
40920142
118869942
116744664
72432366
163467539
150985455
40917864
86837257
140136552
7936048
5897957
95183582
124893874
21911667
124893811
91758167
172092348
113087834
39567651
46595159
128800542
75177471
99728210
18214656
140135775
18215359
40917777
150985497
31700629
35474554
155621904
46774937
46595175

3'UTR
3'UTR
3UTR
3UTR
intronic
3'UTR
3'UTR
3'UTR
intergenic
3UTR
3UTR
3'UTR
intronic
3'UTR
intergenic
intergenic
3'UTR
3'UTR
3'UTR
intergenic
CDS
intergenic
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
CDS
3'UTR
intergenic
3'UTR
3'UTR
3'UTR
intergenic
3'UTR
intergenic
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR

Rpal
Ankrd28
uc007vsh.1
Pank3
Pnpla6
uc007vsh.1
Exoc8
Igfl
intergenic
Rpal
Abhd2
Slc7a2
Ivd

Agl
intergenic
intergenic
Gnl3l
Slc7a2
Nt5dc3
intergenic
Finb
intergenic
Gabpb?2
Exoc8
Cog3
Exoc8
Slc6ab
COPA
2900026 A02Rik
intergenic
Sfxn2
Mmp19
Ovca2
intergenic
Dnajcl
intergenic
Dnajcl
Slc7a2
Gnl3l
Ankrd28
H2-Q10
Slc35e2
Rpl7I1
Sfxn2

0.0515
0.0523
0.0532
0.0542
0.0552
0.0554
0.0557
0.0566
0.0585
0.0586
0.0587
0.0596
0.0597
0.0607

0.061
0.0649
0.0652
0.0668
0.0688
0.0696
0.0728

0.073
0.0738

0.076

0.078
0.0782
0.0782
0.0784

0.079
0.0816
0.0826
0.0827
0.0827
0.0843
0.0853

0.086
0.0872
0.0882
0.0892
0.0909
0.0916
0.0944
0.0988
0.0995

N.D.

N.D.

0.4453
0.0315
0.0424
0.1476
0.3922
0.1802
0.4832
0.0019
0.0712

0.207
0.0929
0.1756
0.3372
0.3893
0.2033
0.1349
0.0733
0.1153
0.1759
0.0229

0.2597
0.5212
0.2899
0.2495

0.551
0.4483

0.1087
0.256
0.471

0.0921

0.4764

0.5446

0.1293

0.0806

0.3744

0.5642

0.2143

0.0605

0.2712

0.1805

0.2286

0.0058
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