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Abstract

MicroRNAs are important coordinators of circadian regulation that mediate the fine-tuning of gene
expression. Although many studies have shown the effects of individual miRNASs on the circadian
clock, the global functional miRNA-mRNA interaction network involved in the circadian system
remains poorly understood. Here, we used CLEAR (Covalent Ligation of Endogenous Argonaute-
bound RNAS)-CLIP (Cross-Linking and Immuno-Precipitation) to explore the regulatory functions
of miRNAs in the circadian system by comparing the miRNA-mRNA interactions between
Drosophila wild-type strain W2Z18 and a mutant of the key circadian transcriptional regulator
Clock (CIK™). This experimental approach unambiguously identified tens of thousands of
miRNA-mRNA interactions in both the head and body. The miRNA-mRNA interactome showed
dramatic changes in the C/&" flies. Particularly, among ~300 miRNA-mRNA circadian relevant
interactions, multiple interactions involving core clock genes papl, timand vridisplayed distinct
changes as a result of the C/k mutation. Based on the CLEAR-CLIP analysis, we found a novel
regulation of the circadian rhythm and sleep by the miR-375-timeless interaction. The results
indicated that C/k disruption abolished normal rhythmic expression of miR-375and the functional
regulation occurred in the I-LNv neurons, where miR-375 modulated circadian rhythm and sleep
via targeting #imeless. This work provides the first global view of miRNA regulation in the
circadian rhythm.

Keywords
CLEAR-CLIP; miRNAs; circadian rhythm; sleep; miR-375

iCorresponding authors. zhujin@vt.edu; zhaozw@cau.edu.cn.
These authors contributed equally to this manuscript.
Author Contributions
Z.Z.and J.Z. supervised the project and designed the experiments. X.X., J.D., B.W. and X.Z. performed the experiments. X.X and X.F.
analyzed data. X.X., X.F., J.Z., and Z.Z. edited the manuscript.

Declaration of Interests
The authors declare no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xia et al.

Page 2

Introduction

In animals, the intrinsic circadian clock regulates daily rhythms in physiology and behavior,
which are entrained by environmental stimuli such as light and temperature (1, 2). This
robust timing system maintains rhythmic oscillation even under constant darkness conditions
in the fruit fly Drosophila melanogaster.

Sleep is one of the established circadian behavior, which is highly associated with health
status (3). Sleep in Drosophila has been well characterized by certain parameters such as
total sleep, sleep bout duration, and sleep bout number (1, 4, 5). Throughout the daily
sleep-wake cycle, the flies exhibit two peaks of activity - one before lights on and one

before lights off. Genetic dissection in Drosophila indicates that sleep is regulated by the
circadian clock. The mutations of the core clock genes result in abnormal sleep (6, 7), while
the peptidergic clock neurons that produce the neuropeptide pigment dispersing factor (PDF)
regulate arousal as well as sleep stability (8).

The Drosophila rhythmic behavior is maintained by a central clock network in the brain,
which is consisted of ~150 circadian neurons (9). These clock neurons include ventral lateral
neurons (LNvs) (I-LNvs, s-LNvs, and 5! s-LNvs), dorsal lateral neurons (LNds), lateral
posterior neurons (LPN) and dorsal neurons (DN1, DN2, and DN3), classified based on
anatomical locations and varied expression of core clock genes (9-12). Among them, the
PDF-positive neurons (I-LNvs and s-LNvs) are essential for normal circadian activity and
daily sleep. Their ablation results in arrhythmic flies (4).

The circadian clocks are modulated by a complex transcriptional and translational feedback
loop (TTFL) in both mammals and flies (1, 5, 6). In D. melanogaster, two interlocked clock
feedback loops are known to regulate the circadian rhythm. They consist of period (per),
timeless (tim), clock (clk), cycle (cyc), vrille (vri) and par domain protein 1e (PDP1¢). The
transcription factors CLK and CYC form a heterodimer that binds to the E-box of perand
tim promoters, thereby promoting their transcription (7, 8). The cycling expression of tim
MRNA with a peak at Zeitgeber time (ZT) 14 and a trough at ZT 2 is vital for circadian
output (9, 10). Another feedback loop consists of the c/k, cyc, vri, and PDP1e (7, 8, 11—
13). However, the mechanism of how these feedback loops sustain ~24 h rhythm is still
unclear, since multi-layered regulation involving post-transcriptional and post-translational
regulation is imposed to produce the daily rhythm (14-16).

The highly conserved and widespread microRNAs (miRNAs) play a critical role in post-
transcriptional gene regulation (17-21). They are loaded into Argonaute (AGO) proteins to
mediate MRNA cleavage or translational inhibition via base-pairing with target mMRNAs (19,
22-24). Disruption of the miRNA biogenesis pathway considerably weakens the rhythm in
locomotor activity (25). Although the rhythmically expressed miRNAs have been identified
(26-28), only a limited set of miRNA-target pairs have been verified to affect circadian
rhythms (25, 29-32). The decoding of the miRNA-mRNA interaction network is difficult
because of incomplete complementary pairing between miRNAs and targets as well as
context-dependent dynamics of the miRNA-target interactions. As a result, some miRNAs
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such as miR-124 and miR-959-964 have been shown to be involved in circadian rhythms
but without known targets (28, 33, 34). Thus, global identification of circadian-related
miRNA-target interactions will greatly improve our understanding of the role of miRNASs in
circadian regulation.

The effort to accurately predict miRNA targets is compromised by the complex and dynamic
cellular interaction networks (35, 36). Immunoprecipitation of the miRNA effector protein
Argonaute followed by microarray (25) or RNA-seq analysis (37) narrows down the search
scope of potential targets but still relies on bioinformatics analysis to predict mMiRNA-mRNA
pairing. The recently improved experimental method of the CLEAR (Covalent Ligation

of Endogenous Argonaute-bound RNAS)-CLIP (Cross-Linking and Immuno-Precipitation),
which isolates miRNA-mRNA chimeras from endogenous AGO-miRNA-mRNA complexes,
permits unambiguous identification of miRNAs’ targets and provides a snapshot of true,
physiological mMiRNA-mRNA interactions /n vivo (23, 38-40).

To systematically investigate the role of miRNAs in circadian rhythms, we used the
CLEAR-CLIP assay in Drosophila. Thousands of miRNA-mRNA interactions were detected
highlighting the well-established miRNAs targeting features. Our data indicate that miRNAs
extensively fine-tune the expression of circadian-relevant genes. In addition, miRNA-target
chimeras revealed C/k-dependent miRNA-mRNA interaction patterns and the miRNA
changes induced by C/k disruption may lead to the alteration of mMIRNA-mRNA interactome.
Importantly, we show here that the regulation of #m by miR-375 plays an important role

in locomotor activity and sleep. This work provides a global view of the miRNA-mRNA
interactions in circadian rhythms and a solid foundation for future functional studies.

Materials and Methods

Fly strains

Fly strains were maintained on standard molasses-cornmeal-yeast food in a 12L.:12D cycle
at 25°C and 60% humidity. The fly lines were used in this study as follows: w28 Cik/,
USA-LUC-mIR-305/TM3, UAS-LUC-miR-275.mir-305, UAS-LUC-miR-375, UAS-LUC-
miR-9c, UAS-Mcd8::GFP, TI{GAL4}miR-375[KO], C929-gal4,w'18: pdf-gal4 which were
purchased from the Bloomington Drosophila Stock Center. The /so.tim-gal4 was obtained
from Yirao’s lab, UAS-tim2-5from Jeffrey L. Price’s lab and was originally generated by
Amita Sehgal’s lab.

Agol CLEAR-CLIP library construction

The protocol was adapted from previous reports (23, 38). The flies (3-5d) were collected

at ZT3 (Zeitgeber time) and frozen in liquid nitrogen. The heads were separated from the
rest of body by rigorous vibrating and collected using a colander. The collected tissue
samples were ground with a mortar and pestle in liquid nitrogen before ultraviolet irradiation
(Fig. 1). The purified Ago1-RNA complexes from Drosophila lysates were subjected to
stringent wash to reduce nonspecific binding. T4 RNA ligase 1 was added into the complex
to promote the formation of miRNA-target chimeras. To track the size of the Agol-RNA
complex, RNA was labeled through ligation with a 32P-labeled 3’ DNA linker. A subsequent
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size selection on an SDS polyacrylamide gel was used to isolate the Agol-miRNA-mRNA
complexes (>130 kDa) and recover authentic target RNAs for library construction and
sequencing.

Behavior analysis

Adult male flies (2-5 d old) were used to test locomotor activity rhythms. Flies were
entrained under LD for 3 d and released into constant darkness (DD) for at least 6 d

at 25°C. Locomotor activity was recorded with Drosophila activity monitors (Trikinetics).
Sleep was analyzed by using pysolo and GraphPad software. FaasX software was used to
analyze behavioral data. Locomotor behavior was analyzed in MATLAB. The details for the
experimental protocol and data analysis were described by Chen et al. (29).

Confocal microscopy

Adult male flies of 5-10 days were collected and their brains were dissected in phosphate-
buffered saline (PBS). The brains were subjected to 4% paraformaldehyde in PBS for 1

h and then washed three times with the wash buffer (0.05% Triton X-100 in PBS) for 10
min at room temperature. Samples were transferred to Blocking buffer (2% Triton-100,
10% normal goat serum in PBS) for overnight incubation at 4 °C and incubated with
primary antibodies (diluted in blocking buffer) overnight at 4°C. The following primary
antibodies were diluted in the blocking buffer: rat-anti-TI1M (1:1000, from Jeffrey L. Price),
mouse-anti-PDF (1:400, from DSHB). After washing samples three times for 15 min at
room temperature, the samples were incubated with secondary antibody (1:200) at 4°C
overnight. The samples were imaged on a Leica SP8 confocal microscope. ImageJ software
was used for TIM and PDF quantification.

RNA extraction and gRT-PCR analysis

Fly heads were collected at the indicated time points and stored at —80°C before RNA
extraction. Total RNA was extracted from the heads by using Trizol reagent (TIANGEN)
following the supplier’s instruction. For reverse transcription and real-time PCR of timeless,
we used the PrimeScript RT reagent kit with gDNA Eraser (TAKARA) and superreal premix
plus (SYBR Green) (TIANGEN). The sequences of primers are shown in Table S2. For
quantitative analysis of timeless, miR-375, and 2s rRNA, we used a miRcute miRNA first-
strand cDNA synthesis kit and a miRcute miRNA gRT-PCR detection kit (SYBR Green)
(TIANGEN). The miRNA-specific forward primers used for gRT-PCR are also shown in
Table S2.

Western blot

Fly heads were collected at the indicated time points and homogenized in a 1.5 ml microtube
with RIPA lysis buffer (strong) supplemented with proteinase inhibitors. For immunoblot
analysis, proteins were transferred to PVDF membrane. After blocking, the membrane

was incubated with actin antibody (1:10000) and T1M antibody (1:4000) for 2 h at room
temperature. Image J was used to calculate band intensity.
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Agol immunoprecipitation

Fly heads were homogenized in 500 pl lysis buffer. The lysates were incubated on ice for 10
min and then centrifuged at 13000 rpm for 30 min, the supernatant was collected. Protein A
Dynabeads (Invitrogen) were washed twice and resuspended in Tris-PNK buffer (20 mM tris
PH 7.5, 10 mM MgCl,, 50 mM NacCl, 0.5% NP-40). For each sample, 20 uL of beads were
used. Beads were rotated with 4 pg of Agol antibody (ab5070, abcam) in Tris-PNK buffer
for 1 h at 4 °C. Beads were washed twice in Tris-PNK buffer. The input and antibody-bound
beads were incubated for 2 h at 4°C, then washed twice in Tris-PNK buffer and followed by
RNA extraction.

Statistics analysis

Statistics analysis for all indicated data in this study were performed with t-test and p values
were considered significant at *p < 0.05, **p < 0.01 and ***p < 0.001.

Bioinformatic analysis of mMiRNA-mRNA chimeras

Agol CLEAR-CLIP sequencing reads were preprocessed to remove low-quality reads and
3’ adapter sequences using Flexbar with the setting -ao 4-u 3-m 16-n6 (41). Shorter reads
(less than 16 nt) were discarded. Reads with identical sequences were collapsed. The unique
molecular identifiers (UMIs) bearing in the 5’end were also trimmed before mapping using
Flexbar with the setting -umi-tags.

To identify the chimeric reads, we first defined the miRNA part through reverse-mapping
mature Drosophila miRNA sequences (miRbase) against sample libraries using BLAST
(v2.3.0) with an e-value cutoff at 0.4 (42). The non-miRNA sequences in the chimeric reads
were extracted for mapping to Drosophila transcripts using BLAST with e-value cutoff
equal to 0.2. The unique aligned reads were retained. For reads that were mapped to more
than one transcript with the same e-value, we assigned the read to the transcript with most
BLAST hits as described by Helwak et al. (43). Those reads mapped to rRNA, tRNA, and
miRNA genes were removed. The reads containing both mature miRNA and mRNA with
less than 4-nt gap were retained as chimeras for potential interactions (38).

Peak calling of CLIP cluster

We followed the analysis pipeline as previously reported (37, 44). The background was
estimated using Poisson distribution with lambda equal to 1+z/(45*L). Z was the total reads
mapped to the Drosophilatranscript; L was the total length of the transcript; 45 was the
expected Agol footprint length. We then compared the mapped cluster to the background
and used p-valuesto determine the existence of Ago binding peaks. At the same time, we
used the Cubic spline interpolation to calculate the peak height and the corresponding locus.
When Agol CLIP peaks were compared, the p-value was the first filter and we only kept
peaks with p <0.01.

Dynamic analysis of miRNA-mRNA interactions

To quantitatively analyze the profile of mMiRNA-mRNA interactions, the chimera-supported
Agol binding peaks were normalized to the total unique reads (Tags per million) in each
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condition (45). In order to visualize the pattern of difference between each time point, the
data were loaded into Gene Expression Dynamics Inspector (GEDIv2.1) with the default
parameter (26x25 grids) to perform the dynamic analysis (46). GEDI employs the SOM
algorithm to assign the interactions with similar trends into close tiles.

Motif analysis

The analysis of overrepresented motifs of Agol CLEAR-CLIP (Fig. S2A, Fig. S3A) was
performed using MEME on the whole chimeras data from head and body as previously
described (23) with the settings: -dna -mod zoops -max w7 -n motifs 1. FIMO was used
to position the enriched motifs against miRNASs’ sequence (47), with the setting-output-p
thresh 0.01.

RNA duplex structure prediction and binding free energy

The predictions of duplex structure for miRNASs and their target sequences were performed
on the whole chimeras data from heads and bodies by RNAhybrid (48). Mutations in
chimeras sequences for both miRNA and mRNA were omitted by comparing them with
the original annotation. The target sequences were extended to 100 nt according to the
miRNA seed site distribution in D. melanogaster. The setting of RNAhybrid was modified
as previously described to favor the seed pairing (23). The minimum free energy of

each interaction was calculated by RNAhybrid with default settings (48). The shuffled
interactions served as controls for the comparison of free energy distribution (Fig. 2B). The
median free energy for each profile was calculated in R for comparison.

Analysis of chimera targets in miRNA perturbation experiments

The gene expression data after miRNA perturbation was downloaded (49, 50). The log2
fold-change was used to perform cumulative distribution function (CDF) analysis comparing
transcripts bearing the whole chimeras-derived miRNA target sites (head and bodies) versus
those without target sites. The CDFs were also plotted for transcripts in which the chimera-
derived miRNA target sites overlap with Agol CLIP peaks (Fig. 2D, F). We used the
Kolmogorov—Smirnov test in R to evaluate the statistical significance between groups.

GO and KEGG enrichment analysis

The selected gene list was taken as an input for the functional enrichment analysis with
DAVID (51). The top-ranked GO terms of biological functions were chosen. Heatmaps with
the enriched p-value of the GO terms were created using R heatmap package. The circadian
relevant genes were defined by the described circadian rhythm defective phenotypes in the
FlyBase.

Data availability

CLEAR-CLIP sequence data are available at the NCBI SRA database (Accession Number:
SRP148458). The scripts for the bioinformatic analysis were uploaded to Github (https://
github.com/XiaonanFu/zhulab).
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Transcriptome-wide miRNA-mRNA interactome in Drosophila

The brain clock neurons are the regulatory center of circadian rhythm (4), in which the
transcription factor C/k is essentially required for rhythmic behavior. The ablation of

Clk expression in the mutant C/&"% makes the oscillation of miRNAs disappear in post-
transcriptional regulation (28). To uncover the physiological miRNA-mRNA interactions

in response to the circadian changes, the head from both C/#" and w?28 flies were
separately analyzed by a modified Agol CLEAR-CLIP (Fig. 1A, Fig. S1). Although CLK
is also known to regulate many non-cycling genes, a large portion of the miRNA-mRNA
interactions that are affected in the head by the C/k mutation is expected to be relevant

to circadian rhythms. The identified miRNA-mediated gene regulations will await further
functional studies to assess their actual contributions to circadian control. The inclusion of
the whole body in this study is to validate the interactions discovered in the heads and also
capture additional interactions that may take place only in the thorax and abdomen (Fig. 1A,
Fig. S1). RNAs in the purified Agol-miRNA-mRNA complexes were either self-ligated as
chimeric reads or remain separated mapping to a single locus (CLIP peaks). In total, we
obtained 213,404,300 reads from 8 libraries (Table S1A), of which 88.32% could be mapped
to mMRNAs and 1.92% were miRNA-target chimeras. The recovery of well-established
miRNA-mRNA interactions in Drosophila, exemplified by the verified regulation of A/id

by bantam (52) (Fig. 1A), lent support to the reliability of the obtained dataset (Table S3B).

In this study, we identified 45,597 unique Agol CLIP peaks in total and recovered 15,825
miRNA-target interactions involving 239 mature miRNAs and 6,540 mRNA transcripts in
Drosophila (Table S3). To explore the whole miRNA-mRNA interaction networks in the
circadian system, we first visualized the Agol CLIP peaks with SOM (Self-Organized Map)
clustering (Fig. 1B). The SOM algorithm groups together interactions with similar patterns.
Each tile at the same position in all the maps corresponds to a group of miRNA-target
interactions that share similar patterns. The Agol binding profiles presented considerable
pattern changes in C/k" and w218 flies, with around 80% of them displayed more than
2-fold changes in the head or whole body (Fig.1B). Moreover, 9,325 Agol CLIP peaks
supported by miRNA-target chimeras also showed shifted interaction patterns in C/&" and
w!118flies, implying widespread circadian impact by CLK (Fig. 1C).

Among the Agol CLIP peaks, we found multiple peaks in the core clock components
timand cwo, where they displayed different context-dependent patterns. The Agol CLIP
peaks in the 3’UTR of cwo coincided with the previously verified let-7 binding sites (29),
appearing in all the conditions (Fig. 1D). In contrast, multiple miRNA-#meless interactions
disappeared in C/&" flies, including the well-established miR-276: timeless (30) (Fig.
1D). These results showed distinct miRNA regulatory patterns with a high-resolution
transcriptome-wide miRNA-target interaction map.

Context-specific Agol CLIP peaks under Clk disruption

To further evaluate the impact of C/k disruption on miRNA-mRNA interactome, we
analyzed the Agol binding peaks in the head and whole body. We defined C/4-dependent
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and independent peaks at different conditions (Fig. S2A). Interestingly, the scatter plot of
Agol binding peaks (C/k™* vs WA115) yielded 9 clearly separated groups with a 2-fold
change as the cutoff. Around 80% of the Agol binding peaks were classified in the
differential groups, in which 12% and 17% of the Agol binding peaks were decreased,
while 20% and 31% of those were increased in the fly body and the head, respectively. It

is conceivable that not all the alterations were related to the circadian rhythm. Nevertheless,
this observation implied that considerable miRNA-mRNA interactions in the head are under
the control of CLK.

To assess the functional impact of C/k changes on the miRNAs-regulated genes, we
calculated the enrichment p-values according to gene ontology (GO) (Fig. S2B). The

top enriched GO terms from all groups were related to circadian rhythms, such as
“locomotor rhythm”, “phototransduction”, and “sleep”, suggesting that C/k governs the
miRNA regulation of the circadian system. Body-specific enriched terms were more likely
to be “cell cycle” and “germ cell development”. In contrast, we observed striking head-
specific enriched terms associated with circadian regulation (“adult locomotory behavior”
and “response to light stimulus”). Collectively, these results showed that the miRNA-mRNA
interaction network was altered as a result of CLK malfunction.

miRNA-target chimeras preserve physiological relevant interactions

The Agol binding peaks were just one part of the miRNA-mRNA interaction network. We
then turned to the recovered miRNA-mRNA chimeric reads and conducted bioinformatics
analyses of the chimeras from heads and whole bodies. The target sequences in the chimeras
were enriched with canonical seeds which matched within 50 nt of the ligation sites (Fig.
2A). The miRNAs and targets in the chimeras normally formed stable RNA duplexes. The
mean of predicted free energy between miRNAs and the matched target mRNAs found in
chimeras was lower by 2.8 kcal mol~2 than that in randomly matched pairs (£<0.001) (Fig.
2B). In addition, we found that the chimera-defined miRNA target sites were generally
more evolutionarily conserved in different insect species than their flanking sequences in 3’
UTR (Fig. 2C), implying the functional importance of those sites. These data collectively
indicated that the CLEAR-CLIP chimeras define a reliable and high-resolution miRNA-
target interaction map.

To evaluate the physiological functions of miRNA-target interactions, we analyzed the
identified targets of let-7-5p (29), miR-34-5p (49), miR-305-5p (50), and miR-276a (30),
which have been previously investigated in circadian regulation. The enriched 7-mer motifs
in the targets of these miRNA were reverse complementary to the miRNA seed regions (Fig.
S3). In the CLEAR-CLIP dataset, miR-305 bound to 598 target sites within 555 mRNA
transcripts. Overexpression of miR-305 in Drosgphila considerably lowered the abundance
of mRNASs bearing the chimeras-defined miR-305 target sites, compared with the mRNAs
that had no miR-305 target site (0=0.005618). The chimeras-defined miR-305 targets that
were supported by Agol CLIP peaks were also significantly repressed (p=0.0191) by the
miR-305 overexpression (Fig. 2D). Functional annotation of the miR-305 targets implicated
miR-305 in the control of sleep (Fig. 2E), which has been observed in the miR-305

mutant strain (50). Similarly, the mRNA levels of the miR-34 targets were significantly
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elevated in the /iR-34 (miR-34-5p) null mutant, compared with w428 (p<0.001) (Fig.

2F). In this study, GO enrichment analysis of the chimera-defined miR-34 targets linked
miR-34 to aging and brain disease (Fig. 2G), consistent with the previous report that

miR-34 is associated with aging and neurodegeneration (49). These results thus validated the
physiological significance of the miRNA-mRNA interactions identified by CLEAR-CLIP.

miRNA-target chimeras reveal Clk-dependent miRNA-mRNA interaction patterns

With the guide of miRNA-mRNA chimeras, we constructed the miRNA-mRNA interaction
network implicated in the circadian phenotype. The 299 miRNA-mRNA interactions
involving 9 core circadian genes were plotted as a miRNA-regulated network (Fig. S4A), in
which 35 interactions appeared to target the three C/k-downstream genes pap1, vri, and tim
(Fig. S4C).

To compare the miRNA regulations of these three genes, we retrieved the interaction
patterns under different conditions. Results displayed distinct regulatory features in response
to Clkdisruption (Fig. 3A). The miRNAs targeting pgp? acted in a C/k-independent

manner. Conversely, the miRNA-#im interactions that occurred in w2228 were mostly not
detectable in C/&"% with exceptions of miR-193-3p and miR-2c-3p. Our data indicated that
miR-375-3p and miR-305-5p only targeted #m in wild type flies (Fig. 3B), and miR-305-5p
had been reported to modulate the expression of #im in several circadian screens (25, 54, 55).
Binding of miRNAs to the vritranscript exhibited a mixed pattern of both C/k-dependence
and C/k-independence. These findings suggested that gene regulation by miRNAs has a
profound impact on circadian system stability.

MiR-375 expression oscillations and location

The Ago1 binding peaks presented dramatic shifts in C/#X strain. To test whether miRNA
expression was affected by the C/k mutation, we analyzed the sequence reads of mature
miRNAs from the CLEAR-CLIP dataset, which have been suggested as a reliable abundance
measurement of functional miRNAs (56). Our results showed that miR-375 substantially
increased with a 3.28 log fold in the head of C/k/K compare to U218, (Fig. 3C). We further
quantified the daily expression of miR-375-3p in the fly head by qRT-PCR at six time

points (ZT0, 4, 8, 12, 16, 20) under LD condition. miR-375-3p was rhythmically expressed
with its peak at ZT12 (3-fold higher than ZTO0, p<0.05) in u2228 but it disappeared in

CIk™ (Fig. 3D), implying that its expression is under the control of C/k. To investigate

the spatial expression of miR-375-3p, we utilized a reporter strain (7/{GAL4}miR-375[K0O]
x UAS-Mcd8::GFP) to monitor the expression of miR-375. The results showed that it was
expressed in the PDF-expressing I-LNv neurons and co-localized with TIM (Fig. 3E).

Overexpression of miR-375 affects normal circadian rhythm and sleep

To investigate the role of miR-3751n circadian behavior, we overexpressed miR-375in
timneurons by using /so.tim-gal4 driver. The amount of miR-375in the Ago1l-RNA
complex was significantly higher (p<0.001) in the iso:tim-gal4/UAS-LUC-miR-375 flies
than the control (Fig. S5). The flies with overexpression of miR-375in tim neurons lost
daily locomotor rhythm (100% arrhythmic) under both LD and DD conditions (/so:tim-
gal4/UAS-LUC-miR-375: 0% rhythmic, n=65). Both morning and evening anticipations
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disappeared in the overexpression flies (Table 1, Fig. 4A-C), while control flies exhibited
normal behavioral rhythms (UAS-LUC-miR-375/+ 95.74% rhythmic, tau=24.5 h, n=47,
so:tim-gal4/+. 100% rhythmic, tau=24.6 h, n=75). In addition, flies with overexpressed
miR-375showed significant increases in total sleep at daytime caused by sleep bout number
(0<0.001) and decreases at nighttime caused by sleep bout duration (p<0.001), compared
with the control (Fig. 4D & E). Overexpression of miR-375in pdfneurons (pdf-gal4 x
uas-miR-375) caused 43.3% of the flies to become arrhythmic (p<0.001) (Fig. 4A). Since
miR-375and timeless co-expressed in I-LNVs neurons, we also overexpressed miR-375in
I-LNVs neurons by using the C929-gal4 driver, and found that 28.15% of the flies were
arrhythmic (Table 1, Fig. 4A, p<0.001). These results suggest that in addition to targeting
tim, miR-375 might also regulate other genes to modulate circadian locomotor rhythm.

The flies with up-regulation of m/R-375had a similar phenotype of circadian locomotor
rhythm as the #m null mutants (Fig. 4C and Fig. S4D), and they both expressed miR-375

in I-LNv neurons. In this study, 11 chimera-defined miRNA target sites were founded
across the #/mtranscript, with the m/R-375 targeting site located at the CDS region (Fig.
S4C). To determine whether m/iR-375 modulates the expression of #/m, the mRNA levels

of timwere measured at daily six time points (ZT2, 6, 10, 14, 18, 22) in t/m neurons of

both miR-375 OE and w28 flies. The amounts of #im mRNA were reduced by 1.78-fold
(p<0.05), 1.77-fold (p<0.05), and 1.59-fold (p<0.05) at ZT 10, 14, and 18 in miR-375

OE flies, respectively, compared with the control flies (Fig. 5A). Similarly, TIM protein
levels in I-LNvs neurons, detected at ZT18 and ZT24 by confocal microscopy, also showed
significant decreases [31.1% at ZT 18 (p<0.01) and 54.37% at ZT24 (p<0.001)] in miR-375
OE flies compared with control flies (Fig. 5B). The decrease in TIM was further verified by
Western blot analysis at ZT18 (Fig. 5C). Furthermore, we also detected the TIM levels in
pdfneurons in the flies of miR-375 OE and control flies of the same background. Results
showed that the m/iR-375 level at ZT3 was increased by 5.1 folds (Fig.5D) and the TIM
level at ZT18 was decreased by 26.58% (0<0.05) in pdfneurons in the flies of overexpressed
miR-375, compared to those of control flies (Fig.5E). These results indicate that TIM in the
brain was significantly lower in the miR-375 OE flies than in the control flies, confirming
that timelessis a target of miR-375.

To explore the role of TIM in the arrhythmic phenotypes caused by overexpressing miR-375
in tim-staining neurons, we simultaneously used the UAS-tim2-51to rescue this phenotype
while the UAS-mCD8-GFP served as a control. Results showed that the UAS-t/m2-5 could
reduce arrhythmicity only to 80% compared with the UAS-mCD8-GFP control (Fig. 4A).
Thus, we further examined #m expression in these flies. Surprisingly, the #m RNA levels

in the flies (iso:tim-gal4/UAS-L UC-miR-375/UAS-tim2-5) were over-rescued with much
greater increases of #/m compared with those in controls (p<0.01) (Fig. 4F), suggesting

that #im overexpression was much stronger than miR-375 overexpression in the iso.tim-gal4/
UAS-LUC-miR-375/UAS-tim2-5 flies. Further, we also rescued the heterozygous tim?!
mutant in TIM neurons by down-regulating miR-375 (UAS-mir3755p). The results showed
that knockdown of miR-375in timPL (tim-gal4/tim®L,UAS-mir375sp) could effectively
rescue fim expression and rhythmic behavior, compared with their controls (Fig. S6).
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miR-375 KO mutant influences circadian rhythm and sleep

In order to elucidate the circadian role of m/R-375, we further analyzed the circadian
behavior of miR-375 KO mutant (w18 TI{GAL4}miR-375K0). Results showed that 33%
of the miR-375 KO mutant were arrhythmic compared with 1.17% of w28 control (p<0.05)
(Fig. 6A), and the activities significantly reduced to 58.27 compared with 97.1 in w?28
control (Table 1, Fig. 6B & D). Moreover, the total sleep at daytime (p<0.001) and nighttime
(p<0.01) both decreased significantly compared to those in control, caused by sleep bout
duration (Fig. 6E & F). In addition, the mRNA levels of #m were also detected at daily six
time points (ZT2, 6, 10, 14, 18, 22). The amounts of #m mRNA in the miR-375 KO mutant
flies were significantly higher at ZT10 (p<0.01) and ZT14 (p<0.001) than in w28 flies
(Fig. 6G). Furthermore, we purified the Ago1-RNA complexes from flies and measured the
amounts of miR-375and tim mRNA in the complexes. Compared with w228 flies, the RNA
levels of #m decreased significantly in the Ago1-RNA complex of miR-375KO mutant
(W18 TIfGAL4}miR-375K0) (p<0.05) (Fig. 6C). These results further demonstrated that
miR-375is a critical regulator for circadian rhythm and sleep and it exerts this function, at
least in part, by targeting t/meless.

Discussion

The significance of post-transcriptional regulation in circadian rhythms has been
demonstrated by monitoring the core clock gene expression (14, 57) and screening miRNAS
involved in rhythmic behavior (27-30, 32-34, 53, 54, 55). However, elucidation of the
underlying molecular mechanism is impeded because only a few of the predicted miRNA-
mMRNA interactions have been verified. In this study, we captured miRNA-mRNA interaction
pairs directly from fly tissue using the recently developed Agol CLEAR-CLIP (23, 38),
leading to the detection of thousands of miRNA-target interactions. Of these interactions, 75
circadian genes are regulated by 61 miRNAs in the network of 299 interactions. Because

of the central roles of the head in the circadian system, we did the CLEAR-CLIP using the
heads firstly. To validate the head-enriched miRNA-target interactions, we also carried out
the CLEAR-CLIP experiments with the whole body for comparison (Fig. S7). We expected
that strong miRNA-mRNA interactions in the head might also be detectable in the whole-
body samples while less abundant interactions in the head were less likely to be detected

in the whole body samples. The whole-body data indeed retrieved some miRNA-target
interactions detected in the head, such as the miR-375-timeless interaction (Figure 3A). Of
course, many miRNA-target interactions are different.

We performed multiple lines of evaluation to assess the quality of the first global miRNA-
mMRNA interaction profiles in the head of Drosophila. First, CLEAR-CLIP recovered

many known miRNA-target interactions such as bantam:hid (52) and miR-276a.tim (30).
Second, the analysis of chimeras-defined interactions revealed general bioinformatics
features for miRNA targeting, including seed enrichment, stable binding energy, and
evolutionary conservation of the target sites. Third, the chimeras-defined mRNA targets
exhibited significant changes in abundance after the manipulation of the corresponding
miRNA. Fourth, functional enrichment analysis of the targets of miR-305 and miR-34 are
consistent with the previous phenotypic study of those two miRNAs (49, 50). These together
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substantiate the reliability of the datasets for miRNA-mRNA interactions, which lay the
groundwork for further functional studies of miRNAs.

This study reports for the first time that m/R-375is involved in circadian rhythm and

sleep. Clk disruption abolished normal rhythmic expression of miR-375and the functional
regulation occurred in the I-LNv neurons, where miR-375 modulated circadian rhythm and
sleep via targeting timeless. The disruption of C/k has a broad impact on the miRNA-MRNA
interactome. C/&"  is a classic arrhythmic fly line that is commonly used in circadian rhythm
assay. Many studies have used c/k% as a model to find genes involved in circadian-regulated
behaviors (29, 31, 49), although this mutant also causes changes in other types of genes.

Luo et.al (31) reported that wake mediates the circadian timing of sleep onset by comparing
the expression of wake between c/k™ and w218 flies. Although some CLK-dependent
miRNA-mRNA interactions may not be relevant to circadian rhythms, we focused on the
interactions between miRNAs and other core clock genes, like tim, pap1, and vri. In this
study, the CLEAR-CLIP assay was selected at ZT3 based on a previous report, at which
ZT3 is the most important time point for miRNA-participated regulation (25). The miRNA-
mMRNA interactions throughout the whole day will be investigated in subsequent studies.

To rescue the arrhythmicity caused by miR-375 overexpression, we used the tim-gal4 driver
to overexpress #imin all clock neurons. The expression of #m was much stronger than

that in w2228 flies but the arrhythmic phenotype was only weakly reversed. A similar
partial rescue was reported in the study of the regulation of #m by miR-276a, in which
overexpression of miR-276a causes a 50% decrease in TIM and leads to 81% arrhythmicity
(30). This means that a steady TIM level is important in maintaining circadian rhythm. The
partial rescue in our study might result from several reasons. First, #im overexpression was
much stronger than the suppression effect of miR-375 overexpression in the iso.tim-gal4/
UAS-LUC-mIR-375/UAS-tim2-5 flies. Second, abnormally high levels of TIM have been
shown to lead to arrhythmic phenotype (58). Third, m/R-375may have other targets, which
also contribute to circadian regulation.

In addition to miR-375, we also identified some other miRNAs and related targets, such as
miR-4968-cwo, miR-1-timeless, miR-1-vri, miR-9c-clock, and so on. Our identification of
the global function of the miRNA-mRNA interaction network involved in circadian systems
will supply a crucial basis for future functional studies.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Transcriptome-wide miRNA-mRNA interactomein Drosophila
(A) Schematics of CLEAR-CLIP to detect miRNA-mRNA interactions in Drosophila. Heads

or whole body flies were collected from wild-type W28 and Clk mutant c/k’ flies

with arrhythmic phenotype. The UV-crosslinked sample was homogenized in lysis buffer.
Agol-RNA complex was immunoprecipitated and incubated with T4 RNA ligase to promote
the direct ligation of miRNA with its target mMRNA fragments. The recovered RNAs were
subjected to library construction and sequencing. After bioinformatics analysis, chimeric
reads could be identified along with the Agol binding sites (CLIP peaks), exemplified by
the known regulation of hidby bantam. (B) Globally distinct Agol CLIP peaks in the wild
type WA118and CIk/™ mutant flies. The interaction data were clustered and transformed
into a two-dimensional self-organizing map for individual conditions. Each tile at the same
position in all the maps corresponds to a group of miRNA-target interactions that share
similar patterns. The color scale denotes the heights of Agol CLIP peaks. The four panels
were generated together as described by Eichler et al.(2003). The color scales have already
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been normalized. (C) Globally distinct miRNA-target chimeras that were supported by
Agol CLIP peaks. (D) Distribution of Agol CLIP peaks along the timeless transcripts. The
regulation of timelessby miR-276a has been reported by Chen et al. (2016).
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Fig. 2. Validation of the miRNA-target interactionsidentified by CLEAR-CLIP
(A) Density plot of canonical miRNA seed matches in target regions relative to the ligation

site for all the chimeras. (B) The median predicted binding energy between miRNAs and
matching target mRNAs found in chimeras was 2.8 kcal mol~1 lower than in randomly
matched pairs. (C) Average conservation score of seed matches in the targets identified
from the chimeras. The Phylop conservation score for 27 insect species was downloaded
from UCSC. (D) The effect of miR-305 overexpression on the expression of its target
genes. The analysis was performed using the transcriptome measurement in the miR-305-
overexpressed flies versus the wild type control. The cumulative distribution function (CDF)
plot shows log,-transformed expression differences for mRNAs that were identified in the
miR-305 chimeras and supported by Agol CLIP peaks, compared with other mRNAS that
were not defined as miR-305 targets. P-values were calculated from Kolmogorov—Smirnov
testing. (E) GO enrichment analysis of the chimeras-defined targets of miR-305. The top
ten biological process terms were plotted. (F) CDF plot shows the change in transcript
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levels of the target genes after knocking out miR-34-5p. (G) GO enrichment analysis of the
chimeras-defined targets of miR-34.
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Fig. 3. Clk disruption is associated with the changes of miRNA-mRNA interactome
(A) The heatmap shows the effect of C/k disruption on the miRNA interactions with

the transcripts of pap1, tim, and vir. (B) The C/k-dependent interaction of miR-375

and timeless. The duplex defined in the chimeras was predicted by RNAhybrid. (C)
Comparison of the Agol-bound miRNA abundance in the head and whole body between

the /"™ and WA118 flies. (D) The RNA levels of miR-375, measured by qRT-PCR,

were reduced in the head of C/#"  flies, compared with W18 flies. (E) miR-375 was
expressed in PDF neurons, which were detected by the GFP reporter driven by tim-gal4 (w*;
THGAL4}miR-375KOxUAS-mGFP). The images in the insets were from the brain shown
in the middle. The left panel reflects the LNv neurons in the left hemisphere, and the right
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panel reflects the LNv neurons in the right hemisphere. These images were obtained from
the z-stack of confocal microscopy images.
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Fig. 4. Overexpression of miR-375 regulates circadian rhythm and sleep
(A) miR-375 levels affect arrhythmicity in flies. AR% represents the percentage of

arrhythmic flies, R% represents the percentage of rhythmic flies. *, p< 0.05; **, p< 0.01;

**x* p< 0.0001 (two-tailed t-test).

(B) Locomotor behavior under LD and DD in the flies with m/iR-375 OE in time neurons.
White indicates the light phase; gray indicates the dark phase.

(C) Comparison of the circadian locomotor activity in light/dark cycles of controls and
miR-375 OE flies. Histograms represent the distribution of activity through 24 h, averaged
over three LD days. Morning and evening anticipation was lost in the flies with m/R-375 OE

in time neurons.
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(D) Sleep traces for male flies with overexpression of m/iR-375 driven by iso-tim-gal4. Gray
dark represents tim-gal4, light dark represents UAS-miR-375, and blue represents tim-gal4/
UAS-miR-375.

(E) Sleep profiles of male flies entrained under three LD cycles. Data represent mean +
SEM. **, p<0.01; *** p< 0.001 (student’s t-test).

(F) Comparison of timeless mRNA levels in the head at ZT14 in flies in the rescue assay.
Data represent mean £ SD from three independent experiments. ns, nonsignificant; *,
p<0.05; **, p<0.01; ***, p< 0.001 (one way ANOVA test).
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Fig. 5. Interactions between miR-375 and tim/TIM
(A) The levels of timeless mRNA and miR-375 were altered in the flies of the miR-375OE

in the &/m neurons. The relative expression levels were normalized to actin levels and were
further normalized to control at ZT2. The error bar indicates SEM. *p < 0.05 (two-tailed
t-test).

(B) Immunostaining analysis of TIM levels at ZT18 (upper) and ZT24 (lower) in the flies
of control (iso.tim-gal4/+) and miR-375 OE in the &im neurons (/so.:tim-gal4/UAS-L UC-
mir-375), with detected TIM in green and PDF in red. TIM signal was normalized to the
PDF signal (n=10-17 hemisphere). Error bar indicates SEM. **, p< 0.01; ***, p< 0.001
(two-tailed t-test). (C) Western blot analysis of TIM at ZT18 in the flies of control (/so.:tim-
gal4/+) and miR-375 OE in the tim neurons (/so.tim-gal4/UAS-LUC-mir-375). ACTIN was
used as a loading control, TIM levels were normalized to ACTIN levels. Protein signals
were quantitated by using Image J. Error bar indicates SEM (n=4). **, p< 0.01 (two-tailed
t-test).
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(D) Relative quantity analysis of the m/R-375at ZT3 in the pdfneurons in the flies

of miR-375 OE (pdf-gal4/UAS-LUC-mir-375) and control flies (pdf-gal4/+). Error bar
indicates SEM, *, p< 0.05; (two-tailed t test).

(E) Immunostaining analysis of TIM levels at ZT18 in the flies of control (pdf-gal4/+) and
miR-375 OE in the pdfneurons (pdf-gal4/UAS-LUC-mir-375), with detected TIM in green
and PDF in red. TIM signal was normalized to the PDF signal. Error bar indicates SEM, *p
< 0.05 (two-tailed t test).
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(A) Comparison of circadian rhythm in miR-375 KO mutant (w2218: TI{GAL4}mir-375K0)
and control (12128, Data represent mean+SEM (n = 50-70). ns, nonsignificant; *, p<0.05;

** p<0.01; *** p< 0.001 (one-way ANOVA test).

(B) Locomotor behavior under LD cycle and constant darkness. Representative double
plotted actograms of w228 and miR-375 KO mutant (w2118: TI{GAL4}mir-375KO0) flies.

White indicates the light phase; gray indicates the dark phase.

(C) Analysis of timeless levels in the Agol-RNA complex in heads of miR-375 KO mutant
and w228 Error bar indicates SD. *, p< 0.05; **, p< 0.01; *** p< 0.001 (two-tailed

t-test).

(D) Locomotor behavior under LD cycle and constant darkness. Representative double
plotted actograms of w428 and miR-375 KO mutant (w2118: TI{GAL4}mir-375KO0) flies.

White indicates the light phase; gray indicates the dark phase.

(E) Sleep analysis of male flies with overexpression of miR-375 driven by iso-tim-gal4. The
colors of gray dark, light dark, and blue represent w228 and miR-375 KO mutant (uA118:

THGAL4}mir-375KO0) flies sleep traces.

(F) Sleep profiles of male flies entrained under three LD cycles in miR-375 KO mutant
(W18 TIfGAL4}mir-375K0) and control (w2115). Data represent mean + SEM. **,

p<0.01; *** p< 0.001 (Student’s t-test).
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(G) Levels of timeless mRNA were altered in miR-375 KO (wH18: TI{GAL4}mir-375K0)
flies. The relative expression levels were normalized to actin levels and were further
normalized to control at ZT2. Error bar indicates SEM. *, p< 0.05; **, p< 0.01; ***,
p<0.01 (two-tailed t-test).
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Genotype Total flies Rhythmicflies(%) Period (h) Power
[s0.tim-gald/+ 75 100 24.6+0.09 56.2+6.2
UAS-LUC-mir-375/+ 47 95.74 24.5+0.08 65.2+7.22
1so:tim-gal4/UAS-LUC-mir-375 62 0 * *
UAS-mir-305/+ 45 93.3 24.3+0.09 97.5+9.62
1so.tim-gal4/uas-luc-mir-305 47 91.5 23.7£0.13 82.8+9.33
uas-luc-mir-9c/+ 47 100 23.4+0.07 97.9+6.76
[s0.:tim-gald/uas-luc-mir-9c¢ 29 0 * *
wiie 56 98.83 24.03+0.06 97.1+12.1
w18 - TIfGAL4}mir-375KO 70 67 21.8+0.3 58.27+2.37
paf-gald/+ 32 100 24.03+x0.05  127.1+39.85
pdf-gal4/UAS-LUC-mir-375 32 56.65 24+0.03 77.9+5.85
C929-gal4/+ 54 100 24+0.06 130.33+46.38
C929-gal4/UAS-LUC-mir-375 46 70.93 24.03+0.06  75.37+15.85
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