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Brief Communications

miR-124 Regulates Diverse Aspects of Rhythmic Behavior in
Drosophila
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Circadian clocks enable organisms to anticipate and adapt to fluctuating environmental conditions. Despite substantial knowledge of
central clock machineries, we have less understanding of how the central clock’s behavioral outputs are regulated. Here, we identify
Drosophila miR-124 as a critical regulator of diurnal activity. During normal light/dark cycles, mir-124 mutants exhibit profoundly
abnormal locomotor activity profiles, including loss of anticipatory capacities at morning and evening transitions. Moreover, mir-124
mutants exhibited striking behavioral alterations in constant darkness (DD), including a temporal advance in peak activity. Nevertheless,
anatomical and functional tests demonstrate a normal circadian pacemaker in mir-124 mutants, indicating this miRNA regulates clock
output. Among the extensive miR-124 target network, heterozygosity for targets in the BMP pathway substantially corrected the evening
activity phase shift in DD. Thus, excess BMP signaling drives specific circadian behavioral output defects in mir-124 knock-outs.
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Circadian clocks control rhythmic behaviors of most life-forms. Despite extensive knowledge of the central clock, there is less
understanding of how its behavioral outputs are regulated. Here, we identify a conserved neural microRNA as a critical regulator
of diurnal behavior. We find Drosophila mir-124 mutants exhibit robust activity abnormalities during normal light/dark cycles
and during constant darkness. Nevertheless, as the central pacemaker is functional in these mutants, miR-124 regulates clock
output. We provide mechanistic insight by showing deregulation of miR-124 targets in BMP signaling drives specific mir-124
defects. In summary, Drosophila mir-124 mutants reveal post-transcriptional control of circadian activities, and impact of BMP
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signaling in behavioral output.
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Introduction

Most life-forms are behaviorally tuned to 24 h day/night cycles
by an internal circadian clock. Molecular and neuronal bases
of the clock are particularly well studied in Drosophila. At the
core of the molecular clock, heterodimeric transcription fac-
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tors CLOCK and CYCLE activate period (per) and timeless
(tim), whose products feed back to repress CLOCK/CYCLE
activity (Allada and Chung, 2010). Post-translational regula-
tors, such as kinases and phosphatases, can adjust feedback
inhibition delay, and hence oscillator length. This negative
feedback loop represents a self-sustaining mechanism that can
direct rhythmic neuronal activity and behavior, in the absence
of external cues. However, inputs, including light and temper-
ature, help synchronize internal clocks to the environmental
24 h cycle (Busza et al., 2007).

Locomotor rhythmicity in Drosophila is controlled by ~150
circadian neurons in the central brain, organized into distinct
subgroups (Helfrich-Forster, 2005). Under laboratory light/dark
(LD) cycles, fruit flies exhibit bimodal activity with morning and
evening peaks (Grima et al., 2004; Stoleru et al., 2004). Small
ventral lateral neurons (s-LNvs) expressing pigment-dispersing
factor (PDF) are necessary and sufficient for morning activity and
termed morning cells (M cells), whereas evening activity depends
on dorsal lateral neurons (LNds) and possibly a subset of dorsal
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Figure 1. mir-124 knock-out impairs circadian behavior in LD and DD conditions. Panels depict male mir-724 heterozygous controls or trans-heterozygous mutants, or rescues bearing a 19 kb
genomic transgene [39N76]. A-C, Averaged activity profiles across multiple 12 h LD cycles followed by DD. White bars represent light phase (day); black bars represent dark phase (night); subjective
daytime during DD is represented in gray. Representative arrows and arrowheads indicate morning and evening peaks, respectively. The activity peaks in mir-124 mutants correspond to startle
responses to light changes (see also D, E); dotted lines provide temporal register showing they occur after the anticipatory behaviors seen in control and rescued mutants. Note that despite their
altered activity profile, mir-124 mutants maintain rhythmicity in DD; period lengths are quantified. D-1, Averaged activity profiles across five LD cycles; error bars indicate SEM. Heterozygotes exhibit
biphasic activity profile peaking around morning and evening transitions, whereas mir-124 mutants exhibit flattened behavior profiles; the defects are rescuable. J~L, Averaged activity profiles
during the first two DD cycles following transfer to DD. Control mir-124 heterozygotes exhibit a bimodal DD activity profile with peaks around subjective morning and evening. Loss of miR-124
induces a unimodal profile in which evening peak activity is advanced. These behavioral defects are rescuable.

neuron 1 cells [DN1s; collectively termed evening cells (E cells); Beyond transcriptional and post-translational strategies, evi-
Grima et al., 2004; Stoleru et al., 2004]. In DD, s-LNvs serve as  dence is emerging for post-transcriptional clock regulators (Lim and
master pacemakers that generate circadian rhythm and dictate  Allada, 2013). As key regulators of mRNA stability and translation,
the period and phase of E cells (Stoleru et al., 2005). microRNAs (miRNAs) are implicated in multiple aspects of time
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Normal phototransduction and core circadian cell function in mir-124 mutants. A, Representative ERG traces for 1 light stimulations shows normal activity profiles in the absence of

miR-124. B, Depolarization is a measure of how strongly photoreceptor neurons respond to the light stimulus. €, “On” transients (4, red circles) reveal the response of postsynaptic neurons and are
therefore a measure for neurotransmission. All electrophysiological responses are normal in mir-124 mutants. D-, Labeling of M and E cells by PDF and CWO antibodies in heterozygous and mutant
brains. PDF is expressed only in LNv neurons, which extend dendrites to the retina and send axon projections to the medial brain. CWO marks nuclei of LNv and LNd neurons, as well as certain dorsal
neurons. No substantial specification or projection defects were observed in mir-124 mutants. J, K, Confocal imaging of sLNvs immunostained for PER, TIM, and PDF in heterozygous and mutant
brains dissected at indicated time points. L, Quantification of relative PER and TIM levels across the indicated circadian time points. Error bars indicate SEM in B, C, and L.

keeping. miR-219 and miR-132 were early miRNAs identified to
regulate mammalian clocks (Cheng et al., 2007). miR-219 is tran-
scriptionally activated by CLOCK to affect clock pace, whereas
CREB-regulated miR-132 attenuates light-induced clock resetting
(Cheng et al., 2007; Alvarez-Saavedra et al., 2011). In Drosophila,
knockdown of dicer-1 in circadian tissues dampened locomotor
rhythmicity, and Clock is repressed by bantam miRNA (Kadener et
al., 2009). In addition, knockdown of the miRNA effector GW182
caused circadian defects via defective PDF signaling (Zhang and Em-
ery, 2013). Individual fly miRNA knock-outs, including let-7 (Chen
et al., 2014), mir-959~964 (Vodala et al., 2012), and mir-279/mir-
996 (Luo and Sehgal, 2012; Sun et al., 2015b), affect various aspects
of rthythmic behavior.

Here, we study conserved neural miR-124 in regulation of
diurnal behavior. Deletion of Drosophila miR-124 severely
disrupts activity profiles during LD cycles and in DD. As core
circadian functions are maintained, miR-124 regulates clock
output. Notably, we demonstrate that circadian phase advance

in mir-124 mutants functionally involves derepression of
miR-124 targets in BMP signaling. Together, these analyses
provide insight into post-transcriptional control of circadian
behaviors.

Materials and Methods

Drosophila genetics. Mutant and rescue alleles for mir-124 and UAS-
DsRed-mir-124 have been described (Sun et al., 2012; Weng and Co-
hen, 2012). Df(2L)Exel7069 was from the Bloomington Stock Center.
Circadian drivers pdf-Gal4, cryl13-Gal4, and tim-Gal4 were main-
tained by the Young Laboratory (Rockefeller University). BMP path-
way mutants were from Pejmun Haghighi (McGill University).
Electroretinograms. Electroretinograms (ERGs) were performed
with these parameters. We used 2 M NaCl in the recording and refer-
ence electrodes. Electrode voltage was amplified by a Digidata 1440A,
filtered through a Warner IE-210, and recorded using Clampex 10.1
by Molecular Devices. A postrecording filter was also provided by the
Clampex software. Light stimulus was provided in 1 s pulses by a
computer-controlled white LED system (Schott MC1500).
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Figure3. Behavioral responses of mir-124 mutants to environmental perturbations. 4, B, Light-resetting analysis. 4, Following LD entrainment, a 10" light pulse was delivered at Zeitgeber time
21 (i.e., 3 h prematurely) before moving to DD (see Materials and Methods). The light pulse correspondingly shifts the evening peak in all genotypes analyzed. B, Quantification of the subjective
evening peak in the first 2 d following shift to DD conditions, without and with a premature light pulse. ¢, D, Analysis of temperature cycling in DD; black bars (Figure legend continues.)
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Immunohistochemistry. Adult heads were fixed for 3 h in 4% para-
formaldehyde in 0.2% PBS containing 0.25% Triton X-100 (PBST).
Heads were rinsed with 0.2% PBST three times and dissected in block-
ing solution (5% goat serum in 0.2% PBST). Primary and secondary
antibodies were incubated overnight at room temperature. We used
guinea pig-anti-Clockwork Orange (CWO; 1:200; Matsumoto et al.,
2007), mouse-anti-PDF (1:1000; Developmental Studies Hybridoma
Bank), goat-anti-PER (1:500; Santa Cruz Biotechnology sc-15720),
rat-anti-TIM (1:1000; Young Laboratory), Alexa Fluor 488, 568, and
647 (1:500; Invitrogen). We analyzed PER and TIM staining in 5-10
neuronal clusters from 3-8 brains for each time point. Relative sig-
nals between genotypes were normalized to the median across each
time series.

Behavioral assays and analyses. We assayed locomotor activities of
healthy <5 d males using the Drosophila Activity Monitor System (Triki-
netics). For standard conditions, flies were maintained in 12 h LD cycles
at 25°C. To analyze DD behavior, flies were entrained on LD cycles for
5 d, then transferred to DD for 6 d. For phase-shift experiments, we first
entrained flies for five LD cycles. At Zeitgeber time 21 of the last day,
animals were exposed to a 10 min light pulse, then transferred to DD. For
temperature entrainment, flies were kept on 12/12 h 20/29°C thermo-
cycle for 3 d in DD, then moved to 25°C.

For activity analyses, data were binned at 30 min. For LD conditions,
5 d of data were used. For DD, we analyzed the first 2 d after transferring
to darkness. Anticipation indices were calculated as the slope of activity
changes from the last five (for morning anticipation) or eight (for eve-
ning anticipation) bins before light transitions, using the linear regres-
sion function in R. Circadian periods were calculated using ClockLab
software (Actimetrics).

For statistical analysis of evening peak behavior times, we fitted daily
fly behavioral profiles with a cubic smoothing spline (smoothing param-
eter, 0.6). Local maxima were called on smoothed curves for all individ-
ual flies, for each genotype. R packages “stats” and “quantmod” were
used for curve fitting and peak calling (https://www.r-project.org/). The
evening peak was defined by the highest activity before evening starts.
Wilcoxon rank-sum tests, with multiple testing correction by Holm
method, measured statistical significance of evening peaks between
genotypes.

Results

Deletion of mir-124 impairs diverse aspects of rhythmic
locomotor behavior

Having previously generated Drosophila mir-124 knock-outs
(Sunetal., 2012), we examined their adult behaviors. We assayed
male locomotion across 12 h LD cycles followed by DD, compar-
ing heterozygous controls, trans-heterozygous mutants, and a 19
kb genomic rescue. We observed that mir-124 mutants exhibited
a host of abnormal activity patterns under both LD and DD con-
ditions and that these patterns were rescuable (Fig. 1A-C). We
analyzed these in detail.

Under LD, control flies exhibit a bimodal behavior profile
with increased activity before lights-on and lights-off transitions,
known as morning and evening anticipations (Fig. 1D). Loss of
mir-124 dramatically changed LD activities, with loss of morning
anticipation and reduced evening anticipation (Fig. 1E). Con-

<«

(Figure legend continued.)  indicate 20°C; white bars indicate 29°C. The evening activity peak
of mir-124 mutants is still advanced under temperature cycling. E, F, Analysis of temperature-
entrained animals, following release to constant conditions (25°C). Note that the phase of all
genotypes shifts, but mir-124 mutants exhibit greater phase advance. These assays use the
same cohorts from Cand D, except dead animals were excluded from analysis; mir-124 mutants
have increased lethality following TC. n = number of male animals analyzed. We used Mann—
Whitney statistical tests for pairwise comparisons. For light-resetting analysis, we indicate
significance values between controls and mutants in both conditions, and for each cognate
genotype with and without light pulse (shown as color-coded p values). Error bars indicate SEM.
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trols also exhibit an afternoon activity trough (“siesta”), which
was less apparent in mutants. We noted specific defects in
immediate responses to light transitions, which reflect startle be-
haviors. mir-124 mutants had normal lights-off response, but
exhibited substantially reduced lights-on response (Fig. 1A-C,
compare “morning” arrows, E). These LD phenotypes were res-
cuable (Fig. 1F).

We confirmed this using (1) additional mir-124 alleles from
our laboratory, (2) an independently generated mir-124[177]
knock-out (Weng and Cohen, 2012), and (3) hemizygotes over
deficiency Df(2L)Exel7069. We observed similar behavioral
defects in these diverse mir-124 combinations, and rescued inde-
pendent backgrounds (Fig. 1G-I; data not shown). Therefore,
mir-124 is causal for these behavioral defects. Moreover, while
control female activity patterns are distinct from those of males,
we observed mir-124 mutant females exhibited qualitatively sim-
ilar changes in circadian behaviors as mir-124 males, and these
were rescuable (data not shown). Therefore, overall mir-124 di-
urnal behavioral defects are not sexually dimorphic, as reported
for its male-specific reproductive behavioral defects (Weng et al.,
2013).

Following release into DD, wild-type flies maintain rhythmic-
ity and bimodal activity patterns (Fig. 1]), although the ampli-
tude of subjective morning peaks decays faster than subjective
evening peaks. In contrast, mir-124 mutants exhibit unimodal
behavior pattern in DD, due to immediate loss of subjective
morning activity (Fig. 1B,K). Strikingly, while loss of miR-124
does not affect DD period (Fig. 1A—C), it caused peak subjective
evening activity to advance by several hours (Fig. 1K); this was
especially apparent in the first several days after DD shift. Such
activity phase phenotype is unusual among rhythmicity mutants,
since advanced phase is usually accompanied by period change.
These DD phenotypes were rescuable (Fig. 1L).

Core activities of the circadian oscillator are functional in
mir-124 mutants

We attempted to narrow down the defect of mir-124 mutants.
Their rhythmic phenotypes might involve defective core clock
operation, altered clock output, or perhaps aberrant environ-
mental perception.

We first considered whether miR-124 affected visual phototrans-
duction. This was conceivable given mir-124 deletion impaired
lights-on responses (Fig. 1). However, mir-124 mutants exhibited
normal photoreceptor axonal projections to optic lobes (data not
shown). We then used electroretinograms (ERGs) to investigate
how mir-124 photoreceptors respond to light and transmit signals.
Activity profiles were similar between control and two mir-124 mu-
tants (Fig. 2A). We further analyzed photoreceptor responses to light
stimulation by quantifying depolarization (Fig. 2B), and by measur-
ing postsynaptic neurotransmission by quantifying “on” transients
(Fig. 2C). Both parameters were unchanged in mir-124 mutants.
Therefore, light perception, phototransduction, and synaptic trans-
mission do not require miR-124.

Drosophila morning and evening activity peaks are attributed
to discrete adult brain neurons: M and E cells (Grima et al., 2004;
Stoleru et al., 2004). We analyzed expression of PDF and clock-
work orange (CWO), which respectively label LNvs (including
the s-LNvs or M cells) and all major circadian groups (including
both M and E cells). Both LNv and LNd neurons expressed these
markers normally in mir-124 mutant brains, and LNvs extended
normal axonal and dendritic projections (Fig. 2D-I) and exhib-
ited normal daily axonal morphological changes (Fernandez et
al., 2008; data not shown).
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Intrinsic clock operation during DD is maintained by PDF-
expressing s-LNvs (M cells). The normal period of mir-124
mutants implied that these clock cells functioned appropriately
(Fig. 1). To assess this more directly, we stained for periodic
nuclear accumulation of PER and TIM in DD. Figure 2 ], K shows
comparable magnitude and phase of their oscillatory dynamics
between mir-124 heterozygotes and homozygotes in s-LNvs. We
extended this by quantifying PER and TIM cycling across multi-
ple populations of core circadian neurons (Fig. 2L). As the mo-
lecular clock is functional in mir-124 mutants, this implies that
miR-124 regulates clock output function.

Responses of mir-124 mutants to environmental perturbations
We probed the behavior of mir-124 mutants using other pertur-
bations. First, we exploited a brief light pulse during late night to
reset the clock, inducing phase advance. This is mediated by M
and E cell functions (Lamba et al., 2014). We observed that mir-
124 mutants were receptive to light-mediated resetting. That is, a
light pulse advanced the subjective evening peak of mir-124 mu-
tants in DD conditions to the same extent as in control and res-
cued mutants (Fig. 3A,B). This provides further evidence for
normal function of the core clock in these mutants.

Next, we noted that despite dampened activity patterns of
mir-124 in LD, its activity phase in this condition was normal
(Fig. 1E). This implied that light can set normal phase in mir-124
mutants. Since clocks can be synchronized by temperature, we
tested whether temperature cycles (TCs) of 29°C/20°C could re-
store phasing in the mutant. Under DD +TC conditions, mir-124
mutants exhibited detectable phase advance (Fig. 3C,D), a defect
exaggerated following removal of temperature cues (Fig. 3E, F).
Therefore, thermocycles did not fully compensate locomotor
phase defects in mir-124 knock-outs.

Reduction of BMP signaling suppresses specific mir-124
behavioral defects

BMP signaling was recently implicated in clock regulation (Beck-
with et al., 2013). Notably, we previously reported links between
miR-124 and BMP signaling (Sun et al., 2012). Five core BMP
components carry functional miR-124 sites in 3'UTRs, and three
are derepressed at mRNA levels in mir-124 mutants (Fig. 4A).
Moreover, mir-124 mutants exhibit aberrant synaptic transmis-
sion, phenocopying activated retrograde BMP signaling. We
therefore tested for modification of mir-124 phenotypes by BMP
pathway mutations. The rationale is that while miRNA mutants
upregulate large target cohorts, as we showed with mir-124 mu-
tant CNS (Sun et al., 2012), there can exist dose-sensitive targets
whose modest reduction suppresses miRNA-related defects. This

<«

mir-124 mutants (Sun et al., 2012). B, Quantification of the evening activity peak in various
single and double heterozygous BMP mutant alleles in mir-124 mutants. The number of male
flies analyzed per genotype is indicated. We used the Mann—Whitney statistical test for pair-
wise comparison of various data conditions. Compared with control mir-124 heterozygotes
(green), mir-124 mutants exhibit an advanced activity phase. This is not modified by any single
BMP heterozygote, or by several double BMP heterozygotes, but is significantly rescued by
sax+tkv and sax+Mad double heterozygotes (purple), as it is by the mir-124 genomic trans-
gene (black). Control mir-124/BMP heterozygotes are shown in gray. (—H, Examples of aver-
aged DD activity profiles for various genotypes; subjective daytime hours are shaded gray. As
shown in Figure 1, mir-124 mutants exhibit a unimodal evening activity peak with an advanced
phase. The mir-124 phase is not modified by sax heterozygosity, but sax-tkv double heterozy-
gotes partially rescue the phase and sax-Mad double heterozygotes restore this to the appro-
priate time. sax-Mad-mir-124 triple heterozygote, shown as a control, exhibits the normal
bimodal pattern. Error bars indicate SEM in A and B.
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scenario would implicate genes of particular phenotypic rele-
vance to miRNA function.

We assayed several BMP pathway heterozygotes, including
wit|B11], Mad[1], tkv[7], and sax[5], for modulation of mir-
124[12/6] phenotypes. We observed partial improvement of LD
evening anticipation in some genotypes, although effects were
modest (data not shown). We then turned to DD behavior, for
which we documented unimodal behavior and advanced evening
peak in mir-124 mutants (Fig. 4B-D). Neither phenotype was
modified by any single BMP heterozygote (Fig. 4 B, E), indicating
they are not intrinsically easily modifiable. We then sensitized the
system by testing double BMP heterozygotes. Among many com-
binations tested, double heterozygosity of sax with tkv or Mad
mutations substantially corrected the phase shift of mir-124 mu-
tants (Fig. 4 B, F,G). In these double BMP heterozygotes, mir-124
activity peaked toward the end of subjective daytime during DD,
similar to the profile of normal animals. The mir-124 phase res-
cue was most robust in sax, Mad double heterozygotes (Fig. 4G),
correlating with the fact these were the most strongly derepressed
BMP components (Fig. 4A).

These results were not trivially due to dominant effects of
BMP haploinsufficiencies, since various BMP single and double
mutant heterozygotes in mir-124/+ backgrounds exhibited nor-
mal DD behavioral phasing (Fig. 4B, H). Moreover, we empha-
size that phase was not corrected by the Zeitgeber temperature
(Fig. 3C-F). Together, this extensive panel of genetic interaction
tests yields evidence for functional contribution of deregulated
BMP signaling to specific mir-124 defects in circadian behavioral
output.

Discussion

Asawell conserved neural miRNA, miR-124 is considered critical
during vertebrate neural differentiation and human CNS disease
(Sun et al., 2015a). However, extensive analyses of invertebrate
mir-124 knock-outs showed it dispensable for gross neural devel-
opment and differentiation (Clark et al., 2010; Sun et al., 2012;
Weng and Cohen, 2012). Nevertheless, these mutants exhibit
molecular and functional defects in the nervous system. Recently,
miR-124 was found to control male reproductive behavior
through repression of the splicing factor transformer (Weng et al.,
2013). Our current studies uncover profound requirements for
Drosophila miR-124 in functional outputs in the circadian time-
keeping system, broadening the functional reach of this ancient
neural miRNA. Similar conclusions were reached by an accom-
panying study (Zhang et al., 2016). Overall, the highly penetrant
array of behavioral defects of mir-124 mutants contrasts with the
typically modest defects of many miRNA mutants.

The phenotypes of mir-124 mutants reveal novel aspects of
rhythmic biology. For example, we uncovered robust genetic
suppression of DD phase advance in mir-124 mutants by mild
reduction of BMP factors. Since we explicitly showed extensive
direct and indirect expression changes in the mir-124 mutant
CNS (Sun et al., 2012), it is conceivable other targets are respon-
sible for different aspects of mir-124 aberrant behavior. Never-
theless, the functional relationship of miR-124 and BMP
signaling is notable, especially as we showed miR-124 functions
in clock output. BMP signaling adjusts the central oscillator to
determine period (Beckwith et al., 2013), but its impact on phase
determination was unknown. The former study misexpressed ac-
tivated Sax+Tkv receptors to lengthen daily period, but mir-124
mutants exhibit normal period (Fig. 1). It is likely that forcing
dual activated receptors using Gal4-UAS elevates BMP signaling
much higher than does mir-124 deletion (Fig. 3A), so these ma-
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nipulations are not comparable. This illustrates how mir-124 mu-
tants serve to identify new aspects of chronobiology.

Important questions await future resolution, including iden-
tities of neurons that are functionally affected in mir-124 mu-
tants. Such knowledge is also necessary to approach how BMP
signaling affects circadian behavioral output. Unfortunately, we
were unable to rescue mir-124 behaviors using circadian drivers
tim-Gal4, pdf-Gal4, or cry-Gal4 (data not shown). The binary
system might induce inappropriate miR-124 levels, since pan-
neural expression of miR-124 was lethal (data not shown). Alter-
natively, given evidence as a clock output regulator, miR-124
might function outside of core circadian neurons. Transgenic
miRNA sponges have shown utility as competitive inhibitors
(Fulgaetal., 2015), but we could not phenocopy mir-124 mutants
using pan-neural miR-124 sponge expression (data not shown).
Thus, we could not use this strategy to map neurons to miR-124-
mediated behaviors. Somatic CRISPR (clustered regularly inter-
spaced short palindromic repeat) technology may provide a
means of cell-specific neuronal knock-outs (Shen et al., 2014) to
advance this in the future.

Overall, mir-124-null mutants reveal new contributions of
post-transcriptional regulation and signaling pathways to rhyth-
mic behaviors. Moreover, the unique circadian output defects of
mir-124 mutants, including the novel phase advance we charac-
terized, make it an intriguing genetic probe for investigating
changes in activity patterns in more complex environmental
paradigms.
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