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A heatmap representation of the transcripts considered is shown in Figure 5B (see also Figure 5—
source data 1 for gene list).

We first determined how miRNA loss affected the phases of rhythmic mRNA accumulation (Figure 5C). 
We thus calculated the time lag between the transcripts' pre-mRNA and mRNA peaks for the Dicer 
knockouts, and subtracted the equivalent values calculated from the control mice. Positive and nega-
tive ‘phase delay differences’ thus signified that in the Dicer knockout, mRNA accumulation peaked 
later and earlier, respectively, than in controls (an additional analysis of absolute pre-mRNA and mRNA 
phases can be found in Figure 5—figure supplement 1A,B). Phase delay differences were plotted 
against the mRNA/pre-mRNA ratio change (Figure 5C; the 167 transcripts with a significantly higher 
ratio in the knockout are marked in red). This analysis revealed a shift to later phases of mRNA accu-
mulation in the Dicer knockout, which correlated with increased mRNA/pre-mRNA ratios (blue line in 
Figure 5C; Pearson's r(670) = 0.17; p=9.24e−06). In the absence of miRNAs, mRNAs with significantly 
increased mRNA/pre-mRNA ratios thus peaked on average 48 min later (vertical red line in Figure 5C), 
whereas the average for all other rhythmic transcripts (vertical black line) lay at 5 min. Both groups of 
transcripts, that is those that showed higher mRNA/pre-mRNA ratios and those that did not, were 
significantly different (p-value 1.72e−07; Wilcoxon rank sum test; cumulative density plot at the top of 
Figure 5C). Although the globally detectable effect of miRNA loss on the phases of mRNA rhythms 
was relatively modest (less than 1 hr), individual transcripts were affected more dramatically (Figure 5E). 
For genes such as Aconitase 2 (Aco2), F-box protein 21 (Fbxo21), Nicotinamide phosphoribosyltrans-
ferase (Nampt) or Nerve growth factor receptor (Ngfr), the phase-shifts amounted to several hours 
(Figure 5E). We also confirmed the observed effects for selected genes by qPCR (Figure 4—figure 
supplement 5B).

Using a similar approach, we next assessed how the loss of miRNAs influenced the amplitudes of 
mRNA rhythms. For each transcript, we calculated the ratio of the mRNA amplitude to the pre-mRNA 
amplitude in the Dicer knockout and divided this value by the corresponding ratio in control mice. We 
thus found that miRNA loss led to globally shallower amplitudes in the Dicer knockout (Figure 5D), 
although the mean effect was small and amounted only to a 7% decrease in fold-amplitude (see differ-
ence between red and black vertical lines in Figure 5D; p-value for difference between transcripts with 
and without increased mRNA/pre-mRNA ratio: 9.39e−03; Wilcoxon rank sum test). Nevertheless, indi-
vidual examples clearly suggested that miRNAs assume important functions in ensuring that rhythmi-
cally transcribed genes give rise to rhythmic mRNAs that oscillate with the desired amplitudes and 
magnitudes, as shown in Figure 5F (qPCR validations in Figure 4—figure supplement 5C,D) for the 

Difference in phase delays between the two groups of transcripts was tested using Wilcoxon rank sum test (W(672) = 30,799; p=1.72e−07). At the top of 
the graph, the cumulative density plot shows that the two groups of transcripts are clearly separated. (D) Analysis of how the Dicer knockout changes the 
amplitudes of rhythmic mRNA accumulation. Rhythmic transcripts from (B) are plotted according to how the ratio of the mRNA amplitude divided by the 
pre-mRNA amplitude is changed between Dicer knockout and control (abscissa; the further to the left a transcript is located, the lower the amplitude 
becomes in Dicer knockouts) and according to the change in mRNA/pre-mRNA ratio on the ordinate, as in (C). Red and black vertical lines correspond 
to mean amplitude changes of transcripts with and without increased mRNA/pre-mRNA ratios. The blue line shows the correlation of amplitude change 
over all transcripts (Pearson's r(670) = −0.0965; p=1.23e−02). Difference in amplitudes between the two groups of transcripts was tested using Wilcoxon 
rank sum test (W(672) = 36,518; p=9.39e−03). (E) Expression plots for six examples of transcripts whose phases are post-transcriptionally delayed in the 
absence of miRNAs. Aco2, Fbxo21, Nampt, Ngfr, Pppde1 and Sgpl1 thus all have similar phases of rhythmic transcription (pre-mRNA) in Dicer knockout 
(red) and control (blue) (right panels), but their mRNA accumulation is shifted to later times in the knockouts (left panels). Dotted lines represent the 
cosine curve fits. (F) Examples of transcripts showing amplitude effects. Dnmt3a, Dnmt3b and Net1 thus all have similar transcriptional amplitudes in 
Dicer knockout (red) and control (blue) (right panels), but the loss of miRNAs reduces the mRNA amplitudes (left panels). (G) For rhythmically transcribed 
Lipa, the loss of miRNAs prevents rhythmic mRNA accumulation altogether. (H) Cpeb1 mRNA shows the expected phase effect (later in Dicer knockout), 
but contrary to expectation, the mRNA amplitude is increased in the knockout.
DOI: 10.7554/eLife.02510.022
The following source data and figure supplements are available for figure 5:

Source data 1. 
DOI: 10.7554/eLife.02510.023
Figure supplement 1. Analysis of phase and amplitude changes occurring upon Dicer knockout. 
DOI: 10.7554/eLife.02510.024

Figure supplement 2. Permutation of the RNA-seq data set confirmed that the effects observed on the phases and amplitudes (main Figure 5C,D) are 
highly significant and specific to the Dicer knockout. 
DOI: 10.7554/eLife.02510.025

Figure 5. Continued
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expression of DNA methyltransferases 3A (Dnmt3a), 3B (Dnmt3b) and Neuroepithelial cell transform-
ing gene (Net1), as well as for several other genes in Figure 5E. In some cases, such as Lysosomal acid 
lipase A (Lipa), rhythmicity generated at the pre-mRNA level was completely lost at the mRNA level 
when miRNAs were absent (Figure 5G). Here, miRNA-mediated decay could thus represent the mech-
anism ensuring that after cyclic transcription, mRNAs are sufficiently unstable to show rhythmic accu-
mulation at all. Interestingly, the protein encoded by Lipa, lysosomal acid lipase (LAL), is the key 
enzyme hydrolysing cholesteryl esters and triglycerides stored in lysosomes after LDL receptor-medi-
ated endocytosis (Fouchier and Defesche, 2013) and has been reported to be rhythmic in liver, but 
non-rhythmic in other organs (Tanaka et al., 1985). Conceivably, miRNAs could be involved in rend-
ering Lipa rhythms tissue-specific.

Altogether the effects of miRNA loss on amplitudes were less uniform than those on phases (com-
pare Figure 5C,D). Several reasons could account for this difference. First, we noticed that amplitude 
estimations appeared technically more error-prone than phase estimations. Both parameters were 
read from cosine curves fitted to the data, but the peak-trough symmetry imposed by the cosine func-
tion frequently resulted in the underestimation of amplitudes; this was especially the case for high 
amplitude rhythms with pronounced ‘spiky’ appearance (i.e., with rapid rising and declining phases; 
see cosine fits of Nr1d1/Rev-erbα and Dbp in Figure 3—figure supplement 1). Second, miRNAs likely 
only represent one of several mechanisms operative in amplitude modulation; direct consequences of 
miRNA loss on target mRNA amplitudes might thus be partially masked by secondary effects occurring 
in the Dicer knockouts. Third, the model of how phases and amplitudes should ideally correlate (Figure 5A) 
is almost certainly an oversimplification. Indeed, for transcripts such as Cpeb1 (Figure 5H), later phases 
were even accompanied by higher amplitudes. Globally, there was indeed no significant correlation 
between phase delays and amplitude decreases (Figure 5—figure supplement 1E). An uncoupling of 
amplitude and phase effects could occur, for example, through miRNA activity that is not constant 
over the day but confined to specific timepoints (‘Discussion’). Overall, we concluded that the phase 
delays seemed to be the dominant, consistent consequence of miRNA loss in liver. Nevertheless, both 
the amplitude decrease and the phase delay were individually highly significant, as also shown by 
permutation tests in which we randomly reshuffled either the timepoints of the original data or the 
Dicer KO/control assignments on a genewise basis, followed by analyses of rhythm parameters. 
Among >10,000 datasets with permuted timepoints, the likelihood of finding similar or stronger delays 
in phase difference (in both size and significance) or correlations (between mRNA/pre-mRNA ratios 
and phase difference) than those in the original data were very low (Figure 5—figure supplement 2A). 
The observed shift in phase differences was therefore not an intrinsic data set property. By contrast, 
because the expression level differences (Dicer KO vs control) were untouched by the reshuffling of 
timepoints, a sizeable number of permutations still showed amplitude effects comparable to the original 
data (Figure 5—figure supplement 2B). However, when reshuffling occurred at the level of the geno-
types, the permuted data no longer retained any trend reminiscent of the original data, neither for 
phases nor for amplitudes (Figure 5—figure supplement 2C,D). We concluded that the correlations 
uncovered between miRNA loss and rhythmic gene expression parameters were not likely to have 
arisen by chance, for example as a result of a specific predisposition of the data structure or distribution 
that could have occurred in our particular time series and the downstream analyses.

A discrete group of miRNAs is predicted to specifically regulate 
circadian output pathways
The correct timing and extent of rhythmicity is important for the daily execution of clock-regulated 
physiological functions. It was thus likely that the observed phase and amplitude changes had an 
impact on liver functions. To identify pathways that were particularly affected by miRNA loss, we inves-
tigated whether the post-transcriptionally up-regulated circadian transcripts were associated with spe-
cific GO terms (Figure 6A). Using the same data set of circadian transcripts as before (Figure 5), 
several over-represented GO terms could be identified with statistical significance (FDR-adjusted 
p-value<0.05) in the group of rhythmic transcripts with increased mRNA/pre-mRNA ratios in Dicer 
knockouts, but not among the remaining rhythmic transcripts. However, the enrichment was relatively 
low, indicating that the function of miRNAs in regulating circadian gene expression was broad rather 
than confined to specific rhythmic functions. The individual GO terms affected three major fields: cell 
adhesion, apoptosis/development, and (lipid) metabolism. In particular, the latter caught our attention 
because serum analyses of Dicer knockout animals indicated metabolic phenotypes as well, especially 
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Figure 6. Regulation of circadian output pathways by specific miRNAs. (A) GO term analysis identifies specific pathways enriched in the group of 
circadian transcripts that are likely miRNA-regulated (higher mRNA/pre-mRNA ratio in Dicer knockouts) but not so in the remainder of rhythmic mRNAs; 
p-values are corrected for FDR due to multiple testing. Deviations from transcript numbers in Figure 5 are due to genes without associated GO term.  
(B) List of miRNAs for which more predicted targets than expected are found in the group of circadian transcripts with higher mRNA/pre-mRNA ratios in 
Dicer knockout. The miRNAs marked in red are expressed at readily detectable levels in liver; those in black were identified in liver by small RNA-seq, 
but only at very low levels. For miRNAs in grey, we found no evidence for expression in liver by RNA-seq. miRNA predictions performed with targetscan 
(‘Materials and methods’). (C) Reporter construct to study the function of 3′ UTRs sequences. Within a lentiviral expression cassette (defined by the long 
terminal repeats, LTRs, in blue), two different luciferase mRNAs are transcribed from the bidirectional Pgk1 promoter. Firefly luciferase serves as the 
reporter gene to test the effect of a particular 3′ UTRs (pink), whereas renilla luciferase serves as a control for internal normalisation. (D) Effect of Per2, 
Per1 and Cry2 3′ UTRs on reporter expression in control (blue) and Dicer knockout (red) primary hepatocytes. Lentivirally delivered full-length Per2 3′ 
UTRs-containing reporter (nt 1–2129) is thus de-repressed in Dicer knockouts; this effect is mediated by the second half of the UTR (1017–2129), probably 
Figure 6. Continued on next page
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for cholesterol, triglyceride, and glucose levels, which were all reduced (Figure 6—figure supplement 1). 
At least in part, these effects were likely mediated by the loss of miR-122, whose inactivation has 
previously been shown to impact lipid metabolism (Krutzfeldt et al., 2005; Esau et al., 2006; Gatfield 
et al., 2009; Wen and Friedman, 2012).

The breadth of miRNA loss (including potential secondary effects) poses an obvious limit to the 
suitability of Dicer knockouts for further functional studies. Ideally, the targeted inactivation of single 
miRNAs that fulfil prospective functions in circadian regulation would allow for more straightforward 
investigations. To identify such miRNAs, we analysed whether the circadian transcripts that became 
more stable in Dicer knockouts were enriched for predicted miRNA binding sites (Lewis et al., 2005). 
Interestingly, this analysis revealed nine miRNA seed families with more circadian targets than 
expected by chance (Figure 6B) specifically in the data set with higher mRNA/pre-mRNA ratios. 
Of these, miR-25, miR-92, miR-122, miR-22, and miR-29 are expressed at readily detectable levels 
in liver, as shown previously (Landgraf et al., 2007; Gatfield et al., 2009; Vollmers et al., 2009) and 
confirmed by northern blot (Figure 1—figure supplement 2) and small RNA-seq (data not shown). 
Given that miR-122 already has a history as a circadian output modulator (Gatfield et al., 2009), it is 
tempting to speculate that the other miRNAs may represent specialised regulators of the rhythmic 
transcriptome as well. Interestingly, miR-29 is also one of the miRNAs that was reported to regulate 
Per1 in MEFs (Chen et al., 2013). In the future, it would thus be exciting to explore the role of these 
miRNAs in targeted experiment in the context of clock-regulated biological pathways.

Validation of 3′ UTRs using a reporter assay in primary hepatocytes 
predicts Per2-regulating miRNAs
The combination of increased mRNA/pre-mRNA ratios and miRNA target predictions is suggestive of 
bona fide miRNA-mediated regulation. Nevertheless, before embarking on follow-up experiments for 
individual transcripts, validation experiments to map miRNA binding sites in the targets' 3′ UTRs and 
to identify the responsible miRNAs will be necessary. To this end, we designed a luciferase reporter 
assay based on the lentiviral transduction of Dicer knockout and control primary hepatocytes (Figure 6C). 
We chose the core clock transcripts to demonstrate the utility of the assay, as we were particularly 
intrigued by the difference in phenotypes between the Dicer knockout in liver (i.e., mild period length-
ening, Figure 3E) and the previously reported strong period shortening in MEFs (≈2 hr), which the 
authors attributed to miRNA-regulation of Per1 (by miR-24 and miR-29) and Per2 (by miR-24 and miR-
30) (Chen et al., 2013). We tested whether the firefly luciferase reporter gene carrying the full-length 
Per1, Per2 or Cry2 3′ UTRs (or fragments thereof) was subject to de-repression in Dicer knockout 
hepatocytes, as compared to control hepatocytes. Consistent with the RNA-seq and western blot 
analyses (Figure 3B,C), this assay indeed identified Per2 as the main miRNA-regulated core clock 
component (Figure 6D). Moreover, truncated versions of the 3′ UTR that contained the miR-24 and 
miR-30 sites identified by Chen et al. recapitulated some of the miRNA regulation observed for the 
full-length Per2 3′ UTR sequence. However, additional regulation was also conferred by a portion of 
the 3′ UTR containing a predicted target site for the miR-25/92 seed family (fragment 1739–2129, 
Figure 6D) and full regulation may thus require the synergistic activity of several sites. Per1 and Cry2 
full-length 3′ UTRs showed 1.2-fold and 1.8-fold up-regulation, respectively (Figure 6D). This was 
in the same range as what we had observed for the endogenous proteins by western blot (Figure 3C). 
In particular, the lack of strong Per1 regulation in liver was a striking difference to the MEF data and 
could be responsible for phenotypic differences, as Chen et al. have proposed that the faster translation 

in synergy through fragment 1425–1758, which contains the predicted miR-24 and miR-30 sites from Chen et al. (2013), and fragment 1739–2129, which 
contains a predicted site for the miR-25/92 family. Per1 UTR is only slightly de-repressed in Dicer knockout hepatocytes. Cry2 appears to be miRNA-
regulated by sites located in the 3′-terminal portion of the UTR, which contains predicted sites for miR-24, miR-340 and let-7. The miRNAs listed below 
the graph represent targetscan predictions filtered for those detected in liver by small RNA-seq. (A) and (B) identify miRNA regulation reported by 
Nagel et al. (2009) and Chen et al. (2013), respectively. Data correspond to mean ± standard deviation from triplicate assays from independent lentiviral 
transductions using hepatocytes from the same mice. Each experiment was confirmed at least twice using hepatocytes from independent animals.
DOI: 10.7554/eLife.02510.026
The following figure supplements are available for figure 6:

Figure supplement 1. Serum analyses in Dicer knockouts indicate metabolic defects. 
DOI: 10.7554/eLife.02510.027

Figure 6. Continued
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and higher accumulation of PERs (approximately twofold higher PER1 and PER2 peak levels in Dicer 
knockout) shortens the time delay within the oscillator's main feedback loop and speeds up the 
clock. It is possible that tissue-specific miRNA expression contributes to the observed differences; 
in line with a previous study (Vollmers et al., 2012), we have thus observed that miR-30 is among the most 
abundant miRNA species in liver (within the top 10 of miRNAs detected by small RNA-seq), but that 
miR-29 and miR-24 are expressed at lower levels (not in the top 50) (data not shown), which could 
thus partially explain the comparably weak effect of the Dicer knockout on PER1 in liver. In summary, 
in addition to shedding light on miRNA regulation of core clock transcripts, we concluded that the 
reporter assay in hepatocytes represented a useful tool for future studies aimed at verifying direct 
miRNA targets and at unravelling the contribution of specific miRNAs.

Discussion
Recent publications have suggested widespread contributions of post-transcriptional regulation 
to circadian mRNA cycling and have challenged the assumption that rhythmic transcription is the main 
driver of rhythmic gene expression (Koike et al., 2012; Le Martelot et al., 2012; Menet et al., 2012). 
MicroRNAs are important post-transcriptional regulators (Bushati and Cohen, 2007; Krol et al., 2010; 
Fabian and Sonenberg, 2012) whose functions in mammalian circadian biology are only beginning 
to emerge (Lim and Allada, 2013; Mehta and Cheng, 2013). We have used a drastic approach, that 
is the knockout of the miRNA biogenesis factor Dicer (Harfe et al., 2005), to assess how the rhythmic 
transcriptome in mouse liver is altered in the absence of miRNA-mediated regulation (Figure 7). 
Considering the severity of the genetic model, our finding that the circadian system was globally very 
resilient to miRNA loss was surprising and somewhat reminiscent of the stability of circadian oscillators 
with regard to other perturbations such as large fluctuations in general transcription rates and temper-
ature (Dibner et al., 2009). Moreover, our findings are in line with the notion that miRNAs frequently 
function in the fine-tuning and modulation of gene expression (Krol et al., 2010; Fabian and 
Sonenberg, 2012; Yates et al., 2013).

The hepatic core clock remained fully functional and showed only modest period lengthening 
of free-running rhythms (on average by 40 min) in Dicer knockout liver explants. This phenotype is a 
plausible consequence of the approximately twofold increase in expression of PER2, which we iden-
tified as the main miRNA-regulated core clock component in hepatocytes. Mice in which Per2 levels 
are increased due to additional Per2 transgenes thus show a similar period lengthening (Gu et al., 
2012), while Per2 knockout mice have short periods before becoming arrhythmic (Zheng et al., 1999; 
Bae et al., 2001). Conceivably, the longer period seen in Dicer knockout liver explants is masked in 
the animal due to constant entrainment by the SCN and other cues. It is well possible that a pheno-
type will manifest in knockouts only under conditions that bring the steady-state relationship between 
entrainment cues and the liver clock out of equilibrium, such as in jet lag or food shifting experi-
ments (Damiola et al., 2000); this situation would be consistent with models stating that miRNAs 
confer robustness to oscillatory networks and denoise negative feedback loops (Cohen et al., 2006; 
Gerard and Novak, 2013). Intriguingly, Per2 has already been noted to act as a link between sys-
temic entrainment signals and local liver clocks (Kornmann et al., 2007). It would thus be exciting to 
investigate clock readjustment kinetics in Dicer knockouts, for example using a novel method for 
the real-time recording of liver rhythms (Saini et al., 2013).

Interestingly, the previously reported dramatic period shorting (≈2 hr) in Dicer knockout MEFs 
(Chen et al., 2013) is in stark contrast to what we observed in liver. Very likely, tissue-specific differ-
ences in miRNA activity form the basis of these differences and could explain that PER1 and PER2 are 
equally strongly affected in Dicer knockout MEFs, whereas in liver PER1 appears to be less strongly 
regulated. Interestingly, an earlier study on the SCN clock has revealed brain-specific miR-219 and 
miR-132 as regulators of period length and light-induced clock resetting, respectively (Cheng et al., 
2007). It is thus tempting to speculate that miRNAs generally function to post-transcriptionally tune 
the core clock in a cell type-specific fashion. At least in part, miRNA activity could thus also underlie 
known tissue-specific differences in phases and free-running period lengths (Yoo et al., 2004).

The similarity of core clocks proved advantageous for the comparison of clock-controlled gene 
expression between Dicer knockouts and controls animals. To this end, we found that miRNAs contrib-
uted only marginally to generating transcript rhythms at the post-transcriptional level. Less than 2% of 
all rhythmic mRNAs thus fulfilled our criteria for miRNA-driven rhythmicity and the identified examples 
(e.g., Figure 4E–I) showed low amplitude cycling. This finding is consistent with the notion that miRNAs 
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are usually highly stable molecules and generally not expected to show pronounced daily variations in 
abundance (see below). By contrast, we have found that miRNAs exert important functions in refining 
the rhythmic mRNA accumulation profiles of cyclically transcribed genes. We thus estimate that for 
about 30% of the rhythmic transcriptome, miRNA-mediated regulation adds an additional layer of 
post-transcriptional control. Concretely, the absence of miRNAs caused a global shift of mRNA accu-
mulation to later phases during the day. Moreover, peak-to-trough amplitudes of mRNA accumulation 
were overall reduced in Dicer knockouts, although this effect was globally smaller and more variable 
across the transcriptome. These results establish that miRNAs are in charge of an important regulatory 
control level sandwiched between rhythmic transcription and the final rhythmic mRNA and, eventually, 
protein output. Because many miRNAs are expressed in a tissue-specific fashion, they may thus be key 
to converting rhythmic transcriptional information into the desired tissue-specific rhythmic outcome. 
Our miRNA target prediction analysis would suggest that a discrete group of miRNAs (miR-25/92, miR-
122, miR-22 and miR-29) is specifically involved in the post-transcriptional tuning of circadian transcripts 
in the liver. Using the lentiviral reporter system, it will be possible to confirm some of the predicted 
miRNA-target interactions in hepatocytes, which could then form the basis for targeted experiments 

Figure 7. Model, summary, and speculations. In the liver, we propose that miRNAs play three distinct roles in the 
regulation of rhythmic gene expression. First, around 30% of rhythmically transcribed genes appear to be also 
regulated by miRNAs, which tunes the phases and amplitudes of mRNA accumulation. This group of transcripts is 
enriched for predicted binding sites for several miRNAs (Figure 6B), such as miR-122, miR-22, miR-25/92, and others. 
Second, for a very small group of transcripts (<2% of all rhythmic mRNAs) rhythms may be driven by miRNAs, but 
miRNA activity is unlikely to underlie major discrepancies between the rhythmic transcriptome and rhythmic 
transcription. Finally, miRNA activity seems to be dispensable for a functional hepatic core clock. Nevertheless, it is 
conceivable that under conditions where the clock is brought out of equilibrium and has to readjust (e.g., jet lag, 
food shifting) the identified miRNA-mediated regulation in particular of Per2 (but also of Per1 and Cry2) would be 
of functional importance.
DOI: 10.7554/eLife.02510.028
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in which the expression of individual miRNAs is manipulated, for example by genetic or antisense loss-
of-function techniques.

Constantly expressed miRNAs can explain many of the observed phase and amplitude effects 
(Figure 5A). For transcripts such as Lipa, miRNA-mediated regulation may thus merely represent 
a convenient mechanism to keep mRNAs sufficiently unstable to ensure that they cycle at all. 
However, the post-transcriptional profiles of transcripts such as Ddx17, Slc1a15 (Figure 4E,F), or 
Cpeb1 (Figure 5H), could be suggestive of rhythmic miRNA activity. Several miRNAs have been 
previously reported as potentially rhythmic in mouse liver (Na et al., 2009; Vollmers et al., 2012), 
but our small RNA-seq profiling (data not shown), as well as previous analyses of individual miRNAs 
(Gatfield et al., 2009) could not confirm high-cycling miRNA species. Similarly, the recently reported 
circadian expression of Dicer itself (Yan et al., 2013) was not evident from our data (Figure 2—
figure supplement 2B). Collectively, these findings suggest that the potential for rhythmic miRNA 
activity in mouse liver is relatively low. However, our approach, which analyses miRNA activity 
almost exclusively from the perspective of miRNA targets, cannot resolve this issue; a dedicated 
study would thus be informative.

The Dicer knockout allele that we have used (Harfe et al., 2005) has previously served as an entry 
point to define the role of miRNAs in many other fields (e.g., Harris et al., 2006; Chong et al., 2008; 
Sheehy et al., 2010). In spite of the insinuated universality of miRNA loss, there are some limitations 
to the approach. First, in a few exceptional cases, miRNA biogenesis can be independent of canonical 
Dicer processing, for example for miR-451 (Yang and Lai, 2011). This miRNA is indeed not depleted 
from Dicer knockout livers (Figure 1—figure supplement 2B and data not shown). Moreover, similar 
to most other studies, we deduced miRNA activity from target mRNA abundance. This approach 
seems justified overall because genome-wide measurements of miRNA action on mRNA and protein 
levels have shown that these correlate generally well (Baek et al., 2008; Selbach et al., 2008). 
Nevertheless, it should be kept in mind that miRNAs may affect mRNA levels less strongly than protein 
levels (Selbach et al., 2008; Yang et al., 2010), and that mRNA changes can even be absent alto-
gether (e.g., Bhattacharyya et al., 2006). Finally, distinguishing direct from indirect effects in Dicer 
knockout data is challenging. We have used a measure of mRNA stability (mRNA/pre-mRNA ratios) 
to deplete our dataset of gene expression changes that involve altered transcription and that are 
probably mostly indirect. However, in specific cases miRNAs have been reported to directly interfere 
with transcription through promoter complementarity (reviewed in Huang and Li, 2012). Obviously, 
our analyses miss direct effects of miRNAs that are not post-transcriptional. On the other hand, the use 
of increased mRNA stability (mRNA/pre-mRNA ratios) to enrich for likely direct miRNA targets will 
inevitably result in false-positives that are post-transcriptionally regulated due to indirect effects, for 
example because components of the mRNA decay machinery are direct miRNA targets. In spite of 
these caveats, our study represents a comparatively complete analysis of miRNA activity in liver and 
should prove a valuable resource for further investigations of circadian and non-circadian functions 
that these regulatory molecules exert in hepatic gene expression, metabolism, and physiology.

Materials and methods
Animal care and treatment
Animal studies were conducted in accordance with the regulations of the veterinary office of the 
Canton of Vaud (authorization VD2376). All alleles used in the study have been published before that 
is, Dicerflox (Harfe et al., 2005), AlbCre-ERT2 (Schuler et al., 2004), and mPer2Luc (Yoo et al., 2004), and 
were kindly provided by the Tabin, Metzger, and Takahashi labs, respectively. The genetic background 
of the animals used in this study was mixed. Male littermate knockout (Dicerflox/flox;AlbCre-ERT2) and 
control (Dicerflox/+ or Dicer+/+;AlbCre-ERT2) animals aged 3–6 months received tamoxifen treatment by 
intraperitoneal injections over 5 days (total 2 mg) essentially as described (Schuler et al., 2004). 
We combined both wild-type and heterozygous male littermates for the controls because microarray 
analyses indicated that a single functional Dicer allele was sufficient to ensure miRNA processing to 
wild-type levels (Figure 1—figure supplement 2A), as expected from previous studies (Harfe et al., 
2005; Kanellopoulou et al., 2005; Murchison et al., 2005; Chen et al., 2008; Frezzetti et al., 2011). 
Haploinsufficiency has indeed so far only been reported for tumour suppressor functions of Dicer 
in certain non-liver tumorigenesis models (Kumar et al., 2009; Arrate et al., 2010; Lambertz et al., 
2010; Nittner et al., 2012; Yoshikawa et al., 2013).

http://dx.doi.org/10.7554/eLife.02510
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After the last injection, mice were entrained to a 12-hr light:12-hr dark photoperiod with free access 
to food and water for 1 month, sacrificed at the respective Zeitgeber times (ZT 0, 4, 8, 12, 16, 20), 
and the liver was snap-frozen in liquid nitrogen. Oligos used to genotype Dicer knockout efficiency 
from genomic DNA (Figure 1—figure supplement 1A) were DicerF1, DicerR1, and DicerDel (see 
Supplementary file 2 in Du et al., 2014 for sequences).

RNA preparation and analysis
Total RNA was prepared essentially as described previously (Gatfield et al., 2009). The efficiency of the 
Dicer knockout was confirmed for each liver sample by northern blot probing for miR-122. The protocol 
for miRNA northern blots has been described (Gatfield et al., 2009). Total RNA pools for the two time 
series in knockouts and controls were assembled using identical amounts of RNA from 3 to 4 animals per 
pool. All pools were DNase-digested (RQ1 DNase, Promega, Madison, WI) in order to eliminate poten-
tial contamination from genomic DNA that would have rendered pre-mRNA quantifications impossible. 
The absence of genomic DNA contamination was confirmed in all pools by the comparison of RT− and 
RT+ reactions in quantitative real-time PCR (qPCR) using genomic probes. For qPCR analysis, cDNA was 
synthesised from 6 μg of DNase-treated total RNA using random hexamers and SuperScript II reverse 
transcriptase (Invitrogen, Carlsbad, CA) according to the supplier's instructions. cDNA was PCR-amplified 
using FastStart Universal SYBR Green Master (Roche, Basel, Switzerland). Mean levels were calculated 
from triplicate PCR assays for each sample and normalised to those obtained for the control transcripts 
GusB and Eef1a1 (Figure 1E) and Csnk1a1, Ctsd, Nudt4, Smg1 and Trip12 (Figure 4—figure supple-
ment 5). All oligonucleotide sequences are listed in Supplementary file 2 (Du et al., 2014).

miRNA microarrays
Total RNAs (100 ng; same samples as for the RNA-seq series) were hybridised to Mouse miRNA 
Microarray, Release 18.0, 8 × 60K (Agilent Technologies, Santa Clara, CA) using miRNA Complete 
Labelling and Hyb Kit (Agilent Technologies) according to the supplier's instructions. An invariant 
normalisation method using five internal spikes (hur_1, hur_2, hur_4, hur_6, mr_1) was used to nor-
malise Dicer KO vs control samples in Figure 1—figure supplement 2B. Quantile normalisation 
was used for heterozygote knockout vs wild-type samples in Figure 1—figure supplement 2A.

Plasmids, cloning of 3′ UTRs, lentiviral production
The dual luciferase reporter cassette in which the bidirectional phosphoglycerate kinase 1 (PGK1) 
promoter (Amendola et al., 2005) drives the expression of firefly luciferase (FL, used for 3′ UTR cloning) 
and renilla luciferase (RL, for normalisation) was designed in silico and purchased as a synthetic clone 
(GenScript, Piscataway, NJ) in pUC57 plasmid. After excision from the plasmid via flanking SalI 
sites, the cassette was used to replace the XhoI cassette in lentiviral plasmid pWPT-GFP (Addgene, 
Cambridge, MA), resulting in plasmid prLV1 that was used to clone 3′ UTRs of interest via XhoI/NotI 
restriction sites downstream of the firefly luciferase coding sequence. 3′ UTR sequences were ampli-
fied by PCR from liver cDNA or genomic DNA with specific oligonucleotides that carry NotI sites in 
the forward (F) and XhoI sites in the reverse (R) oligos, as listed in Supplementary file 2 (Du et al., 
2014). The identity of the cloned UTRs was verified by sequencing.

From the prLV1 vectors with cloned UTRs, lentiviral particles were produced in 293T cells using 
envelope vector pMD2.G and packaging plasmid psPAX2 as previously described (Salmon and Trono, 
2007). Viral supernatant was spun 2 hr at 25,000 rpm, 4°C using Optima L-90K Ultracentrifuge (SW32Ti 
rotor; Beckman, Brea, CA), then viral particles were resuspended with primary hepatocyte medium.

Primary hepatocytes preparation and viral transduction
Mice were anesthetised and livers were perfused through the inferior vena cava with 50 ml of 
washing buffer (137 mM NaCl, 2.7 mM KCl, 0.5 mM Na2HPO4, 10 mM HEPES, pH 7.65) supple-
mented with 0.5 mM EDTA, then 50 ml of digestion buffer (washing buffer supplemented with  
7 mM CaCl2, 0.4 mg/ml collagenase [C5138; Sigma-Aldrich, St. Louis, MO]) at flow rate of 5 ml/min 
and at 37°C. Isolated cells were filtered with a cell strainer (100 μm, BD Falcon, Franklin Lakes, NJ) and 
washed with 40 ml of primary hepatocyte medium (Medium 199, GlutaMAX Supplement, supple-
mented with 1% penicillin/streptomycin/glutamine (PSG), 0.1% BSA, 10% FCS [all Gibco/Life 
Technologies, Carlsbad, CA]). The cells were resuspended with 10 ml of primary hepatocyte medium, 
counted, and plated in 12-well plates (coated with 0.2% gelatin) at a density of 2 × 105 cells/well. Medium 
was changed 4 hr later and viral supernatant was added. The cells were maintained at 37°C and 
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