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Translation is required for miRNA-dependent decay
of endogenous transcripts
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Abstract

Post-transcriptional repression of gene expression by miRNAs
occurs through transcript destabilization or translation inhibition.
mRNA decay is known to account for most miRNA-dependent repres-
sion. However, because transcript decay occurs co-translationally,
whether target translation is a requirement for miRNA-dependent
transcript destabilization remains unknown. To decouple these two
molecular processes, we used cytosolic long noncoding RNAs (lncRNAs)
as models for endogenous transcripts that are not translated. We
show that, despite interacting with the miRNA-loaded RNA-induced
silencing complex, the steady-state abundance and decay rates of
these transcripts are minimally affected by miRNA loss. To further vali-
date the apparent requirement of translation for miRNA-dependent
decay, we fused two lncRNA candidates to the 3’-end of a protein-
coding gene reporter and found this results in their miRNA-dependent
destabilization. Further analysis revealed that the few natural lncRNAs
whose levels are regulated by miRNAs in mESCs tend to associate
with translating ribosomes, and possibly represent misannotated
micropeptides, further substantiating the necessity of target transla-
tion for miRNA-dependent transcript decay. In summary, our analyses
suggest that translation is required for miRNA-dependent transcript
destabilization, and demonstrate that the levels of coding and
noncoding transcripts are differently affected by miRNAs.
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Introduction

Post-transcriptional regulation of gene expression by microRNAs

(miRNAs) is widespread in eukaryotes and impacts diverse

biological processes in health and disease (Bartel, 2004; Bartel,

2009). Most mature miRNAs are the product of a relatively complex

biogenesis process. Primary miRNA transcripts that generally

depend on RNA Polymerase II for transcription are initially

processed by the nuclear enzyme DROSHA and its cofactor DGCR8

into a premature hairpin RNA ~60 nucleotides in length (pre-miRNA

transcript; Lee et al, 2003). Pre-miRNAs are exported into the cyto-

plasm, where they undergo a second round of processing by DICER,

resulting in a ~22 nucleotide long double-stranded RNA duplex

(Hutvagner et al, 2001). Loss-of-function mutations in any of the

miRNA-processing factors result in complete depletion of most

miRNA species (Kim et al, 2016). Argonaute proteins (AGO) bind

mature miRNAs and guide target recognition of the RNA-inducing

silencing complex (RISC). In mammals, target recognition relies

primarily on complementarity between the miRNA seed region (po-

sition 2–8 of the mature miRNA) and miRNA recognition elements

(MREs) in the target (Bartel, 2018).

Post-transcriptional repression by miRNAs occurs by translation

inhibition or transcript decay (Bartel, 2009). The relative contribu-

tions of RNA destabilization and translation inhibition to miRNA-

dependent repression have been extensively studied (Iwakawa &

Tomari, 2015; Jonas & Izaurralde, 2015). These studies support the

general consensus that translation inhibition precedes transcript

deadenylation and decay (Baek et al, 2008; Selbach et al, 2008;

Bethune et al, 2012), which in turn is thought to account for most

miRNA-dependent repression (Baek et al, 2008; Selbach et al, 2008;

Pitchiaya et al, 2012). The coupling between translation inhibition

and transcript destabilization is further substantiated by evidence

that protein-coding transcripts undergoing miRNA-dependent

repression are associated with translating ribosomes (Wightman

et al, 1993; Olsen & Ambros, 1999; Seggerson et al, 2002; Nottrott

et al, 2006; Petersen et al, 2006; Gu et al, 2009; Tat et al, 2016) and

that most miRNAs loaded into RISC (miRISC) co-localize with poly-

somes (Kim et al, 2004; Nelson et al, 2004; Maroney et al, 2006).

These observations have raised questions regarding the require-

ment of translation for miRNA-dependent transcript decay. A

number of experiments relying on the analysis of reporter constructs
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revealed that transcript decay occurs even when translation initia-

tion or elongation are impaired (Wakiyama et al, 2007; Eulalio et al,

2009; Fabian et al, 2009). However, it is hard to reconcile the extent

of target repression reported in these studies (up to 10-fold) with the

well-established impact of most miRNAs on endogenous transcript

abundance, which rarely exceeds twofold (Baek et al, 2008; Selbach

et al, 2008). This has prompted concerns on whether exogenously

expressed reporters faithfully recapitulate the behaviour of the

majority of endogenously expressed transcripts.

To assess the requirement of translation for miRNA-dependent

destabilization of endogenous targets, and to overcome some of the

limitations that may arise from using exogenous reporters, we took

advantage of endogenously expressed cytosolic intergenic long

noncoding RNAs (IncRNAs). This class of noncoding transcripts

rarely associates with ribosomes (Guttman et al, 2013) and has previ-

ously been shown to interact with the miRISC machinery (Helwak

et al, 2013). These transcripts thus provide a unique opportunity to

address the outstanding question of whether miRNA-dependent

decay occurs in the absence of translation. Specifically, we used 4-

thio-uridine (4sU) to assess genome-wide decay rates in wild-type

(WT) and miRNA-depleted cells. Our genome-wide analysis revealed

that the decay rates of protein-coding miRNA targets are significantly

reduced upon miRNA loss, whereas those of lncRNAs are only mini-

mally affected. Putativemicropeptides were enriched among lncRNAs

responsive to changes in miRNA abundance, suggesting that transla-

tion is required for miRNA-dependent decay. We validated this

hypothesis experimentally by inducing association of candidate

lncRNAs with translating ribosomes, and found that this is sufficient

to induce miRNA-dependent decay, further substantiating the prereq-

uisite of translation for miRNA-dependent transcript destabilization.

Results

Cytosolic lncRNAs interact with miRISC

Since post-transcriptional regulation by miRNAs occurs in the cyto-

plasm (Bartel, 2018), and does not directly impact the levels of

nuclear lncRNAs, we first classified lncRNAs based on their subcel-

lular localization. We used RNA sequencing data from mESCs

nuclear and cytosolic fractions (Tan et al, 2015) to estimate the

expression of protein-coding transcripts (mRNAs) and intergenic

long noncoding RNAs (lncRNAs) in these two subcellular compart-

ments (Fig EV1A). We considered lncRNAs with a cytoplasmic/nu-

clear expression ratio higher than the median ratio for mRNAs,

which are predominantly cytoplasmic, highly to be cytosolic

(n = 1,081). The remaining mESC lncRNAs were considered to be

nuclear (n = 4,953). Ribosome profiling data in mESCs (Ingolia

et al, 2011) support that mRNAs (50.4%) are more frequently asso-

ciated with translating ribosomes than cytosolic or nuclear lncRNAs

(6.6% and 4.0%, respectively, two-tailed chi-square test, P-

value < 2 × 10�16, Fig 1A). We took advantage of publicly available

Halo-enhanced Ago2 pull-down (HEAP) data in mESCs (Li et al,

2020) to assess whether cytosolic lncRNAs are associated with

miRISC. We found that the fraction of mESC-expressed mRNAs with

experimental evidence for AGO2 binding is significantly higher than

for cytosolic lncRNAs (25.7% and 4.7%, respectively, two-tailed

chi-square test, P-value < 2 × 10�26). Our ability to detect binding

by miRISC using this approach is in part limited by the endogenous

transcript expression, as highlighted by the significantly higher

expression of transcripts bound by AGO2 (average expression

(TPM) bound = 5.3 vs unbound = 0.49, two-tailed Mann–Whitney

U-test, P < 2 × 10�26, Fig EV1B). Since lncRNAs are in general less

expressed than mRNAs, the proportion of lncRNAs bound by AGO2

may be higher than what is detected. Despite this limitation,

the density of binding at cytosolic lncRNAs (1.2 sites per kb of

sequence) and mRNA 3’UTRs (1.4 sites per kb of sequence for

the transcripts with experimental evidence of AGO2 binding (>0

peak)) is similar (two-tailed Mann–Whitney U-test, P-value = 0.166,

Fig 1B). As expected, cytosolic lncRNAs have a significantly higher

(two-tailed Mann–Whitney U-test, P-value = 0.002) density of AGO2

peaks than nuclear lncRNAs (0.7 sites per kb). Using publicly avail-

able AGO2-CLIP data in wild-type and DICER knockout mESCs

(Leung et al, 2011), we validated the observations that the frac-

tion and density of AGO2 binding is similar for cytosolic lncRNAs

and mRNA 3’UTRs (Fig EV1C). The fraction of cytosolic lncRNAs

bound by AGO2 (Leung et al, 2011), with (6%) and without

(7%) experimental evidence of ribosomal association, is statistically

indistinguishable (two-tailed Fisher’s exact test P = 0.826), suggesting

that AGO2 binding is independent of translation. We conclude that,

consistent with previous analysis, most cytosolic lncRNAs do not

stably associate with translating ribosomes (Guttman et al, 2013),

but are nevertheless targeted by miRISC (Helwak et al, 2013), and

are therefore uniquely suitable to assess miRNA-dependent destabi-

lization of endogenous transcripts in the absence of translation.

Steady-state expression of noncoding transcripts is minimally
impacted by miRNAs

We first sought to determine whether cytosolic lncRNA expression

was post-transcriptionally regulated by miRNAs. We took advantage

of an mESC line containing two Cre/LoxP sites flanking the

Dicer RNAse III domain on exon 21, and a Cre recombinase gene

expressed under the control of a 4-hydroxytamoxifen(4-OHT)-

inducible promoter (Cobb et al, 2005; Nesterova et al, 2008). Expo-

sure of these cells to 4-OHT leads to LoxP site recombination and

concomitant depletion of DICER (two-tailed paired t-test P-

value = 0.010, Fig EV1D and E). Conditional loss of DICER function

minimally impacts cell proliferation (two-tailed paired t-test P-

value = 0.011, Fig EV1F), and the transcript and protein levels (Fig

EV1G and I) of the pluripotency-associated transcription factors

Nanog, Oct4 and Sox2. In contrast to what was previously reported for

Dicer constitutive knockdownmESCs that exhibit a 10-fold downregu-

lation of c-Myc expression (Zheng et al, 2014), in conditional Dicer

mESCmutants, the expression of this gene is onlyminimally impacted

(two-tailed paired t-test P-value = 0.008, fold change between KO and

WT < 0.5, Fig EV1G), supporting that this system is better suited to

investigate the direct effects of miRNA depletion.

We profiled small RNA expression following DICER loss of func-

tion and found that 8 days after 4-OHT addition, mature miRNA

levels are reduced by ~80% (Fig 1C). We validated these results by

TaqMan RT–qPCR, for miR-295-3p and miR-290-3p, which are

among the most abundant miRNAs in mESCs (Judson et al, 2009;

Leung et al, 2011; Fig EV1J). Decreased levels of these miRNAs is

associated, as expected, with a significant increase in the levels of

some of their well-established targets (Wang et al, 2008; Fig EV1K).
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To assess the genome-wide impact of miRNA loss on mRNA and

lncRNA expression, we used data from our previously published

transcriptome-wide expression profiling, following loss of DICER,

experiment in these cells (Tan et al, 2015). As expected, and consis-

tent with the role of miRNAs on post-transcriptional repression of

protein-coding gene expression, we found that mRNA levels

increased moderately, but significantly, following Dicer loss of func-

tion (Fig 1D). The fold increase in expression, relative to control, in

miRNA-depleted mESCs is significantly higher (two-tailed Mann–

Whitney U-test, P = 1 × 10�10) for transcripts with experimental

evidence for AGO2 binding (Fig 1E), supporting that the observed

changes in mRNA expression are, at least in part, a consequence of

mRNA alleviation from miRNA-mediated repression. In contrast to

mRNAs, we found that lncRNA expression was minimally impacted

by miRNA depletion (Fig 1F). Specifically, and in contrast to

mRNAs, lncRNAs steady-state abundance is slightly decreased in

miRNA-depleted cells (Fig 1F). This small decrease is likely an indi-

rect effect of miRNA loss, because decreased levels of miRNAs are

expected to result in increased steady-state abundance of targets, as

observed for mRNAs (Fig 1F). Furthermore, the impact of miRNA

depletion is similar on both subcellular classes of lncRNA and inde-

pendent of co-localization with miRISC (Fig 1F). We conclude that

despite interacting with miRISC, cytosolic lncRNA transcript levels

are not directly regulated by miRNAs (Fig 1F).

No evidence for miRNA-dependent destabilization of
noncoding transcripts

Of the three processes (transcription, processing and degradation)

that determine steady-state transcript abundance, only the rate of
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Figure 1. Steady-state abundance of lncRNAs is not directly affected by miRNA loss.

A Percentage of mRNAs (n = 6,701, red) and predominantly cytosolic (n = 57, blue) and nuclear lncRNAs (n = 175, grey) with experimental evidence of binding by
ribosomes (Translation Efficiency > 0) in mESCs.

B Density of HEAP-AGO2 peaks across cytosolic lncRNAs (n = 62, blue) and the 3’UTR regions of mRNAs (n = 8,798, red) with experimental evidence for AGO2 binding
in mESCs (>0 AGO2 peaks). Central band of boxplot represents median, box depicts 25–75 quantiles of distribution, and whiskers represent the 5th and 95th

quantiles of the distribution.
C, D Small RNA and Poly(A)-selected RNA sequencing based estimates of the fold difference (y-axis) in (C) miRNA and (D) mRNA expression, respectively, relative to day

0, during a 12 days’ time course (x-axis) following treatment of DTCM23/49XY mESCs with 4-OHT and consequent loss of DICER function. Points represent the
average miRNA or mRNA expression and error bars the standard deviation based on three independent biological replicates.

E Cumulative distribution plot of the fold difference in expression after 8 days of 4-OHT treatment for mRNAs, relative to day 0 of treatment (tpm ≥ 1) with
(n = 6,034) and without (n = 7,887) evidence of AGO2-binding by HEAP (Li et al, 2020).

F Distribution of the relative fold change after 8 days of 4-OHT treatment in steady-state abundance, relative to day 0 of treatment, for mESC-expressed (tpm ≥ 1)
mRNAs (n = 19,306, red), cytosolic (n = 445, blue) and nuclear (n = 529, grey) lncRNAs (two-tailed Mann–Whitney U-test, mRNAs vs cytosolic lncRNAs P-
value < 2 × 10�16 and cytosolic vs nuclear lncRNAs P = 0.875). Statistics: NS-P-value > 0.05 and ***P-value < 0.001. Central band of boxplot represents median,
box depicts 25–75 quantiles of distribution, and whiskers represent the 5th and 95th quantiles of the distribution. Two-tailed Mann–Whitney U-test.
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degradation is directly influenced by miRNAs. To determine tran-

scriptome-wide differences in degradation rate between miRNA-

depleted and wild-type mESCs, we performed, in duplicate, 4-thio-

uridine (4sU, 200 µM) metabolic labelling of RNA for 10 and

15 min, as previously described (Biasini & Marques, 2020) 8 days

after induction of DICER loss of function, as well as in uninduced

control mESCs. We sequenced pre-existing and newly synthesized

RNA and quantified intron and exon expression transcriptome-wide

in both RNA fractions (Fig 2A, Methods). Principal component anal-

ysis revealed that the RNA fraction (pre-existing or newly synthe-

tized) is the strongest contributor to differences in gene expression

between samples (Fig EV2A). The second principal component is

strongly correlated with miRNA content in the cell as a result of

DICER presence or absence (Fig EV2B). Finally, the third principal
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Figure 2. No evidence for miRNA-dependent destabilization of cytosolic lncRNAs.

A Schematic representing 4sU metabolic labelling of conditional Dicer knockout and wild-type cells experiment.
B, C Correlation (Pearson) between degradation rates (log10) obtained after 10 (x-axis) and 15 (y-axis) minutes of 200 µM 4sU labelling in wild-type (WT) and DICER

null (KO) cells.
D Volcano plot showing the adjusted P-value (y-axis) as a function of the fold change in degradation rate estimates, based on the 10 min pulse, between KO and WT

cells (x-axis) for protein-coding genes (red), cytosolic (blue) and nuclear (grey) lncRNAs. Each point represents a transcript and the horizontal dashed line represents
the significance cut-off.

E Cumulative distribution plot of the density of AGO2 clusters in the 3’unstralated regions of AGO2 bound mRNAs (AGO2 cluster > 0) whose degradation rates were
either significantly (n = 711, red) or not significantly changed (n = 1,127, black) between KO and WT cells, based on the 10 min pulse estimates. Density of clusters
presented in this analysis was estimated based on data from (Leung et al, 2011).

F Distribution of the fold change (FC) in degradation rates of mRNAs (n = 29,900, red), cytosolic (n = 474, blue) and nuclear (n = 2,348, grey) lncRNAs, in 4-OHT-
treated (KO) relative to ethanol-treated (WT) cells after 8 days of treatment (estimated based on the 10 min 4sU pulse), horizontal dashed line represents a KO/WT
FC in degradation rate of 1 Statistics: NS-P-value > 0.05 an d ***P-value < 0.001. Central band of boxplot represents median, box depicts 25–75 quantiles of
distribution, and whiskers represent the 5th and 95th quantiles of the distribution (two-tailed Mann–Whitney U-test).
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component discriminates samples from different biological repli-

cates (Fig EV2C). We estimated degradation rates from the data we

obtained from the two pulse durations (10 and 15 min) separately

using INSPEcT ((de Pretis et al, 2015), Methods). We found that

these rates are highly correlated between the two pulse lengths for

wild-type and miRNA-depleted cells (R2 > 0.75, Fig 2B and C). As a

control, we used an alternative method (transcription block by acti-

nomycin-D) to validate the estimated differences in transcript stabil-

ity between wild-type and miRNA-depleted cells for a subset of

transcripts spanning a range of fold differences in degradation rates

(Pearson R2 = 0.58, Fig EV2D).

As expected, miRNA depletion is associated with an increase in

transcript stability (85% and 91% of transcripts have lower degra-

dation rate in KO cells for 10 and 15 min pulse, Figs 2D and EV2E,

respectively). Next, we identified genes whose degradation rate is

significantly different (FDR < 0.05) between miRNA-depleted and

control mESCs (14% and 17% in 10 and 15 min pulse, Figs 2D and

EV2E, respectively) and found that, as expected, mRNAs are signifi-

cantly more often stabilized in miRNA-depleted mESCs relative to

control. Finally, and consistent with a role of miRNAs in controlling

the observed differences in degradation rates, transcripts whose

decay rates are significantly decreased following miRNA depletion

have a significantly higher density of miRISC clusters (10 and

15 min pulse, Figs 2E and EV2F, respectively).

In contrast to mRNAs, and in line with the observed changes in

steady-state abundances, we found that the degradation rates of

cytosolic lncRNAs are minimally impacted by miRNA depletion,

with only a few displaying significant differences in degradation rate

(10 and 15 min pulse, Figs 2D and EV2E). Specifically, most cytoso-

lic lncRNAs behave similarly to nuclear lncRNAs (10 and 15 min

pulse, Figs 2F and EV2G, respectively). The decrease in degradation

rate between wild-type and miRNA-depleted cells is likely to be, at

least in part a consequence of well-described compensation mecha-

nisms (Dahan et al, 2011; Haimovich et al, 2013; Braun & Young,

2014) to account for decreased synthesis rates between the two cell

types (Fig EV2H). The analysis of steady-state abundance and

degradation rates following inducible loss of Dicer function indicate

that, in contrast with coding transcripts, cytosolic lncRNAs are resi-

lient to miRNA-mediated destabilization.

Micropeptide-encoding transcripts undergo
miRNA-dependent destabilization

Next, since our analysis of ribosomal profiling data indicated that a

small fraction of cytosolic lncRNAs is ribosome-bound (Fig 1A), we

investigated whether association with translating ribosomes would

contribute to the impact of miRNAs on the degradation rates of some

cytosolic lncRNAs. As expected, mRNAs are significantly more-effi-

ciently translated than lncRNAs (Mann–Whitney U-test P-

value = 2 × 10�16). However, the translation efficiency of cytosolic

lncRNAs, as a class, is significantly higher than that of nuclear

lncRNAs (Mann–Whitney U-test P-value = 9 × 10�5), indicating that

some might encode micropeptides (Fig 3A). The short open reading

frames of micropeptide-encoding transcripts are often missed by

coding potential calculators, leading to the misclassification of these

transcripts as lncRNAs (Makarewich & Olson, 2017). To distinguish

bona fide lncRNAs from micropeptide-encoding transcripts, we used

PhyloCSF (Lin et al, 2011) and identified 43 cytosolic transcripts

containing mammalian conserved short open reading frames (me-

dian longest predicted ORF length 216 nucleotides, Table EV1).

These transcripts are almost three times more likely to be bound by

ribosomes than are other cytosolic lncRNAs (Fig 3B), and their trans-

lation efficiency is significantly higher than that of cytosolic lncRNAs

(two-tailed Mann–Whitney U-test P-value = 6 × 10�5, Fig 3C), and

more similar to that of mRNAs (two-tailed Mann–Whitney U-test P-

value = 0.001, Fig 3C), which is consistent with the notion that

some of these transcripts encode micropeptides. We separated

micropeptides from bona fide cytosolic lncRNAs, and found that fold

change in degradation rate of micropeptides in miRNA-depleted cells

relative to control is similar to what is obtained for mRNAs, and

significantly different from what is observed for bona fide lncRNAs

(Mann–Whitney U-test P-value = 0.044, Fig 3D). These findings

substantiate further potential the requirement of translation for

miRNA-dependent transcript destabilization.

miRNAs impact coding but not noncoding transcript stability

Our transcriptome-wide analysis indicates that translation is

required for miRNA-dependent target destabilization. To test

this hypothesis, we selected two cytosolic lncRNAs expressed at

relatively different levels in mESCs: TCONS_00034281 and

TCONS_00031378, hereafter lncRNA-c1 and lncRNA-c2, respectively

(Fig EV3A–C). Both lncRNAs lack an apparent conserved ORF (Fig

EV3A and B) and are weakly associated with ribosomes (Fig EV4A

and B), supporting that they are noncoding. Consistent with our

transcriptome-wide profiling experiment (paired two-tailed t-test P-

value = 0.075 and 0.231, respectively, Fig EV3D), RT–qPCR analysis

also supports that the steady-state abundance of endogenously

expressed lncRNA-c1 and lncRNA-c2 is not significantly increased

upon miRNA depletion (paired two-tailed t-test P-value = 0.564 and

0.221, respectively, Fig EV3E), in line with our hypothesis, and in

contrast to bona fide miRNA targets such as Lats2 or Cdkn1A (Wang

et al, 2008; paired two-tailed t-test P-value = 0.028 and 0.040,

respectively, Fig EV3D and E). Furthermore, and in contrast with

Lats2 or Cdkn1A (paired two-tailed t-test P-value = 0.044 and 0.032,

respectively, Fig EV3F), stability of lncRNA-c1 and lncRNA-c2 is also

not significantly affected in cells lacking DICER function (paired

two-tailed t-test P-value = 0.132 and 0.240, respectively, Fig EV3F).

Further substantiating our hypothesis, the steady-state abundance

and stability for the two candidates is not affected by miRNA deple-

tion, despite their cytosolic localization (Fig EV3G) and AGO2 bind-

ing, as supported by HEAP ((Li et al, 2020), Fig EV3A), AGO2-CLIP

(Leung et al, 2011) data for mESCs, and as confirmed by AGO2-RIP

(Fig EV3H and I) for lncRNA-c1, the most highly expressed of the

two candidates. We attribute the lack of experimental evidence

for lncRNA-c2 association with AGO2 to this candidate’s relatively

low expression.

We reasoned that if translation is required for miRNA-dependent

transcript destabilization, forcing association of the lncRNA candi-

dates to translating ribosomes by fusing them downstream of a

functional open reading frame should result in miRNA-dependent

degradation of the fused transcripts (Fig 4A). We cloned lncRNA-c1

and lncRNA-c2 downstream of the Enhanced Green Fluorescent

Protein stop codon (hereafter GFP-lncRNA-c1 and GFP-lncRNA-c2,

respectively), and transfected these constructs into wild-type and

miRNA-depleted mESCs. As controls, we transfected in parallel
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GFP-, lncRNA-c1- and lncRNA-c2-expressing constructs. The expres-

sion of exogenous lncRNA-c1 and lncRNA-c2 decreased (Fig 4B) in

miRNA-depleted cells and is therefore unlikely to be regulated by

miRNAs. The levels of GFP, whose steady-state abundance is similar

in wild-type and Dicer-depleted cells, also appear to not be post-

transcriptionally regulated by miRNAs (Fig 4B). In contrast, and

relative to their respective noncoding counterpart, GFP-lncRNA-c1/c2

are significantly upregulated (paired two-tailed t-test, P-value =

0.012 and 0.034, respectively, Fig 4B) in miRNA-depleted cells,

consistent with their miRNA-dependent destabilization in wild-type

cells. Given that all constructs are under the control of the same

promoter, the observed differences in expression are likely to be a

direct consequence of changes in transcript stability.

Evidence of AGO2-binding to one of lncRNA-c1’s miR-290/295

family of miRNAs response elements (MREs) supports that this

candidate is bound by AGO2 loaded with one or more members

of this miRNA family (Fig EV5A and B and Appendix Fig S1). To

validate that these miRNAs are indeed contributing to miRNA-

dependent repression of GFP-lncRNA-c1, we co-transfected mESCs

with GFP-lncRNA-c1 expressing vector and miR-294-inhibitors. We

note a significantly higher expression of GFP-lncRNA-c1 in the inhi-

bitor transfected cells compared to cells transfected with negative

control (paired two-tailed t-test P-value < 0.006, Fig EV5C). We

used site-directed mutagenesis to mutate three MREs for members of

the miR-290/295 highly expressed miRNA family within GFP-

lncRNA-c1 (hereafter GFP-lncRNA-c1DMRE). As expected, reintroduc-

tion of miRNA mimics in DICER-depleted mESC significantly impacts

the levels of the endogenous miRNA targets Cdkn1a (paired two-

tailed t-test P-value = 0.024, Fig EV5D) and Lats2 (paired two-tailed

t-test P-value = 0.003, Fig EV5E). Consistent with the functionality

of miR-290/295 MREs within lncRNA-c1, GFP-lncRNA-c1 is signifi-

cantly more downregulated upon miRNA mimic reintroduction than
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Figure 3. Micropeptide-encoding transcript expression is post-transcriptionally regulated by miRNAs.

A Distribution of the translational efficiency, in mESCs, of mRNAs (n = 7,156, red), cytosolic (n = 341, blue) and nuclear (n = 1,915, grey) lncRNAs. Two-tailed Mann–
Whitney U-test: **P-value < 0.01 and ***P-value < 0.001. Central band of boxplot represents median, box depicts 25–75 quantiles of distribution, and whiskers
represent the 5th and 95th quantiles of the distribution.

B Fraction of cytosolic lncRNAs with experimental evidence for ribosomal binding with (red) or without (blue) an overlapping conserved short open reading frame.
C Distribution of the translational efficiency, in mESCs, of mRNAs (n = 7,156, red), micropeptide-encoding transcripts (n = 43, pink) and bona fide cytosolic (n = 298,

blue) and nuclear (n = 1,857, grey) lncRNAs. Two-tailed Mann–Whitney U-test: *P-value < 0.05, **P-value < 0.01 and ***P-value < 0.001. Central band of boxplot
represents median, box depicts 25–75 quantiles of distribution, and whiskers represent the 5th and 95th quantiles of the distribution.

D Distribution of the fold change (FC) in degradation rate of mRNAs (n = 13,296, red), micropeptide-encoding transcripts (n = 43, pink), bona fide cytosolic (n = 759,
blue) and nuclear (n = 4,299, grey) lncRNAs in 4-OHT-treated (KO) relative to ethanol-treated (WT) cells after 8 days of treatment, horizontal dashed line represents a
KO/WT FC in degradation rate of 1. Statistics: NS-P > 0.05, *P-value < 0.05. Two-tailed Mann–Whitney U-test: P-value = 0.044. Central band of boxplot represents
median, box depicts 25–75 quantiles of distribution, and whiskers represent the 5th and 95th quantiles of the distribution.
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GFP-lncRNA-c1DMRE (paired one-tailed t-test P-value = 0.043,

Fig EV5F). Consistent with these MREs mediating, in part, GFP-

lncRNA-c1 miRNA-dependent repression in wild-type cells, we

found that disrupting these miRNA-binding sites attenuated the

impact of miRNA depletion on GFP-lncRNA-c1 levels (paired two-

tailed t-test P-value = 0.007, Fig 4C). We noted that GFP-lncRNA-c1 is

more responsive to global miRNA depletion than to MRE mutation.

The presence of additional MREs for other mESC-expressed miRNAs
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(14, Table EV2) likely explains why mutation of highly expressed

miR290/295 seed-complementary MREs is not sufficient to entirely

abolish miRNA-dependent GFP-lncRNA-c1 destabilization.

If association with the translation machinery is sufficient to induce

miRNA-dependent decay of a miRISC-bound noncoding transcript,

one would expect translation inhibition of a protein-coding miRNA

target to decrease its miRNA-induced decay. To test this, we inhibited

GFP translation by inserting five BoxB sites (Eulalio et al, 2009) 30

nucleotides upstream of the GFP start codon (BoxB(�30)-GFP,

Fig EV5G). Introduction of these hairpin structures in the GFP-5’UTR

significantly decreased protein levels (Fig 4D–F). We refer to these

constructs as BoxB(�30)-GFP-lncRNA-c1/c2. As previously described

(Eulalio et al, 2009), we observed that 5xBoxB insertion in transcripts’

5’UTR is associated with decreased transcript steady-state levels

(Fig EV5H). However, this up to 1.7-fold decrease in transcript level

is not sufficient to explain the on average 67- and 27-fold reduction in

GFP protein levels we observed for BoxB(�30)-GFP-lncRNA-c1/c2,

respectively (Fig 4D and E and Appendix Fig S2).

We compared the impact of miRNA depletion on GFP-lncRNA-c1/

c2 with and without BoxB sites within their 5’UTR and found that

translation inhibition significantly decreased the impact of miRNA

depletion on GFP-lncRNA-c1 and GFP-lncRNA-c2 abundance (paired

two-tailed t-test P-value = 0.049 and 0.0355, respectively, Fig 4G).

We next investigated whether the impact of translation on

miRNA-dependent regulation was a consequence of inhibition of

translation initiation or elongation. To distinguish between the two

processes, we generated a set of constructs, where we inserted

5xBoxB 339 nucleotides downstream of the GFP start codon (BoxB

(+339)-GFP). To assess the impact of BoxB(+339) insertion on

GFP translation, we used an antibody that targets the protein’s

N-terminus. This approach ensures that, even if insertion results in

protein sequence changes downstream of the BoxB cassette, we

should still be able to detect GFP. Similarly to what we observe for

BoxB(�30) GFP (Fig 4D–G), translation is inhibited by BoxB(+339)-

GFP (Fig 4H) and the decrease in transcript steady-state abundance

associated with BoxB(+339) insertion (Fig EV5I) is not sufficient to

explain the observed change in protein levels (Fig 4H).

Similarly to BoxB(�30), BoxB(+339)-GFP-lncRNA-c1/c2 levels

are less impacted by miRNA depletion than are the levels GFP-

lncRNA-c1/c2 (paired two-tailed t-test P-value = 0.003 and 0.030,

respectively, Fig 4I). Given their position in the construct, we predict

that BoxB(�30) and BoxB(+339) disrupt translation initiation and

elongation, respectively. Since inhibition of translation elongation or

initiation results in a similar reduction of miRNA-dependent regula-

tion, we conclude that association with elongating ribosomes is

required for miRNA-dependent transcript destabilization.

Discussion

Post-transcriptional regulation by miRNAs leads to translational

inhibition or transcript destabilization (Bartel, 2018). Whereas the

◀ Figure 4. Association of lncRNA-c1 with translating ribosomes results in its miRNA-dependent decay.

A Schematic of the construct tested in WT and miRNA-depleted mESCs.
B Expression of GFP, lncRNA-c1, GFP-lncRNA-c1, lncRNA-c2 and GFP-lncRNA-c2 (x-axis) in 8 day 4-OHT-treated, miRNA-depleted cells (KO) relative to ethanol-treated (WT)

mESC (y-axis) 24h post-transfection. Four independent biological replicates were treated, transfected and analysed by RT–qPCR. Statistical significance represented
on the figure based on comparison of KO/WT fold change in expression of GFP, with GFP-lncRNA-c1 and with GFP-lncRNA-c2 (paired two-tailed t-test P-value = 0.034
and 0.032, respectively) and based on comparison of KO/WT fold change in expression of GFP-lncRNAc1 with lncRNA-c1 and GFP-lncRNA-c2 with lncRNA-c2 (paired
two-tailed t-test P-value = 0.012 and 0.018, respectively). Data are represented as mean � SD, and each point corresponds to the results of one independent
biological replicate.

C Expression of GFP-lncRNA-c1 DMRE relative to GFP-lncRNA-c1 (y-axis) in ethanol-treated (WT, circles) or 4-OHT-treated, miRNA-depleted cells (KO, triangles, x-axis).
Four independent biological replicates were treated, transfected and analysed by RT–qPCR. Data are represented as mean � SD, and each point corresponds to the
results of one independent biological replicate. Paired two-tailed t-test P-value = 0.0071

D GFP levels were determined using flow cytometry in mock, GFP and BoxB(�30)-GFP expressing cells 24 h post-transfection. For each row, in the left panel we
represent side scatter intensity (SSC-A, y-axis) as a function of forward scatter intensity (FSC-A, x-axis). The percentage of gated events (cells) is show on the lower
left corner. Centre panel represents GFP intensity (x-axis) as a function of FL2 (auto-fluorescence, y-axis). Percentage of GFP positive cells is shown on the lower right
corner of the panel. Right panel represents the distribution of GFP fluorescence (x-axis) as a function of the number of cells (count, y-axis). The Area Under the Curve
(AUC) is shown on the top left side of the panel.

E AUC in mESCs expressing GFP, GFP-lncRNA-c1 and GFP-lncRNA-c2 wild-type construct (noBoxB, circles) or with a 5xBoxB cassette insertion 30 nucleotides upstream of
the GFP start site (BoxB(�30), triangles). Comparison of AUC between construct with and without (BOxB(�30) paired two-tailed t-test P-value = 8.12 × 10�4, 0.011
and 0.002 for GFP, GFP-lncRNA-c1 and GFP-lncRNA-c2, respectively. Data are represented as mean � SD, and each point corresponds to the results of one independent
biological replicate.

F Immunoblot analysis of GFP (GFP) in protein extracts from mESCs transfected with mock, BoxB(�30)-GFP and GFP expressing vectors. ACTIN-b (ACT-b) was used as
an internal control. One representative blot is depicted.

G Fold change (FC) in normalized expression of GFP-lncRNA-c1, GFP-lncRNA-c2 (noBoxB, circles) and BoxB(�30)-GFP-lncRNA-c1, BoxB(�30)-GFP-lncRNA-c2 (BoxB(�30),
triangles; x-axis) 4-OHT-treated, miRNA-depleted mESCs (KO) relative to ethanol-treated mESCs (WT; y-axis). Four independent biological replicates were analysed.
Data are represented as mean � SD, and each point corresponds to the results of one independent biological replicate. Paired two-tailed t-test P-value = 0.0494 for
GFP-lncRNA-c1 and P-value = 0.0355 for GPF-lncRNA-c2

H Immunoblot analysis of GFP (GFP) in protein extracts from mESCs transfected with mock, BoxB(+339)-GFP and GFP expressing vectors. ACTIN-b (ACT-b) was used as
an internal control. One representative blot is depicted.

I Fold change (FC) in normalized expression of GFP-lncRNA-c1, GFP-lncRNA-c2 (noBoxB, circles) and BoxB(+339)-GFP-lncRNA-c1, BoxB(+339)-GFP-lncRNA-c2 (BoxB(+339),
triangles; x-axis) in 8 day 4-OHT-treated, miRNA-depleted mESCs (KO) relative to ethanol-treated mESCs (WT; y-axis). Four independent biological replicates
analysed.

Data information: For all RT–qPCR analyses, transcript expression was first normalized by the amount of Act-b and PolII and next by the total amount of transfected
vectors per cell estimated based on the levels of relative Neomycin expression. Each point corresponds to the results of one independent biological replicate. Statistics:
NS- P-value > 0.05, *P-value < 0.05, **P-value < 0.01 and ***P-value < 0.001. Uncropped blots used for assembly of panels (F and H) are provided in Fig 4 Source Data.
Source data are available online for this figure.
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general consensus is that most miRNA-induced changes can be

explained by transcript destabilization (Baek et al, 2008; Selbach

et al, 2008), increasing evidence suggests that miRNA-dependent

mRNA decay occurs co-translationally, raising questions about the

ability of miRNAs to post-transcriptionally regulate the levels of

noncoding transcripts.

Supporting different outcomes upon miRISC binding to coding

and noncoding transcripts is recent evidence that these two classes

of transcripts have distinct interaction dynamics with processing

bodies (PB; Pitchiaya et al, 2019), the subcellular compartment

where miRNA-dependent destabilization is thought to occur (Eulalio

et al, 2007). Specifically, and in contrast to miRNA-bound mRNAs,

which localize to the core of PB, miRNA-bound lncRNAs interact

transiently and tend to locate to the PB periphery, a pattern that

might reflect missing interactions with other molecular factors

involved in miRNA-dependent regulation (Pitchiaya et al, 2019).

One such factor could be DDX6, a PB-localized dead box helicase

that links miRNA-dependent translation inhibition and decay (Chu

& Rana, 2006; Chen et al, 2014; Rouya et al, 2014). In mESCs, loss

of DDX6 function phenocopies loss of miRNA biogenesis (Baek

et al, 2008; Freimer et al, 2018), suggesting that molecular factors

that couple translation with RNA decay, like DDX6, are required for

miRNA-dependent transcript destabilization.

These observations may appear surprising in light of previous

reports that miRNA-dependent decay is minimally impacted by

translation initiation or elongation (Wakiyama et al, 2007; Eulalio

et al, 2009; Fabian et al, 2009), but one potential confounding factor

in previous studies is their reliance on the use of exogenous repor-

ters. Furthermore, the level of gene expression changes induced by

the use of mimics or inhibitors exceeds the expected impact of

miRNAs on their target levels by several-fold (Han et al, 2015; Seitz,

2019). Together these and other factors may limit the extent to

which these earlier studies recapitulate what happens in vivo. Anal-

ysis of cytosolic bona fide lncRNAs, which have been previously

shown to interact with miRISC (Helwak et al, 2013), but not with

the translation machinery (Guttman et al, 2013), provides a unique

opportunity to investigate the requirement of translation for endoge-

nous miRNA-directed target decay. Furthermore, the relatively

modest impact of miRNA depletion on target levels we observed

following inducible DICER loss of function is in line with

what would be expected for physiologically relevant miRNA-target

interactions (Han et al, 2015; Seitz, 2019), thus supporting the

use of this experimental system and the physiological significance of

our findings.

Our transcriptome-wide analysis following miRNA loss revealed

that, in contrast to mRNAs, steady-state abundance of cytosolic

lncRNAs significantly decreased in miRNA-depleted cells, suggesting

that this class of transcripts is not efficiently post-transcriptionally

regulated by miRNAs. To assess the direct impact of miRNA regula-

tion on cytosolic lncRNAs, we investigated, using RNA metabolic

labelling, differences in the degradation rates of these transcripts in

wild-type and miRNA-depleted cells. This analysis revealed that

cytosolic lncRNA degradation rates decreased less than those of

mRNAs, and to a similar extent as the degradation rates of nuclear

lncRNAs, which are not expected to be regulated by miRNAs. The

decrease of lncRNA degradation rates in miRNA-depleted cells is

likely the result of coupling between RNA synthesis and decay,

which has been proposed as a mechanism to ensure gene expression

homeostasis (Dahan et al, 2011; Haimovich et al, 2013; Braun &

Young, 2014). While the decrease in degradation rates in response

to decreased synthesis rates (Fig EV2H) is likely a general phenom-

enon in miRNA-depleted mESCs, the increased stabilization of

coding transcripts in near-absence of miRNA is likely to obscure

such effects for mRNAs.

Additionally, we show that the stabilities of putative micrope-

tides and mRNAs are similarly impacted by miRNAs, and more

extensively than the stabilities of lncRNAs, further supporting the

requirement of translation for miRNA-dependent regulation of

endogenously expressed transcripts.

To validate this hypothesis, we selected two cytosolic lncRNAs,

bound by AGO2 and with predicted binding sites for the miR-290/5

family, and forced their association to translating ribosomes by

cloning them downstream of a functional protein-coding open read-

ing frame. Consistent with the requirement of translation for

miRNA-dependent transcript destabilization, forcing association to

the ribosomes resulted in miRNA-dependent post-transcriptional

regulation of previously unaffected transcripts (Fig 4B). These

results are unlikely a consequence of pleotropic effects due to loss

of miRNA function, as mutation of the putative MREs within candi-

date lncRNA sequence reduced the impact of miRNAs on candidate

expression (Fig 4C). We conclude that miRNA-dependent regulation

of endogenously expressed transcripts requires translation.

The requirement of translation for miRNA-dependent regula-

tion supports that, despite extensive evidence for miRISC binding

to cytosolic lncRNAs, the levels of these noncoding transcripts are

not post-transcriptionally modulated by miRNAs. Evidence that

miRNA-binding sites within lncRNAs evolved under constraint

(Tan et al, 2015), suggests that miRNA-lncRNA interactions are

biologically relevant. One possibility is that such interactions

reflect miRNA-dependent regulation by lncRNAs. A number of

examples support these roles in the context of disease and devel-

opment (Cesana et al, 2011; Wang et al, 2013; Tan et al, 2014)

and previous analysis of the potential extent of such regulatory

roles by miRNAs suggested this mechanism of lncRNA function is

prevalent among cytosolic transcripts (Tan et al, 2015). However,

given the relatively low abundance of most lncRNAs, which

rarely exceeds the expected threshold to exert significant and

physiological relevant changes in miRNA targets (Bosson et al,

2014; Denzler et al, 2014; Hausser & Zavolan, 2014), the biologi-

cal relevance of miRNA-dependent regulation by lncRNAs remains

controversial. In light of the present results that support a dif-

ferent outcome of miRNA interactions with mRNA or lncRNAs,

further experiments are now needed to assess the generality of

mRNA-based conclusions.

More generally, the present results also imply that miRISC

binding per se is not sufficient to determine the outcome of

bound targets, suggesting the requirement of further, yet unidenti-

fied, molecular partners. For example, GW182, a major compo-

nent of miRISC, recruits the CCR4-NOT deadenylase complex

(Braun et al, 2011; Fabian et al, 2011) and deadenylation of

mRNAs by CCR4-NOT has been shown to be a key step in facili-

tating miRNA-mediated transcript decay (Tucker et al, 2001;

Denis & Chen, 2003). Understanding the differences in coding and

noncoding RNA miRNA-dependent deadenylation, for example by

genome-wide investigation of poly(A)-tail length following DICER

depletion, or identifying translation-dependent factors, may provide
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the much-needed mechanistic insights on how translation of

targets facilitates miRNA-dependent gene regulation.

In summary, the analysis of endogenously expressed and

miRISC-bound noncoding transcripts provides further evidence that

translation is indispensable for miRNA-dependent regulation of

endogenous transcripts, suggesting the requirement of further

molecular partners, and highlighting differences in post-transcrip-

tional regulation of coding and noncoding RNAs.

Materials and Methods

Detailed description of Resources and Tools used in this study can

be found in Appendix Table S1.

Mouse embryonic stem cell culture

Feeder depleted mouse DTCM23/49 XY embryonic stem cells (Nes-

terova et al, 2008; Tan et al, 2015; Graham et al, 2016) were grown

on 0.1% gelatin-coated tissue culture-treated plates in a humidified

incubator with 5% (v/v) CO2 at 37�C in 1 × DMEM medium supple-

mented with 1 × nonessential amino acids, 50 µM b-mercap-

toethanol, 15% foetal bovine serum, 1% penicillin/streptomycin

and 0.01% of recombinant mouse leukaemia inhibitory factor.

Cultures were maintained by passaging cells every 48 h (replating

density ~3.8 × 104 cells/cm2). Unless stated otherwise, to induce

loss of Dicer function, cells were cultured in mESC growth media

supplemented with 800 nM tamoxifen and previously resuspended

in 100% ethanol ([Z]-4-Hydroxytamoxifen [4-OHT]) for 48 h. To

account for indirect effects of ethanol addition to cells, equal

concentration of 100% ethanol was added to control non-miRNA-

depleted DTCM23/49 XY embryonic stem cells for 48 h. Subse-

quently, miRNA-depleted and non-miRNA-depleted cells were trans-

ferred to nonsupplemented mESC growth medium and cultured for

six additional days to deplete miRNA levels in 4-OHT-treated

DTCM23/49 XY embryonic stem cells.

Small RNA extraction in Dicer depletion time course

Feeder depleted mouse DTCM23/49 XY embryonic stem cells were

cultured in mESC growth media supplemented with 800 nM tamox-

ifen 4-OHT. Small RNA extraction and DNAse treatment following

0, 4, 8, 10 and 12 days of 4-OHT treatment were performed using

the Qiagen miRNEasy Mini Kit and Qiagen RNAse-free DNAse

according to the manufacturer’s instructions.

Small RNA sequencing, mapping and quantification

Small RNA libraries were prepared from 500 ng of total RNA using

Illumina TruSeq small RNA protocol and sequenced on Illumina

HiSeq 2500.

Sequencing adapters were removed from fifty nucleotides long

single-end reads using cutadapt (v1.8) and mapped to mouse

genome (mm10) using bowtie2 (v2.2.4). Gene expression levels for

all mouse miRNAs annotated in miRbase (v21; Kozomara et al,

2019) were quantified using HT-seq (v0.6.1). The raw sequencing

data and reads counts are available on the NCBI Gene Expression

Omnibus (GEO) under accession number GSE143277.

Western blot analysis

Approximately 500,000 mESCs were harvested and washed twice

with ice-cold PBS and stored, after PBS removal, at �80°C until

lysis. Lysis was performed by incubating previously frozen cell

pellet in 50 µl of cold RIPA Buffer (150 mM NaCl, 1.0% NP-40,

0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) on a

rotating wheel for 1 h at 4°C. Lysed cells were sonicated using a

Bandelin Sonopuls HD 2070 homogenizer to degrade released DNA

(Power = 40%, 20 s ON/OFF cycles for three total sonication

pulses). Protein concentration was determined using the PierceTM

BCA Protein Assay kit according to the manufacturer’s instructions.

For NANOG, OCT-4 and DICER protein level quantification,

30 lg of protein were separated at 110 V on NuPageTM 12% Bis-Tris

gel and transferred overnight at 4°C and 27 V in transfer buffer

(25 mM Tris–HCl pH 7.6 192 mM glycine, 20% methanol) onto

nitrocellulose membranes. Transfer efficiency was assessed by

staining the membrane with Ponceau S solution and staining solu-

tion was subsequently removed by washing the membrane three

times with TBS-T (Tris-buffered saline, 0.1% Tween 20, 5 min,

room temperature) After incubation with 5% skim milk in TBS-T for

4–6 h at 4°C, the membranes for simultaneous NANOG and DCR

detection, membranes were cut at 100 kDa (Fig EV1 Source Data)

washed once in TBS-T and incubated with anti-DICER (1:4,000),

anti-NANOG (1:1,000) antibodies in 5% skim milk in TBS-T over-

night at 4°C on a see-saw shaker. For OCT-4 detection membrane

was incubated with anti-OCT4 (dilution 1:1,000) antibodies in 5%

skim milk in TBS-T overnight at 4°C on a see-saw shaker. Following

primary antibody incubation, membranes were washed three times

for 20 min in TBS-T and subsequently incubated with Secondary

Antibodies (DICER = 1:4,000 Goat Anti-Rabbit IgG (H + L)-HRP

Conjugate; for NANOG = 1:4,000 Goat Anti-Rabbit IgG (H + L)-HRP

Conjugate; for OCT-4 = 1:2,500 Rabbit Anti-Goat IgG/HRP)). Next,

membranes were washed three times for 20 min in TBS-T and

chemiluminescent detection was performed using the Advansta ECL

Western Bright as per the manufacturer’s instructions.

Following detection, secondary antibody coupled with the HRP

was deactivated by washing the membrane two times for 20 min

with 1% (w/v) Sodium-Azide in TBS-T and the membrane incu-

bated 2 h at 4 �C with 5% (w/v) skimmed milk in TBS-T containing

anti-ACTIN-b loading control diluted 1:4,000. The membranes were

subsequently washed three times for 15 min in fresh TBS-T and

incubated for one hour at room temperature with the secondary

antibody coupled with horseradish peroxidase in 5% skimmed milk

in TBS-T (for ACTIN-b = 1:4,000 Goat Anti-mouse IgG). Following

washing of membranes three times for 15 min in fresh TBS-T,

ACTIN-b protein detection was performed using the Advansta ECL

Western Bright as per the manufacturer’s instructions. For

uncropped images of blots, please refer to Fig EV1 Source Data.

For GFP Western blot analysis, we quantified protein levels in

cells harvested 72 h following construct transfection. Following

lysis, sonication and BCA quantification (performed as described for

NANOG, OCT-4 and DICER protein level quantification), 15 lg of

protein was separated at 110 V on NuPageTM 12% Bis-Tris gel and

transferred for one hour at 4°C at 100 V in transfer buffer (25 mM

Tris–HCl pH 7.6 192 mM glycine, 20% methanol) onto nitrocellu-

lose membranes. Transfer efficiency was assessed by staining with

Ponceau S solution as described and staining solution was removed
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by washing the membrane three times with TBS-T (Tris-buffered

saline, 0.1% Tween 20, 5 min, room temperature). Subsequently,

the membrane was horizontally cut at 35 kDa to allow for simulta-

neous probing of GFP (27 kDa) and ACTIN-b loading control

(42 kDa). Blocking was performed for 1–2 h in 5% (w/v) skimmed

milk in TBS-T and primary antibody incubation was performed

overnight at 4°C (rabbit anti-GFP = 1:1,000 and mouse anti-ACTIN-

b = 1:4,000 antibody dilution in 5% (w/v) skimmed milk in TBS-T).

Subsequently, membranes were washed three times for 20 min in

TBS-T and incubated with Secondary Antibodies (GFP = 1:1,000

Goat Anti-Rabbit IgG (H + L)-HRP Conjugate; ACTIN-b = 1:4,000

Goat Anti-mouse IgG). Following secondary antibody incubation

membranes were washed three times for 15 min with fresh TBS-T

and detection was performed as described above. For uncropped

images of blots, please refer to Fig 4 Source Data.

Cell proliferation assay

16–24 h prior to DNA staining, 33,000 cells/cm2 were plated on a 6-

well gelatin-coated tissue culture plate. Edu (Click-iT Edu Alexa

FluorTM 488 Flow Cytometry Assay Kit) was added to mESC growth

medium at a final concentration of 10 µM, and the cells were incu-

bated at 37°C for 30 min in a humidified incubator with 5% (v/v)

CO2. Cells were trypsinized, counted and, for each tested sample,

750,000 cells were washed once with 3 ml of 1% BSA in PBS, resus-

pended in 100 µl of Click-iT fixative buffer and incubated for 15 min

at room temperature in the dark. Cells were washed with 3 ml of 1%

BSA in PBS, centrifuged and the supernatant removed. The pellet was

resuspended in 100 µl of 1 × Click-iT saponin-based permeabilization

and wash reagent, and the cells incubated for 15 min at room temper-

ature in the dark. 500 µl of freshly prepared Click-iT reaction cocktail

containing Alexa Fluor 488 Fluorescent dye Azide was added to the

permeabilized cells in 1 × Click-iT saponin-based permeabilization

and wash reagent and the mix incubated at room temperature in the

dark for 30 min. Cells were washed once with 3 ml of 1 × Click-iT

saponin-based permeabilization and wash reagent and following

supernatant removal resuspended in 500 µl of Click-iT saponin-based

permeabilization and wash reagent. Cells were analysed by flow

cytometry on a Beckman Coulter Gallios Flow Cytometer according

to the manufacturer’s instructions, using a 488 nm excitation wave-

length and a green emission filter (530/30 nm).

4sU metabolic labelling

Five million DTCM23/49 XY mESCs (WT and miRNA-depleted)

were seeded and allowed to grow to 70–80% confluency (approxi-

mately 1 day). 4sU was added to the growth medium (final concen-

tration of 200 µM) and cells were incubated at 37 �C for 10 or

15 min. RNA was extracted using TRIzol according to the manufac-

turer’s instructions and DNAse-treated using RNeasy on-column

digestion according to the manufacturer’s instructions. Hundred

microgram of RNA was incubated for 2 h at room temperature with

rotation in 1/10 volume of 10 × biotinylation buffer (Tris–HCl pH

7.4, 10 mM EDTA) and 2/10 volume of biotin-HPDP (1 mg/ml in

dimethylformamide). Following biotinylation, total RNA was puri-

fied through phenol:chloroform:isoamyl alcohol extraction and

precipitated with equal volume of Isopropanol and 1/10 volume of

5 M NaCl. RNA was washed once with 75% ethanol and

resuspended in DEPC-treated H2O. Equal volume of biotinylated RNA

and pre-washed DynabeadsTM MyOneTM Streptavidin T1 beads were

mixed and incubated at room temperature for 15 min under rotation.

The beads were then separated using a DynaMagTM-2 Magnetic stand.

The supernatant (that contains unlabelled pre-existing RNA) was

placed at 4°C until precipitation. Beads were washed 3 × with

1 × B&W Buffer (5 mM Tris–HCl pH 7.5, 0.05 mM EDTA, 1 M NaCl

in DPEC-H2O) and biotinylated RNA dissociated from streptavidin-

coated beads by treatment with 100 mM 1,4-Dithiothreitol for 1 min,

followed by 5 min in RTL buffer. Beads were separated from the solu-

tion using DynaMagTM-2 Magnetic stand and the RNA recovered from

the supernatant extracted using Qiagen RNeasy Mini Kit according to

the manufacturer’s instructions. Pre-existing RNA was precipitated

with equal volume of Isopropanol and centrifuged for 45 min at

15,000 g at 4°C. Pre-existing RNA pellet was washed with 75%

ethanol and resuspended in DEPC-treated H2O. Metabolic labelling

experiments were repeated once for the two labelling durations (2

independent 4-OHT- and ethanol-treated biological replicates).

RNA sequencing, mapping and quantification of metabolic rates

Total RNA libraries were prepared from 10 ng of DNase-treated pre-

existing and newly transcribed RNA using Ovation� RNA-Seq and

sequenced on an Illumina HiSeq 2500 (average of fifty million reads

per library).

Hundred nucleotides long single-end reads were first mapped to

Mus musculus ribosomal RNA (rRNA, ENSEMBL v91, Cunningham

et al, 2019) with STAR v2.5.0 (Dobin et al, 2013). Reads that do not

map to ribosomal RNA were then aligned to intronic and exonic

sequences of Mus musculus transcripts database (ENSEMBL v91)

using STAR and quantified using RSEM (Li & Dewey, 2011). Princi-

pal Component Analysis (PCA) of read counts was performed to

demonstrate separation between newly transcribed (labelled) and

total RNA (Fig EV2A–C). Rates were inferred, independently at each

labelling point using the INSPEcT ([35] Bioconductor package

v1.8.0). Specifically, the absolute values of synthesis, processing

and degradation rates in each condition were estimated using the

“newINSPEcT” function with the option pre-existing = TRUE, while

the statistical significance of the variation of the rates between

conditions was obtained using the method “compareSteady” [see

INSPEcT vignette at http://bioconductor.org/packages/INSPEcT/].

The raw sequencing data are available on the NCBI Gene Expression

Omnibus (GEO) under accession number GSE143277 (Li & Dewey,

2011; Dobin et al, 2013).

Identification of AGO2 bound regions in mESCs

AGO2 bound regions in mESCs were downloaded from

(Leung et al, 2011).

Cutadapt (Martin, 2011) was used to remove sequence adapters

from publicly available AGO2-CLIP sequencing reads from wild-type

and Dicer mutant mESCs (Leung et al, 2011). Trimmed reads were

mapped to the mouse genome (mm10) using bowtie (Langmead

et al, 2009; bowtie -v 2 -m 10 --best –strata) as previously described

(Corcoran et al, 2011). Mapped reads from the same cell type were

merged AGO2 bound clusters identified using PARAlyzer v1.5

(Bandwidth = 3; minimum read count per group = 5; minimum

read count per cluster = 1; minimum read count for KDE = 5;
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minimum cluster size = 1; minimum conversion count per clus-

ter = 1; minimum read count for cluster inclusion = 1; Corcoran

et al, 2011). Clusters present in wild-type and DICER null cells were

excluded using BEDtools (Quinlan & Hall, 2010).

Translational efficiency

Ribosome profiling (RP) and total RNA raw reads were downloaded

from SRA database (SRX084815 and SRX084812, respectively (Ingo-

lia et al, 2011)). Reads were trimmed based on quality and sequence

adapters removed with Cutadapt (v. 1.8, Martin, 2011). Only reads

with the expected read length (16 to 35 nt for the ribosome footprint

and 35 to 60 nt for total RNA) were kept for further analysis. Reads

mapping Mus musculus ribosomal RNA (rRNA) and transfer RNA

(tRNA) databases (ENSEMBL v91, Cunningham et al, 2019) using to

bowtie2 (v. 2.3.4.1, parameters: -L 15 -k 20, Langmead & Salzberg,

2012) were excluded. The remaining reads (SRX084815: 12 228 002

reads; SRX084812: 12 361 681 reads) were aligned against Mus

musculus transcripts database (ENSEMBL v91) using bowtie2 (v.

2.3.4.1, -L 15 -k 20). Multi-mapping reads (mapping to 2 or more

transcripts from different gene loci) were filtered out and the

remaining reads summarized at a gene level using an in-house

script. Translational efficiency (TE) was calculated in R. Briefly, raw

genes ribosome footprints and total RNA counts were normalized

using the edgeR package to account for variable library depths (cpm

function; Robinson et al, 2010). Translational efficiency (TE) was

calculated as the log2 ratio between normalized RP counts and

normalized TR counts. TE was only calculated for genes with

cpm > 1 and have RP read > 0.

Conserved short open reading frames within lncRNA transcripts

were identified by overlapping lncRNA loci with regions with posi-

tive PhyloCSF scores, those that likely represent conserved coding

regions, in any of the three possible reading frames on the same

strand as the lncRNA transcript (Lin et al, 2011). LncRNA tran-

scripts containing conserved short open reading frames are likely to

encode micropeptides.

Subcellular fractionation

Subcellular fractionation of mESCs was carried out using the PARIS

kit according to the manufacturer’s instructions. Following RNA

extraction from cytosolic and nuclear fractions, genomic DNA was

removed from samples using TURBO DNAse according to the manu-

facturer’s instructions. DNAse-treated RNA was extracted using

phenol chloroform and RNA precipitated using equal volume of

isopropanol and 1/10 volume of 5 M NaCl. RNA pellet was washed

once with cold (4°C) 75% ethanol in DEPC-H2O and resuspended in

DEPC-treated H2O.

RNA extraction and qPCR

Total cellular RNA was extracted with the Qiagen RNeasy Mini kit

according to the manufacturer’s instructions. To quantify levels of

mature miRNAs, total RNA was extracted with the Qiagen

miRNeasy kit. Genomic DNA was removed by performing a column

Qiagen DNAse I treatment according to the manufacturer’s instruc-

tions. Following RNA elution in DEPC-H2O, an additional DNAse

treatment was performed using TURBOTM DNAse according to the

manufacturer’s instructions and RNA was purified and reprecipi-

tated as described in preceding section. Following precipitation,

RNA was reverse-transcribed using the Qiagen Quantitect Reverse

Transcription Kit. Quantitative PCRs were prepared using the Roche

FastStart DNA Essential DNA Green Master and sequence-specific

primers (Appendix Table S2) and analysed using a Roche Light

Cycler�96. Unless otherwise stated Actin-b and PolymeraseII were

used as internal controls.

For miRNA level quantification, RNA was reverse-transcribed

using the Applied Biosystems TaqMan microRNA Reverse Tran-

scription Kit and small RNA-specific probes for miR-294-3p, miR-

290-3p and sno-202 according to the manufacturer’s instructions.

Small RNA expression levels relative to small nucleolar RNA 202

(sno-202) were subsequently quantified on a Roche Light Cycler�96

using the TaqMan Universal Master Mix II, no UNG, according to

the manufacturer’s instructions.

RNA stability

Transcription was inhibited by adding actinomycin-D and resus-

pended in dimethyl sulphoxide at a final concentration of 10 µg/ml

in supplemented mESC growth medium. Stability of transcripts was

inferred by comparing relative gene expression levels (normalized

to Actin-b) in cells incubated for 8 h with actinomycin-D and

untreated cells.

Candidate lncRNA and mRNA analysis

Enhanced Green Fluorescent Protein gene was amplified from the

pBS-U6-CMV-EGFP plasmid (Sarker et al, 2005) with primers

complementary to EGFP and NheI restriction sites (see

Appendix Table S2) and inserted into NheI digested pcDNA3.1(-)

(Addgene, V79520). Ligation was performed using T4 DNA ligase

according to the manufacturer’s instructions. Plasmid was trans-

formed into DH5a subcloning efficiency bacterial cells and Sanger

sequencing was used to confirm correct orientation of EGFP inser-

tion into plasmid (GFP).

lncRNA-c1 and lncRNA-c2 were amplified from mESC cDNA

using sequence-specific primers with overhangs containing restric-

tion sites for either XhoI or EcoRI (Appendix Table S2) and cloned

directionally into XhoI-EcoRI digested pcDNA3.1(-) plasmid to

generate lncRNA-c1 construct downstream of the CMV and T7

promoter. Ligation was performed using T4 DNA ligase according to

the manufacturer’s instructions. GFP-lncRNA-c1 construct was

generated adopting same cloning strategy but inserting lncRNA-c1

into GFP containing pcDNA3.1(-) construct. Sanger sequencing was

used to confirm correct sequence.

One MRE on GFP-lncRNA-c1 was mutated using the Phusion

High-Fidelity Polymerase. Briefly, primers containing a scrambled

sequence of the seed region within the MRE and wings complemen-

tary to the targeted sequence (Appendix Table S2) were used to

amplify from the GFP-lncRNA-c1 containing plasmid. Following

amplification PCR purification was performed and DpnI digestion

was used to digest template plasmid. Blunt end ligation using T4

DNA ligase was performed to ligate amplified sequence containing

mutated MRE according to the manufacturer’s instructions. Ligated

construct was subsequently transformed into DH5a bacterial cells

and MRE mutation was confirmed through Sanger sequencing.
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The remaining two MREs on GFP-lncRNA-c1 were done using

the Takara In-fusion HD cloning kit according to the manu-

facturer’s instructions. The primers were designed using the

manufacturer online design tool (https://www.takarabio.com/lea

rning-centers/cloning/in-fusion-cloning-tools) and are available in

Appendix Table S2. The MREs were mutated sequentially using

primers containing the mutation of interest and AmpHiFi PCR

Master Mix. PCR products were gel purified, ligated using the In-

fusion HD enzyme and transformed into Stellar competent bacterial

cells according to the manufacturer’s instruction. MRE mutation

was confirmed through Sanger sequencing.

Five BoxB hairpins were amplified from pAc5.1C-5BoxB73-Fluc-

STOP-CG10011-SV40 plasmid (gift from Dr. Heike Budde at the Max

Planck Institute of Tuebingen, Germany) and inserted 30 nucleo-

tides upstream and 339 nucleotides downstream of the start codon

(BoxB(�30) and BoxB(+339), respectively) in GFP, GFP-lncRNA-c1

and GFP-lncRNA-c2 using Takara in-Fusion HD cloning kit according

to the manufacturer’s instructions. Primers were designed using the

manufacturers online tool and are available in Appendix Table S2.

PCR products were gel purified using NucleoSpin gel and PCR clean-

up kit (Macherey-Nagel), ligated using In-fusion HD enzyme and

transformed into DH5a bacterial cells. Proper insertion of the hair-

pins was confirmed through Sanger sequencing.

For all transfected lncRNA candidate constructs, analyses in

wild-type and miRNA-depleted mESCs, 6 days of ethanol (WT) and

4-OHT-treated (miRNA-depleted, KO) DTCM23/49 XY embryonic

stem cells were plated in 10 cm dishes at a density of 35,000 cells/

cm2. The following day, cells were transfected with 484 × 10�15 mol

of candidate expressing vector using the lipofectamine 2000 trans-

fection reagent. RNA was extracted 24 h after transfection (day 8 of

ethanol and 4-OHT treatment for WT and KO mESC, respectively).

Gene expression levels relative to Actin-b and PolymeraseII of trans-

fected candidates were normalized to Neomycin expression to

account for differences in transfection efficiency between different

cell types and experiments.

For miRNA mimic and inhibitor transfections mmu-miR294-3p,

mmu-miR295-3p mimics (100 nM) and mmu-miRNA294-3p inhibi-

tors (5, 15 and 30 mM), and miRNA mimic/inhibitor negative

controls were transfected 24 h after plasmid transfection using the

RNAimax transfection reagent according to the manufacturer’s

instructions. RNA was extracted 24 h after small RNA transfection

(day 9 of ethanol and 4-OHT treatment for WT and KO mESC,

respectively), and reverse transcription was performed according to

the manufacturer’s instructions as described above.

Flow cytometry analysis

One day before transfection, 250,000 wild-type DTCM23/49 XY

embryonic stem cells were plated in 6 well plates. Cells were trans-

fected using 9ul of lipofectamine 2000 and 48.5 fmol of the follow-

ing vectors per well: pcDNA3.1(-) as mock, GFP, BoxB(�30)-GFP,

GFP-lncRNA-c1, BoxB(�30)-GFP-lncRNA-c1, GFP-lncRNA-c2 and

BoxB(�30)-GFP-lncRNA-c2. Twenty-four hours post-transfection,

cells were trypsinized, washed once with PBS and being re-

suspended in PBS with 10% FBS and 2 mM EDTA. Cells were anal-

ysed on Gallios flow cytometer (Beckman Coulter) and physical

parameters (forward scatter, FSC and side scatter, SSC) as well as

information from FL1 (GFP, 525 nm emission) and FL2 channels

(auto-fluorescence, 575 nm emission) was collected. Analysis of

flow cytometry data was done using FlowJo (v10.6.1). Primary gating

using FSC and SSC was set to exclude dead cells and debris, FL1 and

FL2 channels were used to gate on GFP+ cells. Number of cells (Cell

count) at each FL1 (GFP) intensity was exported to GraphPad Prism

(v8.4.3) and used to calculate the area under the curve (AUC).

RNA immunoprecipitation

RNA immunoprecipitation was performed as previously described

[66]. Briefly, 4.8 × 106 E14 WT cells were seeded into 10 cm dishes

16 h prior to harvest. At the same time, 60 µl of Protein A/G Plus-

Agarose beads were incubated with 10 µl of Rabbit anti-AGO2 or

2.5 µg of normal rabbit IgGs. Protein content in cell lysate was split

in half, adjusted to 1 ml using IP Lysis buffer and supplemented

with protease inhibitors and RNase inhibitors. Fifty microliter of

diluted cell lysates were collected for Input (5%). The remaining cell

lysate was added to the A/B or IgG coupled beads and incubated

overnight at 4°C, on a rotating wheel. After washing, 100 µl of RIP

buffer + 1 µl of RNAse inhibitor was added to the beads and centri-

fuged. Twenty microliter and 80 ll of supernatant were collected for

protein and RNA analysis. Immunoprecipitated and input RNA was

extracted using TRIzol reagent, resuspended in DNAse reaction mix

(16 µl ddH2O, 2 µl 10 × RQ1 DNase buffer, 2 µl RQ1 DNase) and

reverse-transcribed using the GoScript RT Kit and oligo d[T]18. RT–

qPCR were performed as described above.

Ten microliter of RIP supernatant and input samples were sepa-

rated on 8% SDS–PAGE gels and transferred to PVDF membranes.

After incubation with 5% skim milk in 1 × PBS/0.1% Tween-20, the

membranes were washed and incubated with antibodies against AGO2

(ARGONAUTE 2 Rabbit mAb) and Dicer (Rabbit anti-Dicer) at 4°C for

16 h. Secondary antibodies (anti-Rabbit IgG-HRP) were incubated on

membranes for 1 h at RT at a dilution of 1:5,000. Immunoblots were

developed using the SuperSignal West kit and detected using an imag-

ing system. Membrane stripping was performed by low pH method

and AGO2 membrane was re-probed with antibodies against AGO2

(Argonaute 2 Mouse mAb). All membranes were stained using a

coomassie blue staining solution to ensure equal loading.

Data availability

The datasets produced in this study are available in the following

database

• Total, 4sU labelled and small RNA-Seq datasets: Gene Expression

Omnibus GSE143277 (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE143277)

Expanded View for this article is available online.
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