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Mammalian microRNAs predominantly act
to decrease target mRNA levels

Huili Guo™?, Nicholas T. Ingolia®*, Jonathan S. Weissman>* & David P. Bartel"*

MicroRNAs (miRNAs) are endogenous ~22-nucleotide RNAs that mediate important gene-regulatory events by pairing to
the mRNAs of protein-coding genes to direct their repression. Repression of these regulatory targets leads to decreased
translational efficiency and/or decreased mRNA levels, but the relative contributions of these two outcomes have been
largely unknown, particularly for endogenous targets expressed at low-to-moderate levels. Here, we use ribosome profiling
to measure the overall effects on protein production and compare these to simultaneously measured effects on mRNA levels.
For both ectopic and endogenous miRNA regulatory interactions, lowered mRNA levels account for most (=84%) of the
decreased protein production. These results show that changes in mRNA levels closely reflect the impact of miRNAs on gene

expression and indicate that destabilization of target mRNAs is the predominant reason for reduced protein output.

Each highly conserved mammalian miRNA typically targets mRNAs
of hundreds of distinct genes, such that as a class these small regula-
tory RNAs dampen the expression of most protein-coding genes to
optimize their expression patterns"’. When pairing to a target is
extensive, a miRNA can direct destruction of the targeted mRNA
through Argonaute-catalysed mRNA cleavage™. This mode of
repression dominates in plants®, but in animals all but a few targets
lack the extensive pairing required for cleavage’.

The molecular consequences of the repression mode that domi-
nates in animals are less clear. Initially miRNAs were thought to
repress protein output with little or no influence on mRNA levels®”.
Then mRNA-array experiments showed that miRNAs decrease the
levels of many targeted mRNAs*. A revisit of the initially identified
targets of Caenorhabditis elegans miRNAs showed that these tran-
scripts also decrease in the presence of their cognate miRNAs'.
The mRNA decreases are associated with poly(A)-tail shortening,
leading to a model in which miRNAs cause mRNA de-adenylation,
which promotes de-capping and more rapid degradation through
standard mRNA-turnover processes'®"*™">. The magnitude of this
destabilization, however, is usually quite modest, which has bolstered
the lingering notion that with some exceptions (for example,
Drosophila miR-12 regulation of CG10011, ref. 14) most repression
occurs through translational repression, and that monitoring mRNA
destabilization might miss many targets that are downregulated with-
out detectable mRNA changes. Challenging this view are results of
high-throughput analyses comparing protein and mRNA changes
after introducing or deleting individual miRNAs'*". An interpreta-
tion of these results is that the modest mRNA destabilization imparted
by each miRNA-target interaction represents most of the miRNA-
mediated repression'®. We call this the ‘mRNA-destabilization’
scenario and contrast it to the original ‘translational-repression’
scenario, which posited decreased translation with relatively little
mRNA change.

In the mRNA-destabilization scenario differences between protein
and mRNA changes are mostly attributed to either measurement
noise or complications arising from pre-steady-state comparisons
of mRNA-array data, which measure differences at one moment in
time, and proteomic data, which measure differences integrated over

an extended period of protein synthesis. If either mRNA levels or
miRNA activities change over the period of protein synthesis (or the
period of metabolic labelling), correspondence between mRNA
destabilization and protein decreases could become distorted.
Another complication of proteomic data sets is that they preferen-
tially examine more highly expressed proteins, whose repression
might differ from more modestly expressed proteins. A recent study
used mRNA arrays to monitor effects on both mRNA levels and
mRNA ribosome density and occupancy, thereby providing a more
sensitive analysis of changes in mRNA utilization and bypassing the
need to compare protein and mRNA'. This array study supports the
mRNA-destabilization scenario but examines the response to an
ectopically introduced miRNA, leaving open the question of whether
endogenous miRNA-target interactions might impart additional
translational repression.

Ribosome profiling, a method that determines the positions of
ribosomes on cellular mRNAs with sub-codon resolution", is based
on deep sequencing of ribosome-protected mRNA fragments (RPFs)
and thereby provides quantitative data on thousands of genes not
detected by general proteomics methods. Moreover, ribosome pro-
filing reports on the status of the cell at a particular time point, and
thus generates results more directly comparable to mRNA-profiling
results than does proteomics. We extended this method to human
and mouse cells, thereby enabling a fresh look at the molecular con-
sequences of miRNA repression.

Ribosome profiling in mammalian cells
Ribosome profiling generates short sequence tags that each mark the
mRNA coordinates of one bound ribosome'. The outline of our
protocol for mammalian cells paralleled that used for yeast (Fig. 1a).
Cells were treated with cycloheximide to arrest translating ribosomes.
Extracts from these cells were then treated with RNase I to degrade
regions of mRNAs not protected by ribosomes. The resulting 80S
monosomes, many of which contained a ~30-nucleotide RPF, were
purified on sucrose gradients and then treated to release the RPFs,
which were processed for Illumina high-throughput sequencing.

We started with HeLa cells, performing ribosome profiling on
miRNA- and mock-transfected cells. In parallel, poly(A)-selected
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Figure 1| Ribosome profiling in human cells captured features of
translation. a, Schematic diagram of ribosome profiling. Sequencing
reproducibility and evidence for mapping to the correct mRNA isoforms are
illustrated (Supplementary Fig. 1a, b). b, RPF density near the ends of ORFs,
combining data from all quantified genes. Plotted are RPF 5’ termini, as
reads per million reads mapping to genes (rpM). Illustrated below the graph
are the inferred ribosome positions corresponding to peak RPF densities, at
which the start codon was in the P site (left) and the stop codon was in the A
site (right). The offset between the 5’ terminus of an RPF and the first

mRNA from each sample was randomly fragmented, and the result-
ing mRNA fragments were processed for sequencing (mRNA-Seq)
using the same protocol as that used for the RPFs. Sequencing
generated 11-18 million raw reads per sample, of which 4-8 million
were used for subsequent analyses because they each mapped to a
single location in a database of annotated pre-mRNAs and mRNA
splice junctions (Supplementary Table 1).

Combining RPFs from HeLa-expressed mRNAs into one composite
mRNA showed that ribosome profiling captured fundamental features
of translation (Fig. 1b, ¢ and Supplementary Fig. 1¢). Although a few
RPFs mapped to annotated 5'-untranslated regions (5'UTRs), which
indicated the presence of ribosomes at upstream open reading frames
(ORFs)", the vast majority mapped to annotated ORFs. RPF density
was highest at the start and stop codons, reflecting known pauses at
these positions®. mRNA-Seq tags, in contrast, mapped uniformly
across the length of the mRNA, as expected for randomly fragmented
mRNA.

The most striking feature in the composite-mRNA analysis was the
3-nucleotide periodicity of the RPFs. In sharp contrast to the 5’
termini of the mRNA-Seq tags, which mapped to all three codon
nucleotides equally, the RPF 5’ termini mostly mapped to the first
nucleotide of the codon (Fig. 1d). This pattern, analogous to that
observed in yeast", is attributable to the RPFs capturing the move-
ment of ribosomes along mRNAs—three nucleotides at a time. The
protocol applied to mouse neutrophils generated ~30-nucleotide
RPFs with the same pattern (Supplementary Fig. 1d, e). Thus, ribo-
some profiling mapped, at sub-codon resolution, the positions of
translating ribosomes in human and mouse cells.

Similar repression regardless of target expression level

General features of translation and translational efficiency in mam-
malian cells will be presented elsewhere. Here, we focus on miRNA-
dependent changes in protein production. Our HeLa-cell experiments
examined the impact of introducing miR-1 or miR-155, both of which
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nucleotide in the human ribosome A site was typically 15 nucleotides (nt).
¢, Density of RPFs and mRNA-Seq tags near the ends of ORFs in HeLa cells.
RPF density is plotted as in panel b, except positions are shifted +15
nucleotides to reflect the position of the first nucleotide in the ribosome A
site. Composite data are shown for =600-nucleotide ORFs that passed our
threshold for quantification (=100 RPFs and =100 mRNA-Seq tags).

d, Fraction of RPFs and mRNA-Seq tags mapping to each of the three codon
nucleotides in panel c.

are not normally expressed in HeLa cells, and our mouse-neutrophil
experiments examined the impact of knocking out mir-223, which
encodes a miRNA highly and preferentially expressed in neutrophils®'.
These cell types and miRNAs were chosen because proteomics experi-
ments using either the SILAC (stable isotope labelling with amino
acids in cell culture) or pSILAC (a pulsed-labelled version of
SILAC) methods had already reported the impact of each of these
miRNAs on the output of thousands of proteins'®'”.

Pairing to the miRNA seed (nucleotides 2—7) is important for target
recognition, and several types of seed-matched sites, ranging in length
from 6 to 8 nucleotides, mediate repression®. Ribosome-profiling and
mRNA-Seq results showed the expected correlation between site
length and site efficacy® (Supplementary Fig. 2). Because the response
of mRNAs with single 6-nucleotide sites was marginal and observed
only in the miR-1 experiment, subsequent analyses focused on
mRNAs with at least one canonical 7-8-nucleotide site.

In the miR-155 experiment, mRNAs from 5,103 distinct genes
passed our read threshold for single-gene quantification (=100
RPFs and =100 mRNA-Seq tags in the mock-transfection control).
Genes with at least one 3'UTR site tended to be repressed following
addition of miR-155, yielding fewer mRNA-Seq tags and fewer RPFs
in the presence of the miRNA (Fig. 2a; P<< 10~ ** and 10/, respec-
tively, one-tailed Kolmogorov—Smirnov (K-S) test, comparing to
genes with no site in the entire message). Proteins from 2,597 of
the 5,103 genes were quantified in the analogous pSILAC experi-
ment'’. The mRNA and RPF changes for the pSILAC-detected subset
were no less pronounced than those of the larger set of analysed genes
(Fig. 2a; P = 0.70 and 0.62 for mRNA and RPF data, respectively, K-S
test), which implied that the response of mRNAs of proteins detected
by high-throughput quantitative proteomics accurately represented
the response of all mRNAs. Analogous results were obtained in the
miR-1 and miR-223 experiments (Fig. 2b, ¢; P< 10~ " for each com-
parison to genes with no site, and P > 0.56 for each comparison to the
proteomics-detected subset). Furthermore, analyses of genes binned
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Figure 2 | MicroRNAs downregulated gene expression mostly through
mRNA destabilization, with a small effect on translational efficiency.

a, Cumulative distributions of mRNA-Seq changes (left) and RPF changes
(right) after introducing miR-155. Plotted are distributions for the genes
with =1 miR-155 3'UTR site (blue), the subset of these genes detected in the
pSILAC experiment (proteomics-detected, red), the subset of the
proteomics-detected genes with proteins responding with log,-fold change
=-0.3 (proteomics-supported, green), and the control genes, which lacked
miR-155 sites throughout their mRNAs (no site, black). The number of
genes in each category is indicated in parentheses. b, Cumulative
distributions of mRNA-Seq changes (left) and RPF changes (right) after
introducing miR-1. Otherwise, as in panel a. ¢, Cumulative distributions of
mRNA-Seq changes (left) and RPF changes (right) after deleting mir-223.

by expression level, which enabled inclusion of data from 11,000
distinct genes that ranged broadly in expression (more than 1,000-
fold difference between the first and last bins), confirmed that
miRNAs do not repress their lowly expressed targets more potently
than they do their more highly expressed targets (Supplementary
Fig. 3).

As these results indicated that restricting analyses to mRNAs with
higher expression, by requiring either a minimal read count or a
proteomics-detected protein, did not somehow distort the picture
of miRNA targeting and repression, we focused on the mRNAs with
at least one 3'UTR site and for which the proteomics detected a
substantial change at the protein level. These sets of mRNAs were
called ‘proteomics-supported targets’ because they were expected to
be highly enriched in direct targets of the miRNAs. Indeed, they
responded more robustly to the introduction or ablation of cognate
miRNAs (Fig. 2a—c; P<<10~° for each comparison to proteomics-
detected genes with sites). Because some 7-8-nucleotide seed-
matched sites do not confer repression by the corresponding
miRNA>**, the proteomics-supported targets, which excluded most
messages with non-functional sites, were the most informative for
subsequent analyses.

Modest influence on translational efficiency

We next examined whether our results supported the translation-
repression scenario, in which translation is repressed without a sub-
stantial mRNA decrease. In the characterized examples in which
miRNAs direct translation inhibition, repression is reported to occur
through either reduced translation initiation®*’ or increased ribosome

RPF fold change (log,)

Translational efficiency fold change (log,)

Otherwise, as in panel a, with proteomics-supported genes referring to genes
with proteins that responded with log,-fold change =0.3 in the SILAC
experiment. d, Cumulative distributions of translational efficiency changes
for the polyadenylated mRNA that remained after introducing miR-155. For
each gene, the translational efficiency change was calculated by normalizing
the RPF change by the mRNA-Seq change. For each distribution, the mean
log,-fold change (*standard error) is shown (inset). e, Cumulative
distributions of translational efficiency changes for the polyadenylated
mRNA that remained after introducing miR-1. Otherwise, as in panel

d. f, Cumulative distributions of translational efficiency changes for the
polyadenylated mRNA that remained after deleting mir-223. Otherwise, as
in panel d.

drop-off*. Both of these mechanisms would lead to fewer ribosomes on
target mRNAs and thus fewer RPFs from these mRNAs after account-
ing for changes in mRNA levels. To detect this effect, we accounted for
changes in mRNA levels by incorporating the mRNA-Seq results. For
example, for each quantified gene in the miR-155 experiment, we
divided the change in RPFs by the change in mRNA-Seq tags (that is,
we subtracted the log,-fold changes). This calculation removed the
component of the RPF change attributable to miRNA-dependent
changes in poly(A) mRNA, leaving the residual change as the com-
ponent attributable to a change in ribosome density, which we inter-
pret as a change in ‘translational efficiency'”.

We observed a statistically significant decrease in translational
efficiency for messages with miR-155 sites compared to those with-
out, indicating that miRNA targeting leads to fewer ribosomes on
target mRNAs that have not yet lost their poly(A)-tail and become
destabilized (Fig. 2d, P =0.003, K-S test). This decrease, however,
was very modest. Even these proteomics-supported targets under-
went only a 7% decrease in translational efficiency (-0.11 log,-fold
change, Fig. 2d, inset), compared to a 33% decrease in polyadeny-
lated mRNA (-0.59 log,-fold change, Fig. 2a). Analogous results were
obtained for the miR-1 and miR-223 experiments (Fig. 2e, f;
P =0.001, P=0.05, respectively). Thus, for both ectopic and endo-
genous regulatory interactions, only a small fraction of repression
observed by ribosome profiling (11-16%) was attributable to
reduced translational efficiency. At least 84% of the repression was
attributable instead to decreased mRNA levels, a percentage some-
what greater than the ~75% reported from array analyses of ectopic
interactions'®.
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Analyses described thus far focused on messages with at least one
3'UTR site to the cognate miRNA, without considering whether the
site was conserved in orthologous UTRs of other animals. When we
focused on evolutionarily conserved sites', the results were similar
but noisier because the conserved sites, although more efficacious,
were 3—13-fold less abundant (Supplementary Fig. 4). When chan-
ging the focus to messages with sites only in the ORFs, the results were
also similar but again noisier because sites in the open reading frames
are less efficacious'®'”*, which led to ~70% fewer genes classified as
proteomics-supported targets (Supplementary Fig. 5).

mRNA reduction consistently mirrored RPF reduction

Analyses of fold-change distributions (Fig. 2) supported the mRNA-
destabilization scenario for most targets, but still allowed for the
possibility that the translational-repression scenario might apply to
a small subset of targets. To search for evidence for a set of unusual
targets undergoing translational repression without substantial
mRNA destabilization, we compared the mRNA and ribosome-
profiling changes for the 5,103 quantifiable genes from the miR-155
experiment. Correlation between the two types of responses was
strong for the messages with miR-155 sites, and particularly for those
that were proteomics-supported targets (Fig. 3a, R* = 0.49 and 0.63,
respectively). A strong correlation was also observed for genes
considered only after relaxing the expression cut-offs (Supplemen-
tary Fig. 6a). Any scatter that might have indicated that a few genes
undergo translational repression without substantial mRNA destabi-
lization strongly resembled the scatter observed in parallel analysis of
genes without sites (Fig. 3b). The same was observed for the miR-1
experiment, but in this case the correlations were even stronger
(R*=0.72 and 0.80, respectively), presumably because the increased
response to the miRNA led to a correspondingly reduced contribution
of experimental noise (Fig. 3¢, d; Supplementary Fig. 6b). The same
was also observed for the miR-223 experiment, with weaker correla-
tions (R*=0.26 and 0.40, respectively) attributable to the reduced
response to the miRNA and a correspondingly increased contribution
of experimental noise (Fig. 3e, f). Supporting this interpretation, sys-
tematically increasing expression cut-offs, which retained data with
progressively lower noise from stochastic counting fluctuations, pro-
gressively increased the correlation between RPF and mRNA-Seq
changes (Supplementary Fig. 6¢). We also examined messages with
multiple sites to the cognate miRNA and found that they behaved no
differently with regard to the relationship between mRNA-Seq and
RPF changes (Supplementary Fig. 7). In summary, we found no evid-
ence that countered the conclusion that miRNAs act predominantly to
reduce mRNA levels of nearly all, if not all, targets.

site site
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Uniform changes along the ORF length

If miRNA targeting causes ribosomes to drop off the message after
translating a substantial fraction of the ORF, then the RPF changes
summed over the length of the ORF might underestimate the reduced
production of full-length protein. Therefore, we re-examined the
ribosome profiling data, which determines the location of ribosomes
along the length of the mRNAs, thereby providing transcriptome-
wide information that could detect ribosome drop-off. For highly
expressed genes targeted in their 3'UTRs (e.g, TAGLNZ in the miR-
1 experiment; Supplementary Fig. 8a), downregulation at the mRNA
and ribosome levels was observed along the length of the ORF. In
order to extend this analysis to genes with more moderate expression,
we examined composite ORFs representing proteomics-supported
targets and compared these to composite ORFs representing genes
without sites. When miR-155 targets were compared to genes without
sites, fewer mRNA-Seq tags were observed across the length of the
composite ORF (Fig. 4a). RPFs tended to be further reduced
(P=0.007, one-tailed Mann—Whitney test), but without a systematic
change in the magnitude of this additional reduction across the length
of the ORF (P = 0.95, two-tailed analysis of covariance (ANCOVA)
test). Because ribosome drop-off would decrease the ribosome occu-
pancy less at the beginning of the ORF than at the end, whereas
inhibiting translation initiation would not, the observed uniform
reduction supported mechanisms in which initiation was inhibited.
Analogous results were observed in the miR-1 experiment (Fig. 4b;
P=0.002, for further reduction in RPFs; P=0.85 for systematic
change across the ORF). Evidence for drop-off was also not observed
in the miR-223 experiment, although a change in translational effi-
ciency was difficult to detect in this analysis, presumably because
the miRNA-mediated changes were lower in magnitude (Fig. 4c).
The same conclusions were drawn from analyses in which we first
normalized for ORF length (Supplementary Fig. 9).

Implications for the mechanism of repression

For both ectopic and endogenous miRNA targeting interactions, the
molecular consequences of miRNA regulation were most consistent
with the mRNA-destabilization scenario. Although acquiring similar
data on cell types beyond the two examined here will be important,
we have no reason to doubt that our conclusion will apply broadly to
the vast majority of miRNA targeting interactions. If indeed general,
this conclusion will be welcome news to biologists wanting to mea-
sure the ultimate impact of miRNAs on their direct regulatory tar-
gets. Because the quantitative effects on translating ribosomes so
closely mirrored the decreases in polyadenylated mRNA, the impact
on protein production can be closely approximated using mRNA
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Figure 3 | Ribosome changes from miRNA targeting corresponded to
mRNA changes. a, Correspondence between ribosome (RPF) and mRNA
(mRNA-Seq) changes after introducing miR-155, plotting data for the 707
quantified genes with at least one miR-155 3'UTR site (blue circles).
Proteomics-detected targets and proteomics-supported targets are
highlighted (pink diamonds and green crosses, respectively). Expected
standard deviations (error bars) were calculated based on the number of
reads obtained per gene and assuming random counting statistics. The R*
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derived from Pearson’s correlation of all data are indicated.

b, Correspondence between ribosome and mRNA changes after introducing
miR-155, plotting data for 707 genes randomly selected from the 3,186
quantified genes lacking a miR-155 site anywhere in the mRNA. Otherwise,
as in panel a. ¢, d, As in panels a and b, but plotting results for the miR-1
experiment. e, f, As in panels a and b, but plotting results for the miR-223
experiment.
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Figure 4 | Ribosome and mRNA changes were uniform along the length of
the ORFs. a, Ribosome and mRNA changes along the length of ORFs after
introducing miR-155. mRNA segments of quantified genes were binned
based on their distance from the first nucleotide of the start codon, with the
boundaries of the segments chosen such that each bin contained the same
number of nucleotides (Supplementary Fig. 8b). Binning was done
separately for mRNAs with no miR-155 site and proteomics-supported miR-
155 targets. Fold changes in RPFs and mRNA-Seq tags mapping to each bin
were then plotted with respect to the median distance of the central
nucleotide of each segment from the first nucleotide of the start codon.

arrays or mRNA-Seq. Our results might also provide insight into the
question of why some targets are more responsive to miRNAs than
others; in the destabilization scenario, otherwise long-lived messages
might undergo comparatively more destabilization than would con-
stitutively short-lived ones.

Translation repression and mRNA destabilization are sometimes
coupled”, which raises the possibility that the miRNA-mediated
mRNA destabilization might be a consequence of translational repres-
sion. If so, a greater fraction of the repression might be attributable to
decreased translational efficiency if the effects were analysed sooner
after introducing a miRNA. However, the fraction attributable to
decreased translational efficiency remained small when repeating
the analysis using samples from 12h (rather than 32h) after intro-
ducing miR-155 or miR-1 (Supplementary Fig. 10 and Supplemen-
tary Table 2). Although these results at earlier time points cannot rule
out rapid destabilization as a consequence of translational repression,
our results revealing such small decreases in translational efficiency
for target mRNAs strongly imply that even if destabilization were
secondary to translational repression, it would be this destabilization
(that is, the reduced availability of mRNA for subsequent rounds of
translation) that would exert the greatest impact on protein produc-
tion. Moreover, miRNA-mediated mRNA de-adenylation, which is
the best-characterized mechanism of miRNA-mediated mRNA desta-
bilization, can occur with or without translation of an ORF'*'>'>2%,
which suggests that the miRNA-mediated destabilization does not
result from translational repression and indicates that translational
repression could occur after the initial de-adenylation signal. Perhaps
the miRNA-induced poly(A)-tail interactions that eventually trigger
de-adenylation also cause the closed circular form of the mRNA to
open up, thereby inhibiting translation initiation. This inhibition
would occur before de-adenylation is complete, as polyadenylated
mRNAs seem to be translationally repressed (Fig. 2d—f).

Another consideration is that, as done previously'* %, we equated
mRNA destabilization to the loss of polyadenylated mRNA. Thus,
transcripts that have lost their poly(A) tails might still be present but
underrepresented in our mRNA-Seq of poly(A)-selected mRNA. In
certain cell types, most notably oocytes, such transcripts can be stable
and eventually be tailed by a cytoplasmic polyadenylation complex
to become translationally competent™. In the typical somatic cell,
however, de-adenylated transcripts are not translated and are instead
rapidly de-capped and/or degraded. Thus, our consideration of de-
adenylated transcripts as operational and functional equivalents of
degraded transcripts seems appropriate. One possibility, though, is
that mRNAs that were de-adenylated while being translated will yield
some RPFs from ribosomes that initiated when the poly(A) tails were
intact but will not yield mRNA-Seq tags. However, a narrowing of
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Changes in RPFs and mRNA-Seq tags for mRNAs with no site (grey and
black, respectively) and for proteomics-supported targets (light and dark
green, respectively) are shown. Only bins with read contribution from =20
genes are shown (see Supplementary Fig. 8b). The ANCOVA test for
systematic change across the ORF length was performed by first calculating
the differences between RPF changes and mRNA-Seq changes for each group
of genes, fitting lines through these changes in translational efficiency, then
testing for a difference between the resulting slopes. b, As in panel a, but
plotting results for the miR-1 experiment. ¢, As in panel a, but plotting
results for the miR-223 experiment.

the differences between changes in RPFs and mRNA-Seq tags
through this process is expected to have been very small, since the
vast majority of RPFs should derive from mRNAs with poly(A) tails.

A way that our results might still be reconciled with the translation-
repression scenario would be if ribosome profiling missed the bulk of
translation repression because translation was repressed without
reducing the density of ribosomes on the targeted messages, that is,
ifreduced initiation was coupled with correspondingly slower elonga-
tion. However, direct evidence for slower elongation has not been
reported in any miRNA studies, and it seems unlikely that decreases
in initiation and elongation rates would so frequently be so closely
matched so as to yield such minor differences in apparent translational
efficiency for so many messages. Moreover, translational repression
without changes in ribosome density would cause the changes mea-
sured by proteomics to exceed those measured by ribosome profiling.
The same would hold for cotranslational degradation of nascent poly-
peptides, another proposed mechanism for miRNA-mediated repres-
sion”. Arguing strongly against both of these possibilities, we found
that changes measured by proteomics were not greater than those
measured by ribosome profiling (Supplementary Fig. 11).

Although the changes we observed in translational efficiency were
consistent with slightly reduced translation of the targeted messages,
such changes could also occur without any miRNA-mediated trans-
lational repression. If some fraction of the polyadenylated mRNA was
in a cellular compartment sequestered away from the compartment
containing both miRNAs and ribosomes, then preferential destabiliza-
tion of the mRNA in the miRNA/ribosome compartment would lead
to an observed decrease in translational efficiency without a need to
invoke translational repression. For example, to the extent that mature
mRNAs awaiting transport to the cytoplasm reside in the nucleus
where they presumably would not be subject to either miRNA-
mediated destabilization or translation, the reduction of mRNA-Seq
tags would not match the reduction of RPFs, and the more pronounced
RPF reduction would indicate decreased ribosome density even in the
absence of translational repression. Heterologous reporter mRNAs,
some of which have lent support to the translational-repression
scenario, might be particularly prone to nuclear accumulation. With
this consideration in mind, the observed miRNA-dependent reduc-
tions in translational efficiency might be considered upper limits on the
magnitude of translational repression.

Although we cannot determine the precise amount of miRNA-
mediated translational repression, we can reliably say that the per-
vasive and dominant miRNA-mediated translational repression with
persistence of repressed mRNAs, which had been widely anticipated,
has not materialized. Instead, the outcome of regulation is predomi-
nantly mRNA destabilization, as first suggested by analyses of
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proteomic data'®. We cannot rule out a few interactions for which
there is substantial translational repression with little or no mRNA
destabilization, but if these exist, they would be rare outliers. For such
outliers, miRNAs might be working in concert with other mRNA-
binding factors such that the action of the other factors depends on
miRNA binding. Such outliers with readily detectable translational
repression would be the most attractive subjects of mechanistic
studies. The mechanism of translational repression might differ for
different messages, depending on the identity of the cooperating
factors, perhaps helping to explain the diversity of reported mechan-
isms by which miRNAs translationally repress their targets’'.
Understanding these potential elaborations of miRNA-mediated
repression would be important, as is a more thorough mechanistic
understanding of the predominant reason for reduced protein out-
put, which is mRNA destabilization.

METHODS SUMMARY

HeLa cells were transfected with 100 nM miRNA duplex as described'” and
harvested 12 and 32h later. Haematopoietic progenitors were isolated from
wild-type (WT) and mir-223 knockout (KO) male mice and grown in media
containing granulocyte colony-stimulating factor (G-CSF) and stem cell factor
(SCF) as described'® for 6 days before harvesting. Just before harvesting, trans-
lation was arrested using cycloheximide for 8 min at 37 °C. Harvested cells were
partitioned into two portions, one for ribosome profiling and the other for
mRNA profiling. Ribosome profiling was performed as outlined in Fig. 1la.
For mRNA profiling, poly(A)* mRNA was randomly fragmented by partial
alkaline hydrolysis and size-selected RNA fragments were used to construct
libraries for high-throughput sequencing. An iterative mapping strategy was
adopted to obtain genome-matching and splice junction-spanning sequencing
reads. A set of non-redundant transcripts served as our reference transcript
database, which was used to map splice junction-spanning reads, quantify gene
expression, and quantify RPF and mRNA-Seq changes.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Transfections and neutrophil culture. HeLa cells were transfected with 100 nM
miRNA duplex as described'”. At 12 h and 32 h post-transfection, cycloheximide
(100 ugml ™ ") was added to arrest translation, and after incubating 8 min at
37 °C, cells were harvested in ice-cold PBS supplemented with cycloheximide.
For each transfection, cells from six 6-cm dishes were combined and then split
into two portions, one for mRNA profiling and the other for ribosome profiling.
Haematopoietic progenitors were isolated from two 3-month-old WT male mice
and two 3-month-old mir-223 KO male mice and grown in Iscove’s modified
Dulbecco’s medium (IMDM) containing granulocyte colony-stimulating factor
(G-CSF) and stem cell factor (SCF) as described'®. On day 6, cycloheximide
(100 pgml™") was added to arrest translation. After incubating 8 min at 37 °C,
cells were harvested in ice-cold PBS supplemented with cycloheximide and split
into two portions for mRNA profiling and ribosome profiling.

Ribosome footprinting and RPF purification. Cells were pelleted and resus-
pended in ice-cold lysis buffer (10 mM Tris-HCl, pH 7.4, 5mM MgCl,, 100 mM
KCl, 1% Triton X-100, 2 mM dithiothreitol (DTT), 100 pug ml ! cycloheximide,
500 Uml ™! RNasin, 1X complete protease inhibitor). The lysis mixture was
homogenized six times with a 26-gauge needle at 4°C and centrifuged at
1,300¢ for 8 min. The supernatant was snap-frozen for later use or processed
immediately. RNase I (Ambion, final concentration, 0.5-1.0 U ul ™) was added
to the cell extract, and the reaction was incubated for 30 min on a shaker at room
temperature (~25 °C). Digested extracts were layered onto 11-ml 10-50% linear
sucrose gradients that were prepared by horizontal diffusion and centrifuged in
an SW-41Ti rotor at 36,000 r.p.m. for 2h. Gradients were fractionated by
upward displacement with 60% sucrose on a gradient fractionator (Brandel).
Monosome fractions were pooled, concentrated using Ultra-4 centrifugal filters
with Ultracel-100 membranes (Amicon) by centrifuging at 1,900g for 30 min at
4 °C. Ice-cold release buffer (20 mM HEPES-KOH, 100 mM KCIl, 1 mM EDTA,
2mM DTT, 20 U ml~ ' SUPERaseeIn, Ambion) was then added to the retentate,
and the mixture was incubated on ice for 10 min to release mRNA fragments
from ribosomal subunits, after which the mixture was again centrifuged at 1,900g
for 15min at 4 °C. The filtrate was then supplemented with SDS to 1% and
treated with proteinase K (200 pg ml™") for 30 min at 42 °C. RNA was extracted
with acid phenol:chloroform (pH 4.5, Ambion), ethanol-precipitated and resus-
pended in water. Pilot experiments, using nuclease-protection assays like those
performed for yeast samples'’, showed that the lengths of mammalian RPFs
centred at ~30 nucleotides. Therefore, RPFs were gel-purified on a denaturing
10% polyacrylamide-urea gel, excising the region corresponding to 27-33
nucleotides, with the intent of avoiding abundant ribosomal RNA degradation
fragments that were 26 and 35 nucleotides in length.

mRNA fragmentation and microarrays. Total RNA was isolated using TRI
Reagent (Ambion) and poly(A)* mRNA was isolated using oligo(dT)
DynaBeads (Invitrogen) according to manufacturers’ instructions. Alkaline frag-
mentation buffer (2mM EDTA, 10 mM Na,CO;, 90 mM NaHCOs;, pH = 9.3)
was added to an equal volume of the purified mRNA and the reaction incubated
for 20 min at 95 °C. Ice-cold stop solution (final 0.3 M NaOAc, pH 5.2, with
GlycoBlue co-precipitant, Ambion) was then added, and RNA was ethanol-
precipitated. RNA fragments from ~25-45 nucleotides were gel-purified on a
denaturing 10% polyacrylamide—urea gel. Each sample of total RNA was also
analysed by microarray profiling, using the Affymetrix platform: Human
Genome U133 Plus 2.0 Array, or Mouse Genome 430 2.0 Array.

Small-RNA library preparation. Libraries for [llumina sequencing were prepared
as described®” but with the following modifications. Because RPFs and alkaline
fragmentation products terminate with a 5’-hydroxyl and a 3'-phosphate, they
were 3'-dephosphorylated with polynucleotide kinase (PNK, New England
Biolabs) for 6h at 37 °C in dephosphorylation buffer (100 mM MES-NaOH,
pH5.5, 10mM MgCl,, 10mM B-mercaptoethanol, 300 mM NaCl, O.SUul*l
enzyme) and desalted (Microspin G-25 column, Amersham) before ligation to
the 3" adaptor. Gel-purified 3'-ligation products were then 5’-phosphorylated
with PNK, according to manufacturer’s instructions, before the 5'-ligation step.
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Despite steps taken to minimize ribosomal RNA contamination, our ribosome-
profiling libraries were initially contaminated by high levels of rRNA (ranging
from 60-93%). To enrich for RPFs, DNA from each library was amplified for an
additional six cycles and then gel-purified on a 90% formamide, 8% acrylamide
denaturing gel. With this additional step, ribosomal RNA contamination was
reduced to 40-54%.

Sequence analyses. Illumina sequencing reads were mapped to the reference
genome (hgl8 for human, mm9 for mouse) with the Bowtie short-read mapping
program™ using the first 25 nucleotides as the ‘seed’ region. Reads with multiple
equivalent hits to the genome were discarded, as were reads that mapped to
ribosomal RNA and other annotated noncoding RNAs. To allow for a miscalled
residue within the seed region, reads that had failed to map when allowed no seed
mismatches were fed into Bowtie again, this time allowing for one seed mis-
match. To capture reads uniquely spanning splice junctions, reads that failed to
map to the genome were mapped to a set of reference transcripts, using the same
two-stage iterative mapping and again discarding those with multiple equivalent
hits. These uniquely transcript-matching reads were combined with the genome-
matching reads for subsequent analyses. To compile the set of reference transcripts
we started from only curated coding transcripts (entries with NM accession num-
bers) in the RefSeq database (refFlat files, generated on 9 August, 2009, were
downloaded from the UCSC Genome Browser, http://genome.ucsc.edu). Of
these, transcripts with incomplete coding sequences or those that could be poten-
tial substrates of nonsense-mediated decay were filtered out. If a gene had multiple
isoforms remaining after this filtering, the longest isoform was picked to represent
it. This non-redundant set of mRNAs from unique genes then served as our
reference transcript database. Reads of ambiguous origin, such as a read that could
derive from either of two different overlapping genes, were discarded. Of the
remaining reads, those that could be unambiguously assigned to an exon or intron
from a gene represented in our reference transcript database were attributed
to that gene. The reference transcript databases for both human and mouse will
be available for anonymous download at http://web.wi.mit.edu/bartel/pub/
publication.html.

Quantification of gene expression. A modified version of reads per kilobase
exon model per million mapped reads (rpkM) was used to quantify gene expres-
sion. The original rpkM, developed for RNA-Seq*, was calculated as such:
R=(10° X C/NL), where C is the number of mapped reads in a gene’s exons,
N is the total number of reads mapped (library size), and L is the length of the
sum of the exons in nucleotides. To prevent ribosomal RNA contamination in
the RPF libraries from skewing our measurements of gene expression, the library
size was taken to be the total number of reads mapping to all the exons and
introns of our reference transcript database (N'). Because we were interested in
comparing mRNA-level and translation-level expression, the length of the open
reading frame was taken to be the feature length of each gene (L') and we only
included reads mapping to coding exons (C') in our quantification. Hence,
rpkM in this study refers to R’ = (10° X C'/N'L’). Fold changes were calculated
by dividing the normalized gene expression value in the experimental condition
by the same measure in the control condition. For the cumulative-distribution
plots, the median of the distribution of genes without seed matches (no site) was
subtracted from all the fold changes (including those from messages with sites).
This normalization caused our reported fold-change distributions of the genes
without sites to centre on zero. Thresholds for gene quantification, when applied,
were applied to the mock transfection data set or the mir-223 KO data set.
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