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GENE EXPRESSION

MicroRNA control of protein
expression noise
Jörn M. Schmiedel,1,2,3 Sandy L. Klemm,4 Yannan Zheng,3 Apratim Sahay,3
Nils Blüthgen,1,2*† Debora S. Marks,5*† Alexander van Oudenaarden3,6,7*†
MicroRNAs (miRNAs) repress the expression of many genes in metazoans by accelerating
messenger RNA degradation and inhibiting translation, thereby reducing the level of protein.
However, miRNAs only slightly reduce the mean expression of most targeted proteins, leading
to speculation about their role in the variability, or noise, of protein expression. We used
mathematical modeling and single-cell reporter assays to show that miRNAs, in conjunction
with increased transcription, decrease protein expression noise for lowly expressed genes
but increase noise for highly expressed genes. Genes that are regulated by multiple miRNAs
show more-pronounced noise reduction. We estimate that hundreds of (lowly expressed)
genes in mouse embryonic stem cells have reduced noise due to substantial miRNA regulation.
Our findings suggest that miRNAs confer precision to protein expression and thus offer
plausible explanations for the commonly observed combinatorial targeting of endogenous genes
by multiple miRNAs, as well as the preferential targeting of lowly expressed genes.

M

icroRNAs (miRNAs) regulate numerous
genes in metazoan organisms (1–5) by
accelerating mRNA degradation and
inhibiting translation (6, 7). Although the
physiological function of some miRNAs
is known in detail (1, 2, 8, 9), it is unclear why
miRNA regulation is so ubiquitous and conserved,
because individual miRNAs only weakly repress
the vast majority of their target genes (10, 11), and
knockouts rarely show phenotypes (12). One
proposed reason for this widespread regulation
is the ability of miRNAs to provide precision to
gene expression (13). Previous work has hypothesized that miRNAs could reduce protein
expression variability (noise) when their repres-

sive posttranscriptional effects are antagonized
by accelerated transcriptional dynamics (14, 15).
However, because miRNA levels are themselves
variable, one should expect the propagation of
their fluctuations to introduce additional noise
(Fig. 1A).
To test the effects of endogenous miRNAs, we
quantified protein levels and fluctuations in
mouse embryonic stem cells (mESCs) using a
dual fluorescent reporter system (16), in which
two different reporters (ZsGreen and mCherry)
are transcribed from a common bidirectional
promoter (Fig. 1B). One of the reporters (mCherry)
contained several variants and numbers of miRNA
binding sites in its 3′ untranslated region (3′UTR),
sciencemag.org SCIENCE
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(>200, above median of overall cohort) and some
degree of PD-L1 expression (weak/strong), the
rate of DCB was 91% (10 of 11, 95% CI 59 to
99%). In contrast, in those with low mutation
burden and some degree of PD-L1 expression,
the rate of DCB was only 10% (1 of 10, 95% CI
0 to 44%). When exclusively examining patients
with weak PD-L1 expression, high nonsynonymous
mutation burden was associated with DCB in
75% (3 of 4, 95% CI 19 to 99%), and low mutation
burden was associated with DCB in 11% (1 of 9,
0 to 48%). Large-scale studies are needed to determine the relationship between PD-L1 intensity
and mutation burden. Additionally, recent data
have demonstrated that the localization of PD-L1
expression within the tumor microenvironment
[on infiltrating immune cells (32), at the invasive
margin, tumor core, and so forth (33)] may affect
the use of PD-L1 as a biomarker.
T cell recognition of cancers relies upon presentation of tumor-specific antigens on MHC
molecules (34). A few preclinical (35–41) and clinical reports have demonstrated that neoantigenspecific effector T cell response can recognize
(25, 42–45) and shrink established tumors (46).
Our finding that nonsynonymous mutation burden more closely associates with pembrolizumab
clinical benefit than total exonic mutation burden
suggests the importance of neoantigens in dictating response.
The observation that anti–PD-1–induced
neoantigen-specific T cell reactivity can be observed within the peripheral blood compartment
may open the door to development of bloodbased assays to monitor response during anti–
PD-1 therapy. We believe that our findings have
an important impact on our understanding of response to anti–PD-1 therapy and on the application of these agents in the clinic.
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and we quantified single-cell fluorescence using
a flow cytometer (Fig. 1C).
We used ZsGreen fluorescence intensity to
bin cells with similar transcriptional activity
(mostly due to varying plasmid copy numbers)
and calculated mean and noise (standard deviation divided by mean) of mCherry intensity distributions in each bin (Fig. 1D).
We first assessed the effects of endogenous
miR-20a in mESCs, on a designed target site in
1
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the reporter. In cells with low expression of a
reporter (mCherry) containing a miR-20a site,
noise was reduced (compared to an unregulated
control at equal mCherry expression), in contrast
to increased noise at high reporter expression
(Fig. 1E). These changes in mCherry noise were
more pronounced when the miR-20a sites in
the reporter were perfect targets or when there
were multiple sites in the 3′ UTR (Fig. 1, F and
G, and fig. S1).
In order to explore the mechanism for these
seemingly opposing effects on protein expression noise, we built a mathematical model where
we decomposed total noise into intrinsic noise
and extrinsic noise h2tot ¼ h2int þ h2ext (17, 18) (see
the supplementary materials). Intrinsic noise
hint results from the stochasticity of transcription, translation, and decay, but is mostly dominated by transcriptional dynamics (19, 20) and
low mRNA copy numbers (21, 22). Extrinsic noise
hext stems from fluctuations propagating from
external factors to the gene (23). The modeling
predicted opposing effects of miRNA regulation
on intrinsic and extrinsic noise. On the one hand,
the model predicted that a miRNA-regulated gene

(reg) has reduced intrinsic noise as compared to
an unregulated gene (unreg) at equal protein
expression levels; intrinsic noise is approximately reduced by the square root of miRNApﬃﬃﬃ
hunreg
mediated fold repression r, intreg ≅ r (Fig. 2A).
hint

Noise reduction results from miRNA-mediated
accelerated mRNA turnover and increased transcriptional activity needed to produce the same
amount of protein (14). The model predicts that
the effect occurs independently of the mode
of miRNA-mediated repression (supplementary
note 1). On the other hand, the model predicted
that miRNA regulation acts as an additional
extrinsic noise source hext ¼ h̃m  ϕ (Fig. 2B).
The magnitude of hext depends on the noise in
the pool of regulating miRNAs ðh̃m Þ and on
how strongly miRNAs repress the target (ϕ) (fig.
S2). Therefore, the model predicted that the
combined net effects of decreased intrinsic and
additional extrinsic noise would result in decreased total noise at low expression, but increased total noise at high expression (Fig. 2C);
model fits, with the miRNA pool noise h̃m as the
only free parameter, yield accurate agreement

Fig. 1. miRNA regulation has
opposing effects on noise at low
and high protein expression.
(A) The expression of a miRNAgene
mRNA
protein
regulated gene. Noise in protein
expr.
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stochastic molecular reactions in
the production of the protein
t
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with the experimentally observed total noise profiles (Fig. 1, E to G).
To distinguish between miRNA-mediated intrinsic and extrinsic noise effects experimentally,
we modified the plasmid reporter system so that
both reporters contained identical 3′UTRs (Fig. 3A
and fig. S3A). Now intracellular differences in their
expression can only result from processes individual
to each gene (i.e., intrinsic noise). Comparing identical reporters both with and without miR-20a sites,
we showed that miR-20a regulation reduced
intrinsic noise, as compared to an unregulated
construct (Fig. 3B), by the square root of fold repression, as predicted by modeling (Fig. 3C and fig.
S3D). These results also show that the observed
increase in total noise at high mCherry expression
must be due to additional extrinsic noise (fig. S3C).

0.5

total noise ηtot

0
1
2
3
4
5
10 10 10 10 10
protein expression [a.u.]

pTRE-Tight
3’UTR ZsGreen
mCherry 3’UTR

mRNA

noise σ/<p>

1

mRNA-miRNA
interaction

no 3’UTR
1xbulged miR-20a

0.5
intrinsic noise

stronger

noise σ/<p>

no

1.5

reduction of intrinsic noise is a generic property
of posttranscriptional repressors.
Additional extrinsic noise stems from the variability of the miRNA pool, and consistent with
this, we find that miRNA pool noise indeed differs between miRNAs (Fig. 3D). The validity of
these results is supported by the observation that
different constructs assaying the same miRNA
yield similar pool noise estimates (fig. S7). Although miRNA pool noise decreases for miRNAs
conferring stronger repression, it is still substantial for the most potent and highly expressed
miRNAs in mESCs [miR-290 cluster (25)] (Fig. 3D).
The miRNAs with two independent gene copies,
producing the identical mature miRNA (Fig. 3D,
red), tend to have lower miRNA pool noise than
to single-gene miRNAs. This suggested to us that

Fig. 2. Predictions of the noise
model for a miRNA-regulated gene.
(A) Intrinsic noise due to low molecule
numbers declines with increasing
1.5
1.5
expression. miRNA regulation reduces
intrinsic noise as a function of repres1
1
sion due to higher mRNA turnover. (B)
0.5
0.5
Noise in miRNA pool propagating to a
target gene results in additional extrin0
0
sic noise that is dependent on
1
2
3
4
5
1
2
3
4
5
10 10 10 10 10
10 10 10 10 10
conferred repression and saturation of
protein expression [a.u.]
protein expression [a.u.]
the miRNA pool (fig. S2). (C) Net
influence of miRNA regulation results
in decreased total noise at low expression levels and increased total noise at high expression levels.

extrinsic noise ηext

noise σ/<p>

intrinsic noise ηint

The model and the experiments suggest that
the reduction of intrinsic noise is a generic property of miRNAs and should occur irrespective of
the specific miRNAs or the molecular details of
the mRNA-miRNA interaction. To test the generality of these conclusions, we constructed eight
additional reporters with mCherry 3′UTRs containing a perfect binding site for a variety of
miRNAs that are endogenously expressed in
mESCs (fig. S4). For all constructs, the intrinsic
noise reduction was approximately the square
root of fold repression (using model fit to total
noise, figs. S3E and S5). This was also confirmed
by direct measurement for miR-291a target sites
(Fig. 3C and fig. S3B) and reporters containing
AU-rich elements (24) (figs. S3F and S6), the
latter further supporting the plausibility that the
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Fig. 3. Exploration of intrinsic and extrinsic noise effects. (A) Plasmid
reporter system with identical 3′UTRs for ZsGreen and mCherry, to quantify
expression-dependent intrinsic noise. (B) Intrinsic noise as a function of expression
for three different miR-20a biregulated constructs. Dots, data; lines and shaded area,
model fit. (C) Measured intrinsic noise reduction for biregulated constructs compared
to fold repression, as measured independently by mCherry-regulated constructs (fig.
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0.5

microRNA pool noise

4

microRNA pool noise
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0.5
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S1). n = 3 biological replicates. (D) miRNA pool noise estimates for nine different
miRNAs endogenously expressed in mESCs. A subset of miRNAs with two instead
of one gene copies is indicated in red; n ≥ 3 biological replicates. (E) miRNA pool
noise estimates for individual and mixed pools, using data from reporters with two
perfect binding sites behind mCherry as indicated. Red bars, expectation for
mixed pool noise when subpools were fully correlated. n = 3 biological replicates.
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binatorial regulated by mESC miRNAs (table S1).
This multiple-miRNAs regulation resulted in 3to 5.5-fold repression as compared to the control
3′UTRs containing mutated sites (fig. S9A) and
reduced total noise except when reporter expression levels were high (Fig. 4A and fig. S9A). Model
fits estimate intrinsic noise reduction for the wildtype 3′UTRs as large as the square root of fold
repression (fig. S3G), consistent with our findings for the artificial 3′UTRs. Furthermore, little
additional noise at high expression levels results
from low noise in the mixed miRNA pools regulating the wild-type 3′UTRs (fig. S9B), corroborating the idea that combinatorial miRNA regulation is
a potent way to optimize overall noise reduction.
To determine whether the reporter assay covers
expression levels relevant to endogenous genes,
we used fluorescence-activated cell sorting (FACS)
and RNA sequencing (fig. S10A). The reporter
assay covers the range of 25 to 99% of expressed
genes in mESCs (Fig. 4B). Model-based extrapolation shows that the reduction of total noise
for the endogenous 3′UTRs extends in a graded
crossover

Lats2 3’UTR mut
Lats2 3’UTR wt

endogenous expression

1

max. possible
noise reduction

percentage of genes expressed below

0.5

25

102
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104
mCherry intensity mean [a.u.]
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1 0
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transcriptome
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2.
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5.
6.

Lats2 3’UTR
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Rbl2 3’UTR
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50
0
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0
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0
100
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mRNA levels [RPKM]

Fig. 4. Reduction of total noise dominates for
miRNA-regulated endogenous 3′UTRs. (A) Noise
0.1
as function of mean for mCherry with Lats2 3′UTR
(blue) or control 3′UTR with point-mutated miRNA
0
binding sites (black). Dots, data; lines and shaded
100
101
102
103
mRNA levels [RPKM]
area, model fit. (B) Mapping fluorescent reporter
range to mESC transcriptome. (Upper panel) FACS
and least-squares regression were used to determine conversion between mean mCherry fluorescent
intensities and mCherry mRNA levels (as measured by RNA-seq). (Lower panel) Range covered by
mCherry in relation to transcriptome expression in mESCs (~25 to ~99%). FPKM, fragments per kilobase
of exon model per million mapped reads. (C) Model-based extrapolation of total noise in assayed
endogenous 3′UTRs relative to control 3′UTRs as a function of transcriptome expression (blue line and
area, mean and 95% confidence interval based on parameter estimates of three biological replicates).
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18.
19.

0
0

0.3

fashion up to the top 10% of the transcriptome
expression distribution (Fig. 4C). Although most
miRNAs individually repress genes only to a small
extent (10, 11), hundreds of genes are substantially
repressed (>twofold) by the combinatorial action
of miRNAs in mESCs (fig. S11), as determined
from transcriptome expression data for wild-type
and miRNA-deficient Dicer knockout mESCs (27).
Furthermore, most of the highly repressed genes
have low expression levels [fig. S11, consistent
with (28, 29)], suggesting that these genes should
have reduced protein expression noise as a consequence of miRNA regulation in vivo.
Our integrated theoretical and experimental
analyses show that the reduction of intrinsic noise
is a generic property of miRNA regulation (and
more generally posttranscriptional regulation) that
is linked to the repression of protein expression.
miRNAs preferentially target lowly expressed
genes, for which noise reduction will be strongest,
while selectively avoiding ubiquitous and highly
expressed genes (28, 29). Combinatorial miRNA
regulation, a widely observed phenomenon in vivo
(3, 26), enhances overall noise reduction by providing strong repression to endogenous genes
with only little additional noise from miRNA
pools. Combinatorial miRNA regulation may thus
be a potent mechanism to reinforce cellular identity by reducing gene expression fluctuations that
are undesirable for the cell.
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EPIGENETICS

Restricted epigenetic inheritance of
H3K9 methylation
Pauline N. C. B. Audergon, Sandra Catania,* Alexander Kagansky,† Pin Tong,
Manu Shukla, Alison L. Pidoux, Robin C. Allshire‡
Posttranslational histone modifications are believed to allow the epigenetic transmission of
distinct chromatin states, independently of associated DNA sequences. Histone H3 lysine 9
(H3K9) methylation is essential for heterochromatin formation; however, a demonstration of its
epigenetic heritability is lacking. Fission yeast has a single H3K9 methyltransferase, Clr4, that
directs all H3K9 methylation and heterochromatin. Using releasable tethered Clr4 reveals that
an active process rapidly erases H3K9 methylation from tethering sites in wild-type cells.
However, inactivation of the putative histone demethylase Epe1 allows H3K9 methylation and
silent chromatin maintenance at the tethering site through many mitotic divisions, and
transgenerationally through meiosis, after release of tethered Clr4.Thus, H3K9 methylation is a
heritable epigenetic mark whose transmission is usually countered by its active removal, which
prevents the unauthorized inheritance of heterochromatin.

I

n most eukaryotes, the methylation of nucleosomal histone H3 on lysine 9 (H3K9me) is
required for the assembly of constitutive
heterochromatin (1). H3K9me2/3 is bound
by HP1/Swi6 proteins and Suv39/Clr4 H3K9
Chr III

Figs. S1 to S16
References

methyltransferases to form heterochromatic
regions (2–6). Because Suv39 and Clr4 can bind
the H3K9me2/3 marks that they generate, and
because HP1 proteins may also facilitate recruitment of these methyltransferases (7), it is thought

110 kb

that H3K9 methylation and heterochromatin can
be maintained by self-propagation, even when
the initiator is withdrawn (8, 9). However, in
eukaryotic systems that exhibit overtly heritable
chromatin states, there is often a tight relationship between DNA methylation, H3K9 methylation, and heterochromatin, confounding analyses
of the heritability of H3K9 methylation (10, 11).
Fission yeast lacks DNA methylation and a single
nonessential methyltransferase, Clr4 (Suv39
ortholog), is responsible for all H3K9me-dependent
heterochromatin (12). Thus, fission yeast is an
ideal system in which to determine whether
H3K9me-dependent heterochromatin is truly heritable. Clr4 normally requires sequence-directed
targeting to particular chromosomal regions via
RNA interference (RNAi) in a process involving
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Fig. 1. H3K9 methylation is rapidly lost upon release of tethered TetR-Clr4*. (A) Positions of 4xtetO, tethered TetR-Clr4* beside ade6+ at ura4, and
surrounding Schizosaccharomyces pombe chromosome III genes. Dumbbells indicate primer pairs. ncRNA, noncoding RNA. (B and C) Quantitative chromatin
immunoprecipitation (qChIP) time course of FLAG-TetR-Clr4* (B) and H3K9me2 (C) levels on 4xtetO-ade6+ after AHT addition using the indicated primers.
Data are mean T SD (error bars) (n = 3 experimental replicates). P < 0.05 (t test).
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