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Abstract

Several studies highlighted the relevance of extrinsic noise in shaping cell decision making
and differentiation in molecular networks. Bimodal distributions of gene expression levels
provide experimental evidence of phenotypic differentiation, where the modes of the distri-
bution often correspond to different physiological states of the system. We theoretically
address the presence of bimodal phenotypes in the context of microRNA (miRNA)-mediated
regulation. MiRNAs are small noncoding RNA molecules that downregulate the expression
of their target mRNAs. The nature of this interaction is titrative and induces a threshold
effect: below a given target transcription rate almost no mRNAs are free and available for
translation. We investigate the effect of extrinsic noise on the system by introducing a fluctu-
ating miRNA-transcription rate. We find that the presence of extrinsic noise favours the
presence of bimodal target distributions which can be observed for a wider range of parame-
ters compared to the case with intrinsic noise only and for lower miRNA-target interaction
strength. Our results suggest that combining threshold-inducing interactions with extrinsic
noise provides a simple and robust mechanism for obtaining bimodal populations without
requiring fine tuning. Furthermore, we characterise the protein distribution’s dependence on
protein half-life.

Author summary

Phenotypic differentiation often relies on bimodal distributions of gene expression levels,
which can normally be achieved by different molecular mechanisms. During the past
decade microRNAs, small noncoding RNA molecules, were found to downregulate the
expression of preferred mRNA targets by sequestering and successively degrading them,
thus influencing the level of gene expression. We theoretically address the question on
how microRNA-mediated regulation can induce the appearance of bimodal phenotypes.
Our findings show that the presence of extrinsic noise favours bimodal distributions. This
suggests a simple mechanism for obtaining bimodal populations where the presence of
extrinsic noise relaxes the requirements on parameters fine tuning.
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Introduction

Gene-expression data displays bimodal distributions in several systems ranging from cancer
to immune cells [1, 2]. The two peaks of the distribution are usually associated with different
physiological states of the system, be that different stem-cell fates or different disease states or
cancer subtypes [3-6]. From a theoretical point of view, a common belief is that bimodality is
directly related to bistability, i.e., to multiple steady states appearing in the absence of noise.
However, as shown in [7] and reviewed in [8], bimodality in some biological systems is solely
due to stochastic effects. Environmental fluctuations, usually referred to as extrinsic noise [9,
10], can be a source of noise in molecular networks. Together with intrinsic fluctuations due
to the probabilistic nature of chemical reactions, extrinsic noise shapes gene expression and
may in principle drive cell differentiation.

In the past, both theoretical [11, 12] and in vitro [13] studies, have highlighted the possibil-
ity that microRNAs (miRNAs), in particular stoichiometric conditions, may induce bimodality
in the expression of their targets simply because of stochastic effects related to their specific
titrative interactions and not because of a bistable system. This is similar to the action of miR-
NAs’ bacterial counterpart [14].

MiRNAs are small molecules of non-coding RNA, found in eukaryotes to act as post-tran-
scriptional regulators. Although they were found in several different eukaryotic kingdoms,
their role is known to be vital in multicellular organisms. They perform this function by recog-
nising mRNA targets through Watson-Crick base pairing. Once bound to the target, they pre-
vent its translation and can enhance its instability by degrading it. Interestingly, different levels
of miRNA-target interactions can be achieved by different numbers of miRNAs [15-17]. The-
oretical predictions [12] together with in vitro single-cell experiments [13] suggested that
bimodality in the expression levels of miRNA targets can be achieved with a high miRNA-tar-
get interaction strength. In terms of genetic sequences, this would imply a high specificity
between target and miRNA, and therefore a high number of complementary binding sites (bs)
per target.

Aslong as a miRNA molecule is bound to the target, it cannot be translated. It is then possi-
ble to define a threshold for the mRNA transcription rate such that below the threshold many
of the mRNA target molecules are bound to miRNAs and above the threshold there are mole-
cules of mRNA free for translation [12, 18, 19]. The titrative interaction between miRNA and
mRNA thus induces a specific dependence between the amounts of the two species in the sys-
tem. Such a threshold mechanism involves two regimes that can be explored by varying, e.g.,
the mRNA transcription rate. The two regimes are characterized by a low and a high expres-
sion of mRNA. In more detail, the threshold behaviour of mRNA expression crucially depends
on three main parameters: the transcription rate of miRNA, the transcription rate of mRNA,
and the interaction strength between miRNA and mRNA, which is related to the affinity
between them and to the number of miRNA binding sites on the target. If the amount of
miRNA is high compared to that of mRNA, mRNA will be sequestered and repressed. Con-
versely, if the quantity of miRNA is low compared to the mRNA, mRNA will be expressed and
free for translation. The two regimes can be explored by varying the parameters. For instance,
starting with very few free molecules of mRNA and gradually increasing the mRNA transcrip-
tion rate moves the system from the repressed to the expressed state as shown in Fig 1E. The
transition from repressed to expressed upon increasing the mRNA transcription rate occurs
in a non-linear fashion when the amount of mRNA molecules roughly matches that of miR-
NAs. The steepness of the threshold at this point depends on the interaction strength between
miRNA and mRNA. The presence of the threshold was first detected in [18] where the
mechanism described above was shown and explained in terms of a titrative interaction. The
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Fig 1. Model and steady-state trajectories. The reference circuits (with and without extrinsic noise on the miRNA transcription rate) are represented in (C) and (A)
respectively with the rates considered in the model. k and kg are the target mRNA and miRNA transcription rates, gr and gs are respectively the mRNA and miRNA
degradation rates. kp is the protein translation rate and gp is its degradation rate. g is the miRNA-target interaction strength and « is the fraction of miRNAs that are
not recycled after binding to the mRNA. In panels (B) and (D) there are three different trajectories for the mRNA, corresponding to the model on the left. For both
panels, the steady-state distributions of the number of free nRNA molecules are bimodal. In (B) the parameters are kg = 1.2 X 10> nM min}, kg = 2.7 x 107> nM
min~!, gg=12x 10> min"!, gg = 2.4 x 10> min "', g = 1.5 x 10’ nM " min™', kp= 6.0 min™", gp = 1.2 x 10> min"" and & = 0.5. In (D) the parameters are kg =
31x10° nMmin™", gg=12x 10 min"", gg = 2.4 x 10 > min™", g = 1.2 x 10* nM ™' min"", kp = 6.0 min™", gp= 1.2 x 10> min~" and & = 0.5. kg are picked from a
Gaussian distribution with mean kg = 1.2 x 10~® nM min~" and standard deviation o = 2.4 x 10~* nM min~". (E) Cartoon of the free mRNA threshold behaviour as
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a function of its transcription rate. Below the threshold the amount of free miRNA is greater then the amount of free mRNA, in proximity to the threshold their
amount is nearly the same, above the threshold the free nRNA amount exceeds the miRNA.

https://doi.org/10.1371/journal.pcbi.1006063.9001

dependence of the threshold location on miRNA expression was investigated in two different
papers, namely in [13] for the highly expressed miRNA regime and in [20] for the weakly
expressed miRNA regime.

Close to the threshold the number of both free miRNAs and targets is small. Their fluctua-
tions are highly coupled by the non-linear interaction between the two and a small fluctuation
in their amounts may lead the system from the “bound” to the “unbound” state [12, 13, 19].

As anticipated, if the interaction strength between miRNA and target is high, then the tran-
sition from the bound to the unbound state is sharp. Close to the threshold, a subset of the tar-
gets will be bound to the miRNA and a subset will be unbound. This is because of the intrinsic
fluctuations in the amount of both miRNA and target. Picturing this in terms of the target
distribution would lead to a bimodal distribution whose two modes are associated with the
bound and unbound state. It is worth underlining that this kind of bimodality is due to the
presence of noise and not to peculiar molecular mechanisms introducing multiple determin-
istic stable states in the system.

MiRNAs are predicted to regulate more than 60% of our genome through a combinatorial
action: every single miRNA can regulate several targets and one target can be regulated by
different miRNAs [17, 21]. The variety of targets they regulate is so wide and important for
different signalling pathways or developmental stages [22, 23] that the alteration of their
expression levels is thought to contribute to tumour development and metastatisation [24-
27]. As discussed in [28], a role for miRNA in generating expression variability can be
remarkable. If miRNA activity increases the cell-to-cell variability of pivotal pluripotency
factors, (consistent with observations in [29]), and in turn of pluripotency networks, then
miRNA expression variability can provide an efficient mechanism for generating transitions
between cell states.

Although extrinsic noise may influence gene expression and regulation at different levels,
large variability across a cell population seems to be dominated by the population dynamics
[30]. Even a monoclonal population has cells in different phases of their cell cycle because of
growth and divisions. It is nowadays well established that multiple cell-cycle regulators are
controlled by miRNAs, whose regulation could be in turn cell-cycle dependent [31-34]. The
expression level of miRNAs may thus change with cell-cycle progression, and there are indeed
miRNAs differentially expressed according to the particular phase of the cell cycle [35]. As a
consequence, in a population of cells heterogeneous with respect to the cell cycle, such as non-
quiescent cancer cells, the amount of miRNAs can strongly fluctuate from cell to cell. This
introduces an extra source of noise in the system besides the intrinsic stochasticity of chemical
reactions involving gene transcription, translation and regulation.

The aim of this work is to understand, with the aid of analytics and numerics, how extrinsic
noise on miRNA expression can induce bimodality on the miRNA targets. Of course, such
bimodality is not omnipresent but restricted to particular stoichiometric conditions and levels
of noise. We show how a distribution of miRNA transcription rates reshapes the threshold
between miRNA and target and defines a wider region of bimodality compared to case without
extrinsic noise. Such a bimodal distribution can be seen at a “population level”, since the
amount of miRNA is heterogenous throughout the different cells. This outcome is significantly
different from previous results where differential phenotypic expression is induced by the
strong coupling between miRNA and its target at the “single-cell level”. We also show that, if
the miRNA target is protein coding, the protein half-life can alter the protein distribution.
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With respect to the shape of the mRNA distribution, an increased protein half-life leads to a
narrowing of the protein distribution around its mean. This may promote or suppress bimo-
dality, suggesting that bimodal distributions at the level of mRNA may still correspond to a
specific single phenotype at the protein level. Conversely, repressed heavy tailed mRNA distri-
butions may give rise to bimodal protein distributions.

Finally, given the existence of multiple targets competing for one type of miRNA, we ask
whether these properties can be maintained in a more complex circuit made of two compet-
ing endogenous RNAs (ceRNAs) and one miRNA [36]. The different target genes indeed
act as sponges for the miRNA molecules and may sequester them from the environment. As
a result, the overexpression or underexpression of one of the targets can lead respectively to
an increase or decrease in the level of expression of the other competitors. The intensity of
such cross regulation depends on the distance from the threshold of quasi equimolarity
between miRNAs and targets [12, 19]. This suggests that, if one target has a bimodal distri-
bution, such bimodality may be influenced by the expression levels of the other miRNA
competitors.

Materials and methods
Stochastic model for miRNA-target interaction with extrinsic noise

Models of microRNA-mediated circuits have been the subject of several recent studies [18, 37—
41]. Here we will describe one of the simplest ways of accounting for microRNA-driven inhibi-
tion, depicted in Fig 1A. The molecular species involved in this circuit are miRNAs (S), target
mRNAs (R) and proteins (P), resulting from the translation of the target mRNA.

In the following, we shall assume miRNAs and mRNAs are transcribed from independent
genes. For simplicity we neglect all the intermediate reactions leading to the synthesis of
mRNAs, therefore assuming they are produced at constant rate kg. For the miRNA, we con-
sider it to be transcribed with a constant rate ks which we let fluctuate between different cells
to probe the effects of extrinsic noise on the system. This approach is equivalent to having kg
slowly fluctuating in time with respect to the systems’ reactions while different cells are sto-
chastically unsynchronised. We also remark that, in the opposite limit of very rapid extrinsic
fluctuations, these variations average out and the system effectively behaves as if subject to
intrinsic noise only. A more detailed analysis of the interplay between the time scales of extrin-
sic fluctuations and those of the system is reported in a devoted section of the Results. MiRNAs
and mRNAs can also be degraded by the action of specialised enzymes. Here we assume these
reactions are governed by mass-action laws with rates gg and gr. The associated molecular
reactions read:

k; kg
0 =R, =3. (1)
&R &s

MiRNAs act as post-transcriptional regulatory elements, by binding the target mRNAs in a
complex that can be subsequently degraded. Such interactions between miRNAs and
mRNAs are quantified by the effective parameter g, which takes into account the strength of
the miRNA-target coupling: from a biochemical point of view, it depends on the affinity
between the two molecular species and on the number of miRNA binding sites dedicated to a
specific target [18]. The formation of the miRNA-mRNA complex reads:

R+ S5 RS. (2)
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While the mRNAs are always degraded due to the titrative interaction, the miRNAs can be
recycled with probability 1 — « in the following way:

RS2 s. (3)

Whenever the mRNAs are not bound to miRNAs, they can be translated into proteins with
translation rate kp and, as assumed for the other molecular species, proteins can also be
degraded with rate gp, i.e.:

R R4 P, P50, (4)

From now on, we define as “intrinsic noise” the fluctuations due to the stochasticity of the
chemical reactions with constant rates (Fig 1A) and as “extrinsic noise” those due to the fluctu-
ating miRNA transcription rate (see Fig 1C).

The system can be described by the probability distribution P(#g, n,, #1,, t|KC) of observing
ngs molecules of miRNA, nz molecules of mRNA and np proteins at time ¢ given a set of param-
eters IC = {ky, kg, kp, 22, &5: €p» €, 0} This probability distribution follows the same master
equation presented in [12] that can be either solved numerically or at the steady-state with
some approximations. If the parameters fluctuate, this must be taken into account in order to
obtain the full distribution at steady state Py(#g, 1z, 11p). This can be achieved by using the law
of total probability [42], which states that P(ng, n,,n,) = [ P(K)P(ng, ng, n,|K)dK. As our
aim is to test the effects of a fluctuating miRNA transcription rate, we shall assume this to be
the only parameter drawn from a probability distribution, specifically a Gaussian centred
around (ks) with variance ¢} and defined only for positive values of ks. As previously men-

tioned, this is equivalent to assuming the extrinsic noise fluctuates slowly compared to the typ-
ical time scale of any other reaction in the system.

To obtain the steady-state distribution P(ng, #g, np|ks) conditional on a specific miRNA
transcription rate we could choose different approximation methods. Pivotal examples are the
Van Kampen [43] and the Gaussian approximations [12]. In the following we focused on the
former one, leaving to the Supporting Information a comparison between the two methods
(see S1 Fig). We therefore performed a system-size expansion, thus assuming the system distri-
bution at fixed parameters to be Gaussian.

The marginal distribution P(ng, ng, np) was then found by using the law of total probability,
i.e., by performing a weighted average over all possible values of kg.

Finally, we applied the same approach when considering two targets interacting with the
same miRNA (Fig 5A). In this case the conditional distribution is P(ng, nigy, #ira, 1p1, 1pa|ks)
from which one can obtain the full distribution by integrating over the values of the miRNA
transcription rate.

Analytic approach. The equations governing the dynamics of the system considered in
Fig 1 are given by:

dR

E:kagRngRS

ds

i kg — g.S — goRS (5)
dpP
a koR —g,P
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where R, S and P are the concentrations of the three species involved in the circuit expressed in
nanomolars and the parameters are the same as in Fig 1.

Because of the inherent stochastic nature of molecular reactions, intrinsic noise should be
taken into account by defining the probability distribution of observing n = (ny, ng, n,) mole-
cules at time £, namely P(n, t). The number of molecules of species X, ny, relates to the concen-
trations, py, as ny = V,epx. The dynamics of this system can be rewritten in terms of the
master equation, that reads:

% — k, [p(nR —1,t) — P(n, t)}+
O+ PO 1, = (1) |+

k, [p(ns ~1,8) - P(n, r)}+

£ [0t ntu)

cell

ken

—un {P(np —1,t) — P(n, t)} +

S [(np + 1)P(n, + 1,t) — n,P(n, t)} +
Vcell

o
B [+ D+ VPO + 1mg+ 16 — g P, 1)+

cell

g(1 — a)ng
V2

cell

[(nR +1)P(n, + 1,8) — nP(n, t)} .

Solving the master equation, or even determining the first and second moments of P(n, t)
might be a difficult task due to the non-linear terms appearing from the miRNA-mRNA inter-
actions. Therefore, it is common practice to use approximations, particularly van Kampen’s
system-size expansion [43].

The van Kampen system-size expansion relies on the assumption that the number of mole-
cules of any species X can be split into two contributions, one due to the deterministic system,
and the other due to the intrinsic noise in the system, namely:

Ny = Vcelle + ‘/vc]egl2 X (7)

where &x is a Gaussian-distributed variable with zero average. The cell volume, V., represents
the system size and it is assumed to be sufficiently large. Rewriting the master equation using
Eq 7 to leading order in V, one finds the probability distribution to be a Dirac delta function
in terms of the number of molecules. Thus the deterministic Eq 5 are recovered. The next-to-
leading order in the expansion leads to a linear Fokker-Planck like equation in terms of the
noisy variables {&x}. The resulting probability distribution for the number of molecules is
Gaussian, centred around the deterministic concentration ¢y, with finite variance. By using
this equation, one can compute the variances and the cross-correlations of the noisy variables,

namely (¢2) and (£x &y) that can be related to the molecules’ variances and cross-correlations.
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In the specific case of the circuit we analysed, the variances and cross-correlations are
steady-state solutions of the following system:

(G =k, — 2g,(E%) + g R — 20gR(E,Ey) — 208(E3)+
ogSR — 2(1 — a)gS(&) + (1 — a)gRS — 2(1 — 0)gR{E&y)
(&) = k —2g,(&) +85 — 22gR(E) — 21gS(E5é) + 2gRS
(&) = kR — 2,(83) + g, P+ 2k, (£,&,)
(Eds) = —g(&sa) — 8.4Eda) — 2gRIES) — 2gS(Ecde)
gR(ExEy) — 9gS(E3) + RSag — (1= 2)gS(Exdy)— )

(1 — a)gR(&)
(€)= —go{&pCa) + Ky (1) — agRIEES) — agS(Epée)—
(1= 2)gS{&p&r) — (1 = 2)gR(C,C5) — & (Cpi)
(Ese) = —8o(Ents) = 8{Encs) T RplEsda) — agR(GHE)—
2gS(Epli) -

Using the expressions obtained from the previous system, specifying all the parameters, one

can compute the probability distribution of the system, P(n, t).

To investigate the role of environmental fluctuations (i.e. extrinsic noise) in our system of

interest, we consider a fluctuating rate of miRNA production ks. For the sake of simplicity, we

_(ks—(ks))
. . . . . 202
assume this parameter to be drawn from a Gaussian distribution, P(kg) = 21 —e
o
ks

defined for positive values of ks, where (ks) and o} are the average and variance of ks,

respectively.

Due to the further stochasticity introduced by the extrinsic noise, the master equation pre-
viously derived no longer holds. Fluctuations on the parameter kg do not allow us to rewrite a
similar equation for this system in a simple way. However, as shown in [42], the probability
distribution of the entire system, P(n) can be rewritten in terms of conditional probabilities by
using the law of total probability in the following way:

P(n) = / P(ky)P(nlk,)dk,, 9)

where P(ks) is the Gaussian distribution in kg and P(n k) is the conditional probability of
observing a certain configuration of the system, n, given a specific value of kg. This probability
distribution is a solution of the master equation Eq 6 for any given ks. One can therefore
again apply the van Kampen expansion on the master equation of P(n|k,) and obtain all the
moments of this distribution (these will all be functions of the fluctuating parameter k). The
full solution can be obtained by averaging the result over all the values of ks.

Molecular simulations of microRNA mediated circuits via the Gillespie algorithm.
Stochastic simulations have been performed by implementing the Gillespie direct algorithm
[44]. All the results presented in this paper are obtained at the steady state.

Parameter setting. The parameters used to illustrate our results explore different ranges
of experimentally measured values. While the mRNA half-lives, with typical values of 5-10
hours [45, 46], may range from a few minutes to about a day [47, 48], protein lifetimes nor-
mally vary between minutes and several days [49]. The variability of miRNA half-lives is large:
many miRNAs expressed in the brain show a short half-life [50] although in most cases mature
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miRNAs are stable with half-lives that can span days [51, 52]. The parameter characterising
the fraction of miRNAs recycled after the interaction with their targets, i.e. the degree of cataly-
ticity a in the model, is poorly understood. Some studies support an almost complete catalyti-
city [53, 54], some others an almost complete stoichiometric interaction [52, 55, 56], with
intermediate values reported in [57]. Hereby, we took a value of this parameter such that the
mRNA amount is in the range of 10 — 1000 molecules per cell, in agreement with [58, 59], and
the total amount of a given miRNA is well within 2000 molecules per cell, as measured in [13,
18] and inferred from [60]. All other parameters, when not varied, are of the same order of
magnitude as those inferred in [39, 61]. Since the amount of extrinsic noise is an unknown
quantity, we performed our analyses for values that give levels of fold repression of the target
comparable with the experimentally measured ones [13, 18]. The fold repression, measured as
the ratio between the constitutive expression of the target (i.e. the value the target would have
in absence of miRNA regulation, when g — 0) and the target itself, ranges between 1 and 10.

Results
Single-cell versus population-induced bimodality

The understanding of bimodal distributions is usually related to cell-fate determination and
differentiation. These mechanisms are at the basis of organism development and mis-develop-
ment. It is therefore important to address the question of what might be the underlying molec-
ular mechanisms allowing cell diversity and variability. Given the strong involvement of
miRNAs in developmental decisions, we focus here on the miRNA network represented in Fig
1A, at the single-cell level. Previous works [18, 36] showed that the binding and unbinding
reactions between miRNA and target give rise to non-trivial threshold effects in quasi equimo-
lar conditions between miRNA and target (see Fig 1E) where the threshold is defined, in terms
of miRNA and mRNA transcription rates, as kj = okj [18]. If the miRNA is transcribed at a
rate above the threshold value, k; > k, the system is enriched in microRNA, which tends to
bind most of the present mRNA and prevents its translation. In this regard, the system can

be seen as below the threshold with respect to the target and we shall refer to it as in the
“repressed state”. Above the threshold, the mean amount of free target increases linearly with
its transcription rate. The scenario with free mRNA molecules will be denoted as the “unre-
pressed state” of the system. This threshold effect displaying a transition between the repressed
and the unrepressed state gets more marked as the interaction strength between miRNA and
targets increases. Close to the threshold value of the target transcription rate, due to the proba-
bilistic nature of chemical reactions, the system will stochastically switch between the repressed
and unrepressed state. Such stochastic switching is enough to give rise to bimodal target distri-
butions which appear for a narrow range of the target transcription rate kg [12] (Fig 1B). This
bimodality characterises the single cell where the miRNA network is defined: every single cell
can jump from the repressed to the expressed target state if the coupling constant with the
miRNA is high enough.

On the contrary, in presence of extrinsic noise, the miRNA transcription rate is not the
same for every cell (Fig 1C and 1D). Hereby, we model the extrinsic noise through a Gaussian-
distributed miRNA transcription rate. To understand intuitively the consequences of this kind
of extrinsic noise, let us consider the case of a miRNA transcription-rate distribution with
fixed average (ks). When the mRNA transcription rate (kg) is very low and the average
miRNA transcription rate is much larger than the threshold value ({ks) > akp), most of the
drawn transcription rates kg will be larger than the threshold value. This would place the net-
work in the parameter range where the targets are almost all bound to the miRNAs (see Figs 2
and 3). For larger kg, approaching the threshold, values of kg extracted from the left-tail will
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Fig 2. Emergence of bimodality in the presence of extrinsic noise. (A) Qualitative representation of the miRNA
production rate distribution. The black vertical line indicates the value of the miRNA transcription rate ks = akg for
different values of the target transcription rate k. The distributions represent the different conditions labelled from 1
to 4 shown in (B). The region of the distribution contributing to the repressed state is coloured in orange. (B) The
amount of free nRNA molecules as a function of the target transcription rate kg. Solid lines are analytic predictions
while blue squares correspond to numerical simulations. (C) Free mRNA molecule distributions corresponding to the
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points highlighted in (B). Solid black lines correspond to numerical simulations while solid red lines are analytic
predictions. The repressed region is coloured in orange. (D) Protein molecule distributions corresponding to the
mRNA distributions in (C). Solid black lines correspond to numerical simulations while solid red lines are analytic
predictions. The repressed region is coloured in orange. In (B) the parameters are g¢= 1.2 x 107> min™", gg = 2.4 x 1072
min~}, g=12x10°nM ™" min™", kp= 6.0 min", gp= 1.2 x 102 min"", & = 0.5. ks are picked from a gaussian
distribution with mean k; = 1.2 x 10~* nM min~" and standard deviation o= 4.8 x 10~* nM min™". k ranges from
2.4x 107" nM min ' t0 5.2 x 10> nM min". In (C) and (D) the parameters are the same as in (B) except for kg, which
is fixed for each distribution and for dashed lines from 1 to 4 takes the values kg = 1.2 x 10> nM min ", 3.1 x 10> nM
min~',4.0 x 10> nM min~", 4.8 x 10> nM min~".

https://doi.org/10.1371/journal.pcbi.1006063.9002

correspond to the case with some unbound targets. Below the threshold, as (ks) < akp, the
majority of the drawn kg will belong to the unrepressed state with the right tail of the distribu-
tion sampling from the all-bound region (Figs 2A-2C and 3A and 3B). However, this scheme
is the same as the previously mentioned population level scenario. The presence of rates above
and below the threshold across the population can give rise to a bimodal distribution in the
number of free targets (Figs 2C and 2D and 3B and 3C). In particular, the higher the extrinsic
noise, the larger the range of target transcription rates for which bimodality is present and the
greater the separation between the two phenotypes (bound and unbound targets), as depicted
in Fig 4A. This implies that, in contrast to the case without extrinsic noise, it is no longer nec-
essary to fine tune the transcription rates to obtain a bimodal distribution. Even for high values
of kg, the fraction of randomly picked kg that results in the bound state is not negligible and
forms a visible peak in the distribution (Figs 2B-2D and 3A-3C). The bimodal distribution is
in this case given by the superposition of unimodal distributions obtained for different ks and
weighted by the probability P(ks) (see S2 Fig in SI).

Focusing on one particular value of the variance o} and varying the target transcription
rate, kg, we monitored the appearance of bimodal distributions. We ran Gillespie’s simulations
from which we sampled the number of targets for the histograms shown in Figs 2 and 3. By
using system-size expansion and the law of total probability, we analytically obtained the target
number distributions, shown in Figs 2 and 3. The analytic approximation captures the behav-
iour of the system for the mean, the Coefficient of Variation and the probability distribution,
as testified by the agreement with the simulations (see Figs 2B-2D, 3A-3D and S3 in SI). In
Fig 3 we showed that the results are maintained for a set of endogenously meaningful parame-
ters, with low mean amount of free mRNAs. In this case, right because of the small amount of
molecules involved, our approximation method is quantitatively less precise, though still keep-
ing the qualitative shape of the distributions (see SI for details).

A noisy environment can compensate for low miRNA-target interaction to
obtain a bimodal distribution

To dissect the properties of bimodal distributions, we first ran Gillespie’s algorithm simulating
the network in Fig 1C for different target transcription rates, kg, and different variances of the
Gaussian noise on the miRNA transcription rates o} . Monitoring the appearance of bimodal-
ity, one can build up a phase diagram like the one shown in Fig 4A. In the absence of extrinsic
noise but in the presence of intrinsic noise, bimodal distributions appear only for high cou-
pling between the miRNA and the target and this region gets wider upon increasing the cou-
pling constant g. Therefore the interaction strength between the miRNA and the target, g,
affects the range of values of kg in which bimodality is present.

Since in this case bimodality is a single-cell effect, only those cells having the target interact-
ing strongly with the miRNA have a chance to experience the repressed and unrepressed state
when kp is close to its threshold value.
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Fig 3. Bimodal distributions in the low-molecules regime. (A) Free mRNA molecules amount as a function of the target transcription rate k.
Solid lines are analytic predictions while blue squares correspond to numerical simulations. (B) Free mRNA molecules distributions corresponding
to the conditions labelled from 1 to 5 in (A). Solid black lines correspond to numerical simulations while solid red lines are analytical predictions. (C)
Protein molecules distributions corresponding to the mRNA distributions in (B). Solid black lines correspond to numerical simulations while solid
red lines are analytical predictions. In (A) the parameters are gg= 1.2 x 1072 min~}, gr=24x 102 min~}, g=12x 10> nM ™ min™", kp = 6.0 min~’,
gp=1.2x107 min"", a = 0.5. ks are picked from a gaussian distribution with mean ks = 4.8 x 10~ nM min™' and standard deviation o =

12x 107 nM min™". kg ranges from 1.2 x 10~ nM min~" t0 19.2 x 10™* nM min~". In (B) and (C) the parameters are the same as in (A) except for
kg that is fixed for each distribution and from left to right takes the values kg = 1.0 x 10°nM min™}, 1.2 x 107> nM min %, 1.3 x 107> nM min "},
1.4x 107> nM min", 1.6 x 10~ nM min™".

https://doi.org/10.1371/journal.pchi.1006063.g003
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Fig 4. Bimodality as a function of the parameters. (A) Phase diagram for bimodality in the free nRNA molecules distribution. On the x axis there is the target
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miRNA-target interaction strength g. The presence of bimodality was computed by running several Gillespie’s simulations for fixed sets of parameters and sampling
targets’ probability distributions. By using Matlab interpolation functions, we extracted the number of maxima of the distributions and used this value as a first
measurement of bimodality. In the SI, we discussed a more refined version of this measurement. The width of the bimodality range increases as the interaction
strength or the extrinsic noise are increased. The following parameters are equal for all the simulations: gs = 1.2 x 10> min ™", gg = 2.4 x 10> min', kp= 6.0 min™",
gp=12x10"2min"', &= 0.5. Target mRNA transcription rate is one of the control parameters and ranges from kg = 2.3 x 10> nM min" to kg = 5.8 x 107> nM
min~". miRNA-mRNA association rate is one of the control parameters and takes the following values: g = 1.2 x 10> nM ™" min™, 3.0 x 10> nM ™" min ™", 4.8 x 10*
nM " min’, 9.6 x 10> nM ™" min"". Extrinsic noise is tuned by varying the standard deviation of the distribution with mean ks = 1.2 x 10~ nM min™" from which
miRNA transcription rates are picked, the standard deviation takes the following values: 0= 0 nM min™" (no extrinsic noise), 7.1 x 10> nM min ™", 2.4 x 10~* nM
min~', 4.8 x 10~* nM min"". To define the origin of the bimodality region for the case with g = 1.2 x 10> nM ™" min~" the value ¢ = 1.2 x 10~ nM min™" was also used.
In the SI, a more systematic non-binary study of the appearance of the bimodality is reported (see S5 Fig). (B) Free mRNA distribution in case of pure intrinsic noise
and small (g = 3.8 x 10> nM ™" min~") miRNA-target interaction strength (black line), pure intrinsic noise and high (¢ = 1.1 x 10> "M ™" min™") miRNA-target
interaction (blue histogram) and extrinsic noise (0= 7.9 x 10~° nM min~") and small (g1=38x 10°nM ' min™") miRNA-target interaction strength (orange
histogram). The other parameters are as follows: ks = 1.2 x 10> nM min™", gg = 1.2 x 10> min ™", kg = 2.7 x 107> nM min~', gz = 2.4 x 10> min"", kp = 6.0 min"", gp =
1.2x 10> min"!, @ = 0.5. The plot shows how extrinsic noise can compensate for small miRNA-target interaction strength in order to obtain bimodal distributions.

https://doi.org/10.1371/journal.pcbi.1006063.9004

Adding some extrinsic noise relaxes the constraint on the interaction strength. Bimodality
becomes a population effect, with some cells being locked in the repressed state (by having
large miRNA transcription rates ks) and some others (with smaller kg) displaying free targets.
Fig 4B shows how it is possible to have similar bimodal distributions either increasing the
miRNA-target interaction strength (blue histogram) or increasing the extrinsic noise (orange
histogram) with respect to a reference case with pure intrinsic noise and low miRNA-target
interaction (black line). The extrinsic noise and the miRNA-target interaction strength act at a
similar level with respect to bimodality, where a higher extrinsic noise can compensate for a
low interaction strength (small number of miRNA binding sites on the target) in order to
obtain two differentially expressed phenotypes.

Interplay between different targets increases the stability of bimodal
phenotypes

The study so far led us to consider the possible importance of extrinsic noise in cell phenotypic
variability. Given the existence of multiple miRNA-target networks, we now investigate how
the results for the one-target case extend to the multiple-target one. Let us consider a minimal
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Fig 5. Competition between two targets of the same miRNA. (A) Reference circuit including extrinsic noise for the case of two genes competing for the same
miRNA. kg is the miRNA transcription rate. kg; and kg, are the mRNA transcription rates and gg; and gg, are the mRNA degradation rates of target 1 and 2
respectively. k, and kp, are the translation rates and gp; and gp, are the degradation rates of protein 1 and 2 respectively. g1 and g2 are the miRNA interaction rates with
target 1 and 2. o is the fraction of miRNAs that are not recycled after binding to the mRNAs. (B) Phase diagram for the bimodality of the target R, for a fixed level of
extrinsic noise (¢ = 4.8 x 107* nM min "), small miRNA/target 1 interaction strength (g; = 1.2 x 10> nM ™' min™") and different miRNA/target 2 interaction strengths
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IES =1.2x10" nM min}, gg=12x 1072 min’l,gRl =gra=24x% 102 min~", kp, = kpy = 6.0 min’l,gpl =gp=24X 102 min~!, @=0.5. (C) Explanatory example of
how it is possible to modulate target 1 distribution by increasing the expression of target 2 for small interaction strength between miRNA and targets (g; = 1.2 x 10*
aM ' min7}, £ =30 nM ™! min™"). The extrinsic noise here is 0 = 2.4 x 10 nM min™". The other parameters are as in (B). (D) Intersection between the bimodality
phase diagrams of both targets for g; = 1.2 x 10> nM ™" min' and g, = 30 nM ™' min™". The other parameters are as in (B). Bimodality here is measured as in Fig 4. As a
reference, with g, = 1.2 x 10> nM ™" min ™" and g, = 30 nM ™" min™", in the bimodality region of the distribution of target 1, the average number of mRNA molecules of
target 1 ranges from 40 to 250 and the average number of mRNA molecules of target 2 ranges from 0 to 125. In the bimodality region of the distribution of target 2, the
average number of mRNA molecules of target 1 ranges from 0 to 60 and the average number of mRNA molecules of target 2 ranges from 5 to 180.

https://doi.org/10.1371/journal.pcbi.1006063.9005

model with two targets, R; and R,, competing for the same miRNA, S (Fig 5A). We start by
investigating the effect of an increase in the expression of target R, on target R; with and with-
out extrinsic noise. Upon increasing the transcription rate k,, of target R;, the threshold of the
target R shifts towards lower expression levels: the miRNAs are indeed sequestered by R, and
a lower amount of R; is needed to overcome the threshold.
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If R, has a high interaction strength g; with the miRNA, then the range of bimodality shifts
towards lower expression levels as well. The width of the range of R; bimodality is determined
by the interaction strength g, of the target R, with the miRNA. If g, > g, then the miRNAs
are sequestered by the second target with such a high frequency that the net effect is a reduc-
tion in the amount of miRNAs available to target R,. This entails a shift not only of the k,
threshold value but also of the range of bimodality. If g, < gj, the second target R, interacts
with low frequency with the miRNA, R, is slightly derepressed and the net effect on its bimodal
distribution is a reduction of the range of transcription rates for which it is present. The
emerging picture is that, for a given transcription rate k; , it is possible to tune the distribution
of target R; from monomodal to bimodal and from unrepressed to repressed and vice versa via
the expression of target R;.

The presence of extrinsic noise also makes such cross regulation possible for cases with
lower miRNA-target interaction on both targets. In Fig 5B we show the bimodality phase dia-
gram for R, at a fixed interaction strength g, between miRNA and target R}, and for a fixed
level of extrinsic noise (see S4 Fig in SI for a different noise level). The interaction strength is
such that in the case of pure intrinsic noise R; does not show a bimodal distribution. As an
explanatory example, Fig 5C shows that the peaks of R; distribution can be tuned towards the
repressed or the unrepressed case by decreasing or increasing the expression of a second target
R,. Here, the two targets R; and R, are both coupled through the noisy miRNA with small
interaction strengths. Also in this case, the same analytic approach as before gives good agree-
ment between theory and simulations.

These observations suggest that even if the miRNA repression is low and diluted over a net-
work of multiple targets, the noisy environment allows cross-regulation between ceRNAs at
the population level (see Fig 5D, with the intersection between the bimodality phase diagrams
for both targets for a fixed level of noise and miRNA interaction strengths).

Protein stability and bimodal phenotypes

Given the relevance of the final product of gene expression, it is important to consider what is
the effect of extrinsic noise on proteins’ distributions. From the deterministic system, one can
see that the mean amount of target protein is proportional to the amount of its unrepressed
mRNA. That is, those molecules not bound to miRNAs and free for translation. In the pres-
ence of extrinsic noise the target mRNA can show bimodality even without having a clear
double steady state in the deterministic system. Here we investigate if this is the case for the
protein distribution. A key factor to keep account of is the time scale of protein synthesis and
degradation. In general, if the protein dynamics are fast, the protein distribution follows
closely that of the mRNA (see Fig 6A1, 6B1 and 6C1). Conversely, slower protein dynamics
tend to filter out the intrinsic fluctuations of the mRNA and lead to narrower distributions
(see the SI for a detailed discussion of the case without extrinsic noise). This is a single cell
effect. That is, for a given rate of miRNA transcription k, the corresponding protein distribu-
tion gets more peaked as the protein dynamics get slower. The protein distribution subject to
extrinsic noise also tends to concentrate around its mean. This feature has different conse-
quences for the protein distribution shape according to the specific structure of the mRNA
distribution. If the mRNA distribution is bimodal, slower proteins will have a distribution con-
densing around their mean, which is located close to the unrepressed peak. They will therefore
preferentially display the unrepressed phenotype and may completely lose their bimodal struc-
ture (see Fig 6A2). Bimodality can persist for strongly bimodal mRNA distributions because
the noise reduction mechanism is acting at the single cell level. Hence it cannot overcome the
effects of the extrinsic noise (see Fig 6B1 and 6B2).
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Fig 6. Protein half-life and bimodality. In this panel three conditions (A), (B) and (C) in which the shape of the protein distribution is altered by an increased
protein stability are reported. Histograms are the result of numerical simulations. The free mRNA distributions are represented in orange, and the protein
distributions in blue, corresponding to different levels of scale separation between the mRNA and protein dynamics. Fast protein distributions are obtained for a
protein half life comparable to that of the mRNA; in this condition the state of the protein copies that of the mRNA and the distributions almost coincide. Slow
protein distributions are obtained for a protein half life up to 10 times longer than that of the mRNA. As a consequence of the higher protein stability different
outcomes can be achieved depending on the level of extrinsic noise, the miRNA-target interaction strength and the proximity to the threshold (k). Starting with a
well defined bimodal distribution (A1) and (B1), for a fixed level of extrinsic noise, the repressed peak can be buffered (A2) or not (B2) depending on the value of k.
If the initial distribution is unimodal repressed (C1), for a given range of parameters, it can be converted into a unimodal unrepressed (C3), crossing a bimodal state
(C2), by increasing the protein stability. In (A) the parameters are kg = 3.1 x 10> nM min™", ks = 1.2 x 107 nM min™, 0=2.4x 10"* nM min™", gg=1.2 x 107
min~}, gr=24x 1072 min}, g=12x 10> nM ' min™}, @ = 0.5, kp = 6.0 min ", gp=24x 102 min " for (A1) and kp=6.0 x 107" min’l,gp =2.4% 107> min"" for
(A2).In (B) the parameters are kg = 3.0 x 10~ nM min~}, I;S =12x%x10"° nM min', 0=2.4x 107* nM min’l,gs =12x1072 min’l,gR =24x 102 min"},
g=12x 10° nM ' min™!, @ = 0.5, kp = 6.0 min_l,gp =2.4x 10> min" for (B1) and kp=6.0 x 10"  min}, gp=24x 102 min ™! for (B2). In (C) the parameters are
kp=31x107nMmin "', kg = 1.4 x 10~ nM min "}, 6=1.7x10*nM min"', gg=1.2x 10 > min"}, gg =2.4 x 10> min"}, g= 1.2 x 10> nM ™' min"', &= 0.5, kp =
6.0 min ", gr=2.4x% 102 min™! for (C1), kp = 3.0min "%, gr=12x 1072 min~! for (C2) and kp = 1.2min_l,gp =4.8x 107> min~" for (C3). The ratio between kp and gp
is always kept constant in order to maintain the mean of the protein distributions at a fixed value. Note that we do not present the analytic curves for such cases as the
approximation fails to capture subtle features such as the (dis-)appearance of a small peak (see SI).

https://doi.org/10.1371/journal.pchi.1006063.9006
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For a repressed (unimodal) mRNA distribution the mode is far from the mean, so the nar-
rowing around the mean implies the rise of a second (unrepressed) peak. For moderately
slower dynamics (see Fig 6C2) the protein distribution may be bimodal, and for even slower
ones it will be unimodal close to its mean (see Fig 6C3).

Altogether these results suggest that slow proteins promote the expression closer to the
mean of the corresponding mRNA distribution. This may or may not be sufficient to remove
the bimodal feature of the protein distribution depending on the interplay between the ampli-
tude of the extrinsic noise, the coupling between target and miRNA, and the transcription
rates.

Bimodality in endogenous scenarios, time-fluctuating miRNA-production
rates and fold repression

In the previous sections we considered cases in which the average number of molecules at play
is not too low so that the analytic approximation is expected to perform well. Here we investi-
gate how likely the titrative mechanism we analysed is to produce bimodal distributions in
regimes of fold repression and mean amount of molecules closer to the endogenous case. We
define the fold repression as the ratio between the constitutive expression of the target (i.e. the
value the target would have in absence of miRNA regulation, when g — 0) and the target itself.
As discussed in detail in SI, the fold repression decreases greatly when adding even a little off-
set in the amount of mRNA molecules (see S6 Fig). Since our model has no offset, the fold
repression we measured should be taken as an upper bound to the ones obtainable in experi-
ments. Fig 7 shows the phase diagram of bimodality for two sets of mean miRNA transcription
rate ks and miRNA interaction strength g plotted against the mean amount of free mRNAs
and proteins (Fig 7A and 7C) and against the fold repression (Fig 7B and 7D). Red lines show
the bimodality region. As the figure shows, the bimodality region shrinks and shifts upon
decreasing the miRNA transcription rate. The mean values of free mRNAs are of order of hun-
dreds in Fig 7A and of order of tens in Fig 7C (as measured in [58, 59]) and the fold repression
ranges between 2 and 10. The amount of free miRNAs in this regime is of the order of tens,
while its total amount (measured as the ratio between its transcription and degradation rates)
is within 250 molecules per cell. This suggests titration interactions and extrinsic noise may
give rise to bimodal distributions also in endogenous regimes.

For the sake of simplicity, analytical and numerical tractability, the analysis presented so far
was performed by modelling the extrinsic noise as a gaussian random draw of the miRNA
transcription rate. The transcription rate was therefore “fixed” at the beginning of each simula-
tion and not assumed to vary in time. Such approximation is expected to describe adequately
the scenario where any variation of the miRNA expression rate takes place on longer time
scales than the typical ones in the system. However, this might not be the case for some sys-
tems: variation of gene expression may happen on time scales of minutes or hour depending
on cells’, and more widely organisms’, needs. One expects that, in the limit of very fast extrinsic
fluctuations, their effect will average out and the scenario will reduce to the case of intrinsic
noise only where the bimodality region is narrow, located in proximity to the threshold and
found only for strong interaction between microRNA and target mRNA, as discussed in [12].

To confirm these expectations and to investigate the case in which extrinsic fluctuations
take place on time scales comparable to the ones of the other reactions, we performed Gillespie
simulations allowing the transcription rate of the microRNA to fluctuate in time. In more
detail, we first set all parameters in the system as in Fig 6, where bimodality was observed for
static extrinsic noise. We then realised a dynamically fluctuating microRNA transcription rate
via an auxiliary birth and death process with finite pool N = 100 (see SI). The steady-state
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function of mRNA transcription rate and extrinsic noise level. The red line indicates the bimodality region. (B,D) Fold repression, i.e. ratio between the unregulated
and regulated expression level, as a function of mRNA transcription rate and extrinsic noise level. The red line indicates the bimodality region. Mean values and
fold repression are computed through the analytic approximation, while the bimodality region is obtained from numerical simulations. The set of parameters of
panels (C) and (D) resembles an endogenous scenario, where the mean values of free nRNAs are of order of tens and the fold repression ranges between 2 and 6. In
(A) and (B) the parameters are: gg= 1.2 x 1072 min’l,gR =24%10 min”", kp= 6.0 min~’, gr=12x 1072 min~}, g=3.0x 10> nM ™ min™", o = 0.5. Target mRNA
transcription rate ranges from kg = 2.3 x 107> nM min ™" to kg = 5.8 x 10> nM min . Extrinsic noise is tuned by varying the standard deviation of the distribution
with mean kg = 1.2 x 10~ nM min~' from which miRNA transcription rates are picked. The amount of free miRNAs in this regime is of the order of tens, while
its total amount (measured as the ratio between its transcription and degradation rates) is 250 molecules per cell. In (C) and (D) the parameters are: gg = 1.2 X 1072
min~}, gr=24x 102 min~", kp= 6.0 min~', gp=12x 10 min}, g=3.0x 10> nM ' min™}, @ = 0.8. Target mRNA transcription rate ranges from kg = 0 nM
min " to kg = 1.5 x 10> nM min™". Extrinsic noise is tuned by varying the standard deviation of the distribution with mean k; = 4.8 x 10~ nM min™" from
which miRNA transcription rates are picked. The amount of free miRNAs in this regime is of the order of tens, while its total amount is 100 molecules per cell.
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Fig 8. Bimodality appearance in presence of time-dependent extrinsic noise. Solid cyan lines represent free nRNA molecules distributions with a time-dependent
extrinsic noise on the miRNA transcription rate ks. The transcription rate is coupled to a birth and death process with finite pool N = 100. The steady-state
distribution of ks is a nearly Gaussian distribution with mean k; = 1.2 x 10 nM min™" and standard deviation ¢ = 2.4 x 10 nM min™". The time scale of this
process is tuned by changing the values of the birth and death rates, keeping their ratio fixed. The time scales of the fluctuations of the miRNA transcription rate, from
left to right are: 8.3 x 107> min, 0.83 min, 21 min, 83 min and 830 min. The green histogram in the leftmost plot represents the free nRNA molecules distribution in

absence of extrinsic noise. The orange histogram in the rightmost plot represents the free nRNA molecules distribution with static extrinsic noise introduced as

described in the main text; the ks distribution used in this case is a Gaussian with mean kg = 1.2 x 10 nM min~" and standard deviation ¢ = 2.4 x 10™* nM min™".
All the free mRNA molecules distributions are obtained from numerical simulations. The parameters are kg = 3.1 x 10> nM min ™", gg = 2.4 x 10> min "', g5 =
12x10min"", g=1.2x 10°nM ' min™!, &= 0.5.

https://doi.org/10.1371/journal.pcbi.1006063.9g008

distribution of kg is a Binomial that closely approximates a Gaussian distribution with mean

ks =1.2x10"° nM min"" and standard deviation g, = 2.4 x 10~ nM min "', i.e. the same
distribution from which we drew the rates in the static case discussed in Fig 6. The time scale 7
on which the microRNA transcription rate fluctuates can be explored by changing the magni-
tude of the birth and death rates, keeping their ratio fixed. To probe regimes in which these
fluctuations are faster, comparable and slower than the typical time scales of the reactions we
let 7 take the values of 8.3 x 10~ min, 0.83 min, 21 min, 83 min and 830 min (see Fig 8). These
should be compared with the typical time scales of the various reactions at play in the system.
For the target mRNA and protein, the time scale on which significative changes of concentra-
tion may occur ranges between about 10 min and 45 min (see the SI for details on how the
time scales were estimated). The numerical results confirm that if the miRNA transcription
rate varies very rapidly, the effect of the extrinsic noise is averaged out. Indeed, the first panel
on the left in Fig 8 shows how the distributions with fast fluctuating miRNA and without
extrinsic noise are the same. Considering progressively slower transcription rate variations,
the bimodality gradually reappears, and eventually recovers the static case in the slow-variation
regime. For 7 = 830 min the resulting distributions are practically indistinguishable from the
static extrinsic noise case treated in the previous sections. This time scale is comparable to
(shorter than) 24 hours (1440 min). Then, we expect the results obtained for static noise to be
relevant for settings in which the extrinsic noise is caused by variations along the cell cycle, in
cells dividing every 24 hours.
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Discussion

Previous studies pointed out the relevance of extrinsic noise in molecular networks in shaping
cell decision making and differentiation [9, 10]. Although extrinsic noise influences gene
expression and regulation at different levels, the dominating variability across a cell population
seems due to population dynamics [30]: even a monoclonal population has cells in different
phases of their cell cycle because of growth and divisions. Such intra-population variability
may manifest into heterogeneous expression patterns, which eventually develop a bimodal dis-
tribution [62, 63]. When bimodal distributions are observed in gene expression levels, these
modes often correspond to different physiological states of the system [1-6].

In this work we addressed the question of the role of extrinsic noise in shaping bimodal
gene distributions in the context of miRNA-mediated regulation, both with stochastic model-
ling and simulations.

As observed in vitro [13], in particular stoichiometric conditions miRNAs may induce
bimodality in the expression of their target genes simply due to peculiar titrative interactions.
In a theoretical system with pure intrinsic noise, such bimodal distributions can be observed
in conditions of high miRNA-target interaction strength and for a small range of target tran-
scription rates [12]. The binding and unbinding reactions between miRNA and target in
conditions of quasi equimolarity let the target “jump” from the bound to the unbound state,
giving rise to bimodal distributions. This bimodality is observed at a single-cell level: every sin-
gle cell can indeed switch from one state to the other so that, at a given time, part of the popula-
tion will be “bound” and part “unbound”.

We showed that introducing some extrinsic noise to the miRNA transcription widens the
range of target transcription rates for which one observes target bimodality. In this case the
bimodal distributions arise at the population level, made of several cells that are heterogeneous
with respect to miRNA expression and therefore amount. Hence, the bimodality arises from
the superposition of those unimodal distributions describing the single cells, i.e., each of them
obtained for a different value of miRNA transcription rate.

Interestingly, in this framework, a high miRNA-target interaction strength is not necessary
to obtain a population-induced bimodal distribution. We showed that extrinsic noise and
miRNA-target interaction strength act at similar levels with respect to the bimodality. The
interaction strength between miRNA and target in our model takes into account the possibility
of different numbers of miRNA binding sites on the mRNA target sequence. Since the miRNA
repression on a given target is usually small and possibly diluted over multiple targets, our
results suggest that some extrinsic noise can compensate for a low interaction strength in
order to obtain differentially expressed phenotypes.

Since every single miRNA may have many different targets that in turn compete for the
shared pool of miRNAs, a change in the expression level of one of them may alter the expres-
sion of the other ones depending on the prioritisation of their interaction strengths [12, 64].
Once sorted, the interaction strengths would indeed provide the specificity of the interaction
among a group of miRNAs and a group of targets, as shown in [12]. While from a purely theo-
retical point of view, there is in principle no limit on the number of genes that can be indirectly
regulated by another one (it is just a matter of parameters to tune), of course in physiological
conditions the number of genes involved in the crosstalk may be limited and case specific. If
one of these targets is bimodally distributed, then the bimodality may be influenced by the
expression level of the other miRNA competitors according to their prioritised interaction
strengths, and in turn may induce the expression of other targets to become bimodal. We
modelled the simplest version of this scenario considering two targets in competition for the
same miRNA and showed that cross regulation is possible even in the case of small miRNA-
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target interaction strengths if some extrinsic noise is present. In particular, different targets
may cross-regulate each other’s bimodal distributions and their interplay is pivotal in stabilis-
ing the presence of single phenotypes. This suggests that even if the miRNA repression is low
and diluted over a network of multiple targets, the noisy environment makes cross-regulation
among them possible.

One may then wonder whether the appearance of bimodality is due to unphysiological
amount of molecules or it may appear in endogenous situations, with a mean amount of
mRNAs in the order of 10 — 1000 [58, 59] and small fold repressions [13, 18]. As shown in Fig
7, the bimodality region may span values of mean mRNA amount in the order of tens and fold
repression values ranging between 1 and 10. The mean amount of free miRNAs corresponding
to these values is in the order of tens, while its total amount is below 250 molecules per cell.
These values suggest that bimodal distributions of the target might appear in endogenous
situations.

The importance of miRNAs in increasing protein noise in highly expressed genes was
recently suggested in [29]. This result should be read together with the finding that signalling
factors and developmental regulators in embryonic stem cells show bimodal expression pat-
terns only in presence of mature miRNAs [62, 63]. As pointed out in [28], as a whole these
studies suggest a role of miRNAs in generating gene-expression variability. Consistently with
the cell-to-cell miRNA variability observed in [29], they also suggest that variation in miRNA
expression may influence the co-variation of factors that are more likely to fluctuate together
to trigger transitions between cell states.

The outcome of regulatory systems is the control of protein expression. Concerning the
effect of extrinsic noise on their distribution, we showed that depending on the time scales of
protein synthesis and degradation, the protein distribution may suppress or amplify the bimo-
dality inherited from the mRNA.

Altogether our results suggest that the coupling between extrinsic noise and threshold
behaviour represents a possible mechanism to obtain bimodal phenotypes without the need
for fine tuning the rates of reactions which was required for the case of intrinsic noise only. On
one hand, we observed that the system is, for a broad range of parameters, able to buffer the
extrinsic fluctuations and channel only one final phenotype (unimodality region in Figs 4 and
7). On the other hand, we have highlighted how extrinsic noise widens the bimodality region
compared to the intrinsic-noise-only case. This suggests how bimodality can arise as a built-in
effect of the coupling between the miRNA-based titration and the presence of noise. This may
contribute to the understanding of the bimodal distributions observed in [13]. Such bimodality
may play a role in view of the advantages related to having a high variability among different
cells.

Given an estimate of the miRNA-target interaction strengths, the model allows the predic-
tion of the amount of extrinsic noise necessary to induce a bimodal phenotype. A feasible
strategy to test the experimental validity of these theoretical results involves building ad-hoc
synthetic circuits made of miRNA targets tagged with fluorescent labels, as previously done in
[13, 65], and performing transfection experiments. Even though the reporters are expressed at
artificial levels and with artificial dynamics, with the appropriate reporter-controls the experi-
mental set-up is controlled enough to check the validity of the model. By analysing the fluores-
cence patterns of the targets interacting with the miRNA throughout the entire population of
cells, the shape of the target distributions can then be extracted and compared to the theoreti-
cal predictions. MiRNAs are differentially expressed in different tissues and we also expect the
amplitudes of their extrinsic fluctuations to vary consequently. Hence, repeating the experi-
ment in cells derived from different tissues would allow the study of cells exposed to different
levels of extrinsic noise. This approach would enable the construction of a phase diagram for
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the bimodality linking extrinsic noise and model parameters, as done in [13]. Nowadays, rele-
vant experiments should use CRISPR-tagged endogenous proteins and inducible systems for
miRNA expression to move a physiological system into the desired region of the phase dia-
gram. This would provide a valuable and precise tool to define and control the key variables
for the appearance of bimodal target distributions, particularly in disease-related contexts.

Supporting information

S1 File. Details on different approximation methods, supplementary analysis, and simula-
tions.
(PDF)

S1 Fig. Comparison between Van Kampen and Gaussian approximations. In (A-C) mRNA
and protein distributions for unstable and stable proteins are shown together with the two
approximations. In (D) the mean number of mRNA molecules as a function of the miRNA
transcription rate is shown, the blue line corresponds to numerical simulations, while the red
and black one are the theoretical predictions obtained through the Van Kampen and Gaussian
approximation respectively. The inset is a zoom of the region where the difference between
the two approximations is more evident. In (A) the parameters are kg = 3.1 x 10> nM min ™",
kg=1.2x 10" nM min', 02 =2.4 x 10 nM min"',gg=1.2x 10 > min"’, gg =24 x 10~
min~', g=12x10°nM ™' min™", &= 0.5, kp = 6.0 min~", gp = 2.4 x 10"> min " for (A1) and
kp=6.0x 10"  min~}, gp=24Xx 1072 min~! for (A2). In (B) the parameters are kg = 3.0 x 1073
nMmin~', ks =12x 10 nM min "', 02 =24 x 10* nM min"', gg=1.2x 10 > min”’,
gr=24x10"min"", g=1.2x10°nM " min™", &= 0.5, kp = 6.0 min~", gp = 2.4 x 10~> min~
for (B1) and kp = 6.0 x 107" min~', gp = 2.4 x 107> min~" for (B2). In (C) the parameters are
kr=31x10"nM min ", k; = 1.4 x 10 nM min", ¢? = 1.7 x 10" nM min™', g=
12x10%min"", gg=2.4x 102 min"', g=12x10*nM ' min"", 2 = 0.5, kp = 6.0 min ', gp =
2.4 x 107> min~" for (C1), kp = 3.0min"", gp = 1.2 x 10~> min™" for (C2) and kp = 1.2min "', gp =
4.8 x 107> min~" for (C3). In (D) the parameters are kg = 3.1 x 10> nM min_l,gs =12x1072
min~', gg = 2.4 x 10> min~", g= 1.2 x 10° nM ' min~", & = 0.5, ks ranges from 0 to 2.6 x 10>
nM min ",
(PDF)

1

S2 Fig. Comparison between the bimodal mRNA noisy distribution and the weighted super-
position of distributions obtained without noise for different miRNA transcription rates.
The parameters are the following: kg = 3.1 x 10> nM min ', gg= 1.2 x 107 min’l,gR =
24x107min", g=12x 10 nM " min"", kp=6.0 min~", gp=1.2 x 10 min~' and & = 0.5.
In the main plot the different mRNA distributions correspond, from left to right, to kg =
1.7x107,14x 107, 1.2 x 107%,9.5x 107%,7.1 x 10~* nM min". In the inset, the mRNA histo-
gram is the result of miRNA transcription rates picked from a gaussian distribution with mean
k;=1.2 x 10~* nM min ' and standard deviation ¢ = 2.4 x 10~* nM min™". The black line is
the result of the weighted superposition of the distributions represented in the main plot.

(PDF)

S3 Fig. Analytical prediction for the coefficient of variation. Analytical predictions for
the target coefficient of variation in case of one (A) or two (B) targets. In (A) the parameters
are Es =1.2%x10"° nM min!, 0=4.8x 10"*nM min_l,gs =12x1072 min_l,gR =

24x 107 min"", g=1.2x10°nM ' min~", kp = 6.0 min~", gp=1.2 x 10> min~", & = 0.5.
kg ranges from 2.4 x 10~* nM min ™" to 5.2 x 10> nM min~". In (B) the parameters

arek, = 1.2 x 10° nM min', 0=4.8 x 107 nM min™, gg= 1.2 x 10 > min”,
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(PDF)

$4 Fig. Bimodality phase diagram. The plot shows the bimodality phase diagram for the
mRNA 1 in a system with two targets competing for the same miRNA. The parameters here
used are the following: kg = 1.2 x 10~* nM min™’, 05 =2.4 x 10" *nM min~', g; = 1.2 x 10°
nM ' min~', kg, and kg, range from 0 nM min ' t0 5.1 x 107> nM min_l,gs =12x1072
min~", ggy = gro = 2.4 x 107> min~", kpy = kp, = 6.0 min", gpy = gpy = 2.4 x 10 > min~}, @ = 0.5.
(PDEF)

S5 Fig. Bimodality amplitude phase diagram. Phase diagram of the bimodality amplitude of
the mRNA distribution as a function of the mRNA transcription rate k and of the extrinsic
noise level. The parameters here used are the following: gs= 1.2 x 10> min™", gg = 2.4 x 1072
min~', g=3.0 x 10> nM ™" min~", kp = 6.0 min~", gp= 1.2 x 10> min~", & = 0.5. Target mRNA
transcription rate is one of the control parameters and ranges from kg = 2.6 x 10> nM min ™'
to kg = 5.1 x 107> nM min"". Extrinsic noise is tuned by varying the standard deviation of the
distribution with mean kg = 1.2 x 10~® nM min ™' from which miRNA transcription rates
are picked. The standard deviation ranges from 0 = 0 nM min~" (no extrinsic noise) to o =

3.6 x 10~* nM min " This phase diagram was obtained by interpolating the single distribu-
tions obtained from numerical simulations as described in Sec. V. The green line represents
the separation between bimodal and unimodal regions as shown in the Main Text.

(PDF)

S6 Fig. The role of the offset. (A) Example of two average mRNA profiles, for a regulated
(orange) and an unregulated (blue) mRNA. (B) Same profile as panel A but with the curves
shifted upwards by an arbitrary offset of 10 mRNA molecules. (C) Fold repression (ratio of
blue to orange curve from panel A) without the offset. (D) Fold repression (ratio of blue to
orange curve from panel B) with the offset. (E) Comparison of the plots of fold repression with
offset (from panel D) and without offset (from panel C). The parameters here used are the fol-
lowing: g¢=1.2x 10 > min~', gz =2.4 x 10 >min"', g=3.0x 10' nM' min"', kg=7.1 x 10™*
nM min~', & = 0.5. kg ranges from 0 nM min "' to 4.8 x 10> nM min .

(PDF)

Acknowledgments

The authors would like to thank Chiara Enrico Bena and Raffaele Marino for useful discus-
sions and Andrea De Martino, Max Kerr Winter, Matteo Marsili, Olivier Martin, Andrea
Pagnani, Guillaume Salbreux, Philipp Thomas and Riccardo Zecchina for enlightening sugges-
tions and critical reading of this manuscript. M.D.G. and C.B. wish to thank Nordita for the
hospitality during part of this work.

Author Contributions

Conceptualization: Marco Del Giudice, Stefano Bo, Silvia Grigolon, Carla Bosia.
Investigation: Marco Del Giudice, Stefano Bo, Silvia Grigolon, Carla Bosia.
Supervision: Silvia Grigolon, Carla Bosia.

Writing - original draft: Marco Del Giudice, Stefano Bo, Silvia Grigolon, Carla Bosia.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1006063  April 17,2018 23/26


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006063.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006063.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006063.s007
https://doi.org/10.1371/journal.pcbi.1006063

@ -PLOS | 53ioav oM

Extrinsic noise and microRNA-mediated bimodal gene expression

Writing - review & editing: Marco Del Giudice, Stefano Bo, Silvia Grigolon, Carla Bosia.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Bessarabova M, Kirillov E, Shi W, Bugrim A, Nikolsky Y, Nikolskaya T. Bimodal gene expression pat-
terns in breast cancer. BMC Genomics. 2010; 11(Suppl I): S8. https://doi.org/10.1186/1471-2164-11-
S1-S8 PMID: 20158879

Shalek AK, Satija R, Adiconis X, Gertner RS, Gaublomme JT, Raychowdhury R, et al. Single-cell tran-
scriptomics reveals bimodality in expression and splicing in immune cells. Nature. 2013; 498:236-240.
https://doi.org/10.1038/nature12172 PMID: 23685454

Nikolsky Y, Kirillov E, Serebryiskaya T, Rakhmatulin R, Perlina A, Bugrim A, et al. Sequential clustering
of breast cancers using bimodal gene expression. Proceed AACR Ann Meeting. 2007; p. 141.

Dozmorov I, Knowlton N, Tang Y, Shields A, Pathipvanich P, Jarvis J, et al. Hypervariable genes—
experimental error or hidden dynamics. Nucleic Acids Res. 2004; 32 (19):e147-10. https://doi.org/10.
1093/nar/gnh146 PMID: 15514108

Zhao H, Yue P, Fang K. Identification of differentially expressed genes with multivariate outlier analysis.
J Biopharm Stat. 2004; 14 (3):629-646. https://doi.org/10.1081/BIP-200025654 PMID: 15468756

Teschendorff A, Naderi A, Barbosa-Morais N, Caldas C. PACK: Profile Analysis using Clustering and
Kurtosis to find molecular classifiers in cancer. Bioinformatics. 2006; 22 (18):2269-2275. https://doi.
org/10.1093/bioinformatics/btl174 PMID: 16682424

Samoilov M, Plyasunov S, Arkin A. Stochastic amplification and signaling in enzymatic futile cycles
through noise-induced bistability with oscillations. Proceedings of the National Academy of Sciences of
the USA. 2005; 102(7):2310-2315. https://doi.org/10.1073/pnas.0406841102 PMID: 15701703

Tsimring L. Noise in biology. Reports on Progress in Physics. 2014; 77:026601. https://doi.org/10.1088/
0034-4885/77/2/026601 PMID: 24444693

Swain P, Elowitz M, Siggia E. Intrinsic and extrinsic contributions to stochasticity in gene expression.
Proceedings of the Nattional Academy of Sciences of the United States of America. 2002; 99
(20):12795-12800. https://doi.org/10.1073/pnas. 162041399

Shahrezaei V, Ollivier J, Swain P. Colored extrinsic fluctuations and stochastic gene expression. Mol
Syst Biol. 2008; 4:196. https://doi.org/10.1038/msb.2008.31 PMID: 18463620

Bose |, Ghosh S. Origins of binary gene expression in post-transcriptional regulation by microRNAs.
Eur Phys J E. 2012; 35:102. https://doi.org/10.1140/epje/i2012-12102-2 PMID: 23064825

Bosia C, Pagnani A, Zecchina R. Modelling Competing Endogenous RNA Networks. PLoS One. 2013;
8(6):e66609. https://doi.org/10.1371/journal.pone.0066609 PMID: 23840508

Bosia C, Sgré F, Conti L, Baldassi C, Brusa D, Cavallo F, et al. RNAs competing for microRNAs mutu-
ally influence their fluctuations in a highly non-linear microRNA-dependent manner in single cells.
Genome Biology. 2017; 18:37. https://doi.org/10.1186/s13059-017-1162-x PMID: 28219439

Levine E, Zhang Z, Kuhiman T, Hwa T. Quantitative Characteristics of Gene Regulation by Small RNA.
PLOS Biology. 2007; 5(9):€229. https://doi.org/10.1371/journal.pbio.0050229 PMID: 17713988

Bartel D. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004; 116:281-297.
https://doi.org/10.1016/S0092-8674(04)00045-5 PMID: 14744438

Flynt A, Lai E. Biological principles of microRNA-mediated regulation: shared themes amid diversity.
Nat Rev Genet. 2008; 9:831-842. https://doi.org/10.1038/nrg2455 PMID: 18852696

Bartel D. MicroRNAs: target recognition and regulatory functions. Cell. 2009; 136:215-233. https://doi.
org/10.1016/j.cell.2009.01.002 PMID: 19167326

Mukherji S, Ebert M, Zheng G, Tsang J, Sharp P, van Oudenaarden A. MicroRNAs can generate
thresholds in target gene expression. Nat Genet. 2011; 43(9):854—859. https://doi.org/10.1038/ng.905
PMID: 21857679

Figliuzzi M, Marinari E, De Martino A. MicroRNAs as a Selective Channel of Communication between
Competing RNAs: a Steady-State Theory. Biophysical Journal. 2013; 104(5):1203—1213. https://doi.
org/10.1016/).bpj.2013.01.012 PMID: 23473503

Yuan', Liu B, Xie P, Zhang MQ, Li Y, Xie Z, Wang X. Model-guided quantitative analysis of microrna-
mediated regulation on competing endogenous rnas using a synthetic gene circuit. Proceedings of the
National Academy of Sciences, 2015; 112(10):3158-3163 https://doi.org/10.1073/pnas.1413896112

Friedman R, Farh KH, Burge C, DP B. Most mammalian mRNAs are conserved targets of microRNAs.
Genome Res. 2009; 19:92—-105. https://doi.org/10.1101/gr.082701.108 PMID: 18955434

Hwang HW, Mendell J. MicroRNAs in cell proliferation, cell death, and tumorigenesis. Br J Cancer.
2006; 94:776-780. https://doi.org/10.1038/s].bjc.6603023 PMID: 16495913

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1006063  April 17,2018 24/26


https://doi.org/10.1186/1471-2164-11-S1-S8
https://doi.org/10.1186/1471-2164-11-S1-S8
http://www.ncbi.nlm.nih.gov/pubmed/20158879
https://doi.org/10.1038/nature12172
http://www.ncbi.nlm.nih.gov/pubmed/23685454
https://doi.org/10.1093/nar/gnh146
https://doi.org/10.1093/nar/gnh146
http://www.ncbi.nlm.nih.gov/pubmed/15514108
https://doi.org/10.1081/BIP-200025654
http://www.ncbi.nlm.nih.gov/pubmed/15468756
https://doi.org/10.1093/bioinformatics/btl174
https://doi.org/10.1093/bioinformatics/btl174
http://www.ncbi.nlm.nih.gov/pubmed/16682424
https://doi.org/10.1073/pnas.0406841102
http://www.ncbi.nlm.nih.gov/pubmed/15701703
https://doi.org/10.1088/0034-4885/77/2/026601
https://doi.org/10.1088/0034-4885/77/2/026601
http://www.ncbi.nlm.nih.gov/pubmed/24444693
https://doi.org/10.1073/pnas.162041399
https://doi.org/10.1038/msb.2008.31
http://www.ncbi.nlm.nih.gov/pubmed/18463620
https://doi.org/10.1140/epje/i2012-12102-2
http://www.ncbi.nlm.nih.gov/pubmed/23064825
https://doi.org/10.1371/journal.pone.0066609
http://www.ncbi.nlm.nih.gov/pubmed/23840508
https://doi.org/10.1186/s13059-017-1162-x
http://www.ncbi.nlm.nih.gov/pubmed/28219439
https://doi.org/10.1371/journal.pbio.0050229
http://www.ncbi.nlm.nih.gov/pubmed/17713988
https://doi.org/10.1016/S0092-8674(04)00045-5
http://www.ncbi.nlm.nih.gov/pubmed/14744438
https://doi.org/10.1038/nrg2455
http://www.ncbi.nlm.nih.gov/pubmed/18852696
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
https://doi.org/10.1038/ng.905
http://www.ncbi.nlm.nih.gov/pubmed/21857679
https://doi.org/10.1016/j.bpj.2013.01.012
https://doi.org/10.1016/j.bpj.2013.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23473503
https://doi.org/10.1073/pnas.1413896112
https://doi.org/10.1101/gr.082701.108
http://www.ncbi.nlm.nih.gov/pubmed/18955434
https://doi.org/10.1038/sj.bjc.6603023
http://www.ncbi.nlm.nih.gov/pubmed/16495913
https://doi.org/10.1371/journal.pcbi.1006063

@ -PLOS | 53ioav oM

Extrinsic noise and microRNA-mediated bimodal gene expression

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Inui M, Martello G, Piccolo S. MicroRNA control of signal transduction. Nat Rev Mol Cell Biol. 2010;
11:252-263. https://doi.org/10.1038/nrm2868 PMID: 20216554

Esquela-Kerscher A, Slack F. Oncomirs: microRNAs with a role in cancer. Nat Rev Cancer. 2006;
6:259-269. https://doi.org/10.1038/nrc1840 PMID: 16557279

Garzon R, Calin G, Croce C. MicroRNAs in cancer. Annu Rev Med. 2009; 60:167—-179. https://doi.org/
10.1146/annurev.med.59.053006.104707 PMID: 19630570

Mendell J, Olson E. MicroRNAs in stress signaling and human disease. Cell. 2012; 148:1172—-1187.
https://doi.org/10.1016/j.cell.2012.02.005 PMID: 22424228

Nana-Sinkam S, Croce C. Clinical applications for microRNAs in cancer. Clin Pharmacol Ther. 2013;
93:98-104. hitps://doi.org/10.1038/clpt.2012.192 PMID: 23212103

Garg S, Sharp P. Single-cell variability guided by microRNAs. Science. 2016; 352(6292):1390—1391.
https://doi.org/10.1126/science.aag1097 PMID: 27313022

Schmiedel J, Klemm S, Zheng Y, Sahay A, Bl uthgen N, Marks D, et al. MicroRNA control of protein
expression noise. Science. 2015; 348 (6230):128—132. https://doi.org/10.1126/science.aaa1738 PMID:
25838385

Volfson D, Marciniak J, Blake W, Ostroff N, Tsimring L, Hasty J. Origins of extrinsic variability in eukary-
otic gene expression. Nature. 2006; 439:861-864. https://doi.org/10.1038/nature04281 PMID:
16372021

Pickering M, Stadler B, Kowalik T. miR-17 and miR-20a temper an E2F1-induced G1 checkpoint to reg-
ulate cell cycle progression. Oncogene. 2009; 28(1):140—-145. https://doi.org/10.1038/0nc.2008.372
PMID: 18836483

Trompeter H, Abbad H, lwaniuk K, Hafner M, Renwick N, Tuschl T, et al. MicroRNAs MiR-17, MiR-20a,
and MiR-106b act in concert to modulate E2F activity on cell cycle arrest during neuronal lineage differ-
entiation of USSC. PLoS One. 2011; 6(1):e16138. https://doi.org/10.1371/journal.pone.0016138 PMID:
21283765

Zhang Y, Han T, Wei G, Wang Y. Inhibition of microRNA-17/20a suppresses cell proliferation in gastric
cancer by modulating UBE2C expression. Oncol Rep. 2015; 33(5):2529-2536. https://doi.org/10.3892/
0r.2015.3835 PMID: 25760688

Zhuo W, Ge W, Meng G, Jia S, Zhou X, Liu J. MicroRNA 20a promotes the proliferation and cell cycle of
human osteosarcoma cells by suppressing early growth response 2 expression. Mol Med Rep. 2015;
12 (4):4989-4994. https://doi.org/10.3892/mmr.2015.4098 PMID: 26238942

Zhou J, Ma W, Liang S, Zeng Y, Shi R, Yu H, et al. Analysis of microRNA expression profiles during the
cell cycle in synchronized HelLa cells. BMB Rep. 2009; 42(9):593-598. https://doi.org/10.5483/
BMBRep.2009.42.9.593 PMID: 19788861

Ala U, Karreth F, Bosia C, Pagnani A, Taulli R, Léopold V, et al. Integrated transcriptional and competi-
tive endogenous RNA networks are cross-regulated in permissive molecular environments. Proc Natl
Acad SciU S A. 2013; 110(18):7154—7159. https://doi.org/10.1073/pnas.1222509110 PMID: 23536298

Osella M, Bosia C, Cora D, Caselle M. The role of incoherent microRNA-mediated feedforward loops in
noise buffering. PLoS Comput Biol. 2011; 7(3):e1001101. https://doi.org/10.1371/journal.pcbi. 1001101
PMID: 21423718

Cuccato G, Polynikis A, Siciliano V, Graziano M, Di Bernardo M, Di Bernardo D. Modeling RNA interfer-
ence in mammalian cells. BMC Systems Biology. 2011; 5:19. https://doi.org/10.1186/1752-0509-5-19
PMID: 21272352

Siciliano V, Garzilli I, Fracassi C, Criscuolo F, Ventre S, Di Bernardo D. miRNAs confer phenotypic
robustness to gene networks by suppressing biological noise. Nature Communication. 2013; 4:2364.
https://doi.org/10.1038/ncomms3364

Grigolon S, Di Patti F, De Martino A, Marinari E. Noise processing by microRNA-mediated circuits: The
Incoherent Feed-Forward Loop, revisited. Heliyon. 2016; 2(4):e00095. https://doi.org/10.1016/j.heliyon.
2016.e00095 PMID: 27441269

Lai X, Wolkenhauer O, Vera J. Understanding microRNA-mediated gene regulatory networks through
mathematical modelling. Nucleic Acids Research. 2016; 44(13):6019-6035. https://doi.org/10.1093/
nar/gkw550 PMID: 27317695

Thomas P, Popovic N, Grima R. Phenotypic switching in gene regulatory networks. Proceedings of the
National Academy of Sciences. 2014; 111(19):6994—6999. https://doi.org/10.1073/pnas.1400049111

van Kampen NG. Stochastic processes in physics and chemistry. North-Holland Personal Library;
1981.

Gillespie D. A general method for numerically simulating the stochastic time evolution of coupled chemi-
cal reactions. Journal of Computational Physics. 1976; 22:403—434. https://doi.org/10.1016/0021-9991
(76)90041-3

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1006063  April 17,2018 25/26


https://doi.org/10.1038/nrm2868
http://www.ncbi.nlm.nih.gov/pubmed/20216554
https://doi.org/10.1038/nrc1840
http://www.ncbi.nlm.nih.gov/pubmed/16557279
https://doi.org/10.1146/annurev.med.59.053006.104707
https://doi.org/10.1146/annurev.med.59.053006.104707
http://www.ncbi.nlm.nih.gov/pubmed/19630570
https://doi.org/10.1016/j.cell.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22424228
https://doi.org/10.1038/clpt.2012.192
http://www.ncbi.nlm.nih.gov/pubmed/23212103
https://doi.org/10.1126/science.aag1097
http://www.ncbi.nlm.nih.gov/pubmed/27313022
https://doi.org/10.1126/science.aaa1738
http://www.ncbi.nlm.nih.gov/pubmed/25838385
https://doi.org/10.1038/nature04281
http://www.ncbi.nlm.nih.gov/pubmed/16372021
https://doi.org/10.1038/onc.2008.372
http://www.ncbi.nlm.nih.gov/pubmed/18836483
https://doi.org/10.1371/journal.pone.0016138
http://www.ncbi.nlm.nih.gov/pubmed/21283765
https://doi.org/10.3892/or.2015.3835
https://doi.org/10.3892/or.2015.3835
http://www.ncbi.nlm.nih.gov/pubmed/25760688
https://doi.org/10.3892/mmr.2015.4098
http://www.ncbi.nlm.nih.gov/pubmed/26238942
https://doi.org/10.5483/BMBRep.2009.42.9.593
https://doi.org/10.5483/BMBRep.2009.42.9.593
http://www.ncbi.nlm.nih.gov/pubmed/19788861
https://doi.org/10.1073/pnas.1222509110
http://www.ncbi.nlm.nih.gov/pubmed/23536298
https://doi.org/10.1371/journal.pcbi.1001101
http://www.ncbi.nlm.nih.gov/pubmed/21423718
https://doi.org/10.1186/1752-0509-5-19
http://www.ncbi.nlm.nih.gov/pubmed/21272352
https://doi.org/10.1038/ncomms3364
https://doi.org/10.1016/j.heliyon.2016.e00095
https://doi.org/10.1016/j.heliyon.2016.e00095
http://www.ncbi.nlm.nih.gov/pubmed/27441269
https://doi.org/10.1093/nar/gkw550
https://doi.org/10.1093/nar/gkw550
http://www.ncbi.nlm.nih.gov/pubmed/27317695
https://doi.org/10.1073/pnas.1400049111
https://doi.org/10.1016/0021-9991(76)90041-3
https://doi.org/10.1016/0021-9991(76)90041-3
https://doi.org/10.1371/journal.pcbi.1006063

@ -PLOS | 53ioav oM

Extrinsic noise and microRNA-mediated bimodal gene expression

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Yang E, van Nimwegen E, Zavolan M, Rajewsky N, Schroeder M, Magnasco M, et al. Decay rates of
human mRNAs: correlation with functional characteristics and sequence attributes. Genome Res.
20083; 13(8):1863—-1872. https://doi.org/10.1101/gr.1272403 PMID: 12902380

Sharova L, Sharov A, Nedorezov T, Piao Y, Shaik N, Ko M. Database for mRNA half-life of 19 977
genes obtained by DNA microarray analysis of pluripotent and differentiating mouse embryonic stem
cells. DNA Res. 2009; 16:45-58. https://doi.org/10.1093/dnares/dsn030 PMID: 19001483

Fan J, Yang X, Wang W, Wood W, Becker K, Gorospe M. Global analysis of stress-regulated mRNA
turnover by using cDNA arrays. Proc Natl Acad Sci U S A. 2002; 99(16):10611-10616. https://doi.org/
10.1073/pnas.162212399 PMID: 12149460

Chen C, Ezzeddine N, Shyu A. Messenger RNA half-life measurements in mammalian cells. Methods
Enzymol. 2008; 448:335-357. https://doi.org/10.1016/S0076-6879(08)02617-7 PMID: 19111184

Yen H, Xu Q, Chou D, Zhao Z, Elledge S. Global protein stability profiling in mammalian cells. Science.
2008; 322(5903):918-923. https://doi.org/10.1126/science.1160489 PMID: 18988847

Sethi P, Lukiw W. MicroRNA abundance and stability in human brain: specific alterations in Alzheimer’s
disease temporal lobe neocortex. Neurosci Lett. 2009; 459(2):100—104. https://doi.org/10.1016/].
neulet.2009.04.052 PMID: 19406203

van Rooij E, Sutherland L, Qi X, Richardson J, Hill J, Olson E. Control of stress-dependent cardiac
growth and gene expression by a microRNA. Science. 2007; 316 (5824):575-579. https://doi.org/10.
1126/science.1139089 PMID: 17379774

Kai Z, Pasquinelli A. MicroRNA assassins: factors that regulate the disappearance of miRNAs. Nat
Struct Mol Biol. 2010; 17:5-10. https://doi.org/10.1038/nsmb.1762 PMID: 20051982

Hutvagner G, Zamore P. A microRNA in a Multiple-Turnover RNAi Enzyme Complex. Science. 2002;
297(5589):2056—2060. https://doi.org/10.1126/science.1073827 PMID: 12154197

Haley B, Zamore P. Kinetic analysis of the RNAi enzyme complex. Nature structural and molecular biol-
ogy. 2004; 11(7):599-606. https://doi.org/10.1038/nsmb780 PMID: 15170178

Liu J, Rivas F, Wohlschlegel J, Yates J, Parker Rea. A role for the P-body component GW182 in micro-
RNA function. Nature cell biology. 2005; 7(12):1261-1266. https://doi.org/10.1038/ncb1333 PMID:
16284623

Pillai R, Bhattacharyya S, Artus C, Zoller T, Cougot Nea. Inhibition of translational initiation by Let-7
MicroRNA in human cells. Science. 2005; 309 (5740):1573—-1576. https://doi.org/10.1126/science.
1115079 PMID: 16081698

Baccarini A, Chauhan H, Gardner T, Jayaprakash A, Sachidanandam Rea. Kinetic Analysis Reveals
the Fate of a MicroRNA following Target Regulation in Mammalian Cells. Current Biology. 2011; 21
(5):369-376. https://doi.org/10.1016/j.cub.2011.01.067 PMID: 21353554

Schwanh ausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, et al. Global quantification of mam-
malian gene expression control. Nature. 2011; 473:337—42. https://doi.org/10.1038/nature10098

Marinov G, Williams B, McCue K, Schroth G, Gertz J, Myers Rea. From single-cell to cell-pool transcrip-
tomes: stochasticity in gene expression and RNA splicing. Genome Res. 2014; 24:496-510. https://doi.
org/10.1101/gr.161034.113 PMID: 24299736

Myar C, Bartel DP. Widespread shortening of 3UTRs by alternative cleavage and polyadenylation acti-
vates oncogenes in cancer cells. Cell. 2009; 138:673-684. https://doi.org/10.1016/j.cell.2009.06.016

Milo R, Jorgensen P, Moran U, Weber G. Springer M. Bionumbers—the database of key numbers in
molecular and cell biology. Nucleic Acids Res. 2010; 38(suppl 1):D750-D753. https://doi.org/10.1093/
nar/gkp889 PMID: 19854939

Kumar R, Cahan P, Shalek A, Satija R, DaleyKeyser A, Li H, et al. Deconstructing transcriptional het-
erogeneity in pluripotent stem cells. Nature. 2014; 516:56—61. https://doi.org/10.1038/nature 13920
PMID: 25471879

Klein A, Mazutis L, Akartuna |, Tallapragada N, Veres A, Li V, et al. Droplet Barcoding for Single-Cell
Transcriptomics Applied to Embryonic Stem Cells. Cell. 2015; 161(5):1187-1201. https://doi.org/10.
1016/j.cell.2015.04.044 PMID: 26000487

Mitarai N, Andersson A, Krishna S, Semsey S, Sneppen K. Efficient degradation and expression prioriti-
zation with small RNAs. Physical Biology. 2007; 4:164. https://doi.org/10.1088/1478-3975/4/3/003
PMID: 17928655

Yuan'Y, Liu B, Xie P, Zhang MQ, Li Y, Xie Z, et al. Model-guided quantitative analysis of microRNA-
mediated regulation on competing endogenous RNAs using a synthetic gene circuit. Proceedings of the
National Academy of Sciences. 2015; 112:3158-3163. https://doi.org/10.1073/pnas.1413896112

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1006063  April 17,2018 26/26


https://doi.org/10.1101/gr.1272403
http://www.ncbi.nlm.nih.gov/pubmed/12902380
https://doi.org/10.1093/dnares/dsn030
http://www.ncbi.nlm.nih.gov/pubmed/19001483
https://doi.org/10.1073/pnas.162212399
https://doi.org/10.1073/pnas.162212399
http://www.ncbi.nlm.nih.gov/pubmed/12149460
https://doi.org/10.1016/S0076-6879(08)02617-7
http://www.ncbi.nlm.nih.gov/pubmed/19111184
https://doi.org/10.1126/science.1160489
http://www.ncbi.nlm.nih.gov/pubmed/18988847
https://doi.org/10.1016/j.neulet.2009.04.052
https://doi.org/10.1016/j.neulet.2009.04.052
http://www.ncbi.nlm.nih.gov/pubmed/19406203
https://doi.org/10.1126/science.1139089
https://doi.org/10.1126/science.1139089
http://www.ncbi.nlm.nih.gov/pubmed/17379774
https://doi.org/10.1038/nsmb.1762
http://www.ncbi.nlm.nih.gov/pubmed/20051982
https://doi.org/10.1126/science.1073827
http://www.ncbi.nlm.nih.gov/pubmed/12154197
https://doi.org/10.1038/nsmb780
http://www.ncbi.nlm.nih.gov/pubmed/15170178
https://doi.org/10.1038/ncb1333
http://www.ncbi.nlm.nih.gov/pubmed/16284623
https://doi.org/10.1126/science.1115079
https://doi.org/10.1126/science.1115079
http://www.ncbi.nlm.nih.gov/pubmed/16081698
https://doi.org/10.1016/j.cub.2011.01.067
http://www.ncbi.nlm.nih.gov/pubmed/21353554
https://doi.org/10.1038/nature10098
https://doi.org/10.1101/gr.161034.113
https://doi.org/10.1101/gr.161034.113
http://www.ncbi.nlm.nih.gov/pubmed/24299736
https://doi.org/10.1016/j.cell.2009.06.016
https://doi.org/10.1093/nar/gkp889
https://doi.org/10.1093/nar/gkp889
http://www.ncbi.nlm.nih.gov/pubmed/19854939
https://doi.org/10.1038/nature13920
http://www.ncbi.nlm.nih.gov/pubmed/25471879
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1016/j.cell.2015.04.044
http://www.ncbi.nlm.nih.gov/pubmed/26000487
https://doi.org/10.1088/1478-3975/4/3/003
http://www.ncbi.nlm.nih.gov/pubmed/17928655
https://doi.org/10.1073/pnas.1413896112
https://doi.org/10.1371/journal.pcbi.1006063

