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Post‐Transcriptional Noise Control
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termed extrinsic noise, and will aﬀect two
identical genes within the same cell
equally.[5] However, there is additional
variability caused by the inherently probabilistic nature of molecular processes,
termed intrinsic noise, which is the major
driving force of gene‐dependent ﬂuctuations in expression levels and noise.[5]
Intrinsic noise is predominantly caused by
the low copy numbers of biomolecules
involved in gene expression and the pulsatile or “bursty” nature of transcription.[6–10]
Since it is not exactly clear when either
noise source dominates it is important to
consider both extrinsic and intrinsic noise.
Early work in bacteria showed that the
variability arising from both bursty[10] and
constitutive (i.e., Poissonian) promoters[11]
could be explained solely by taking into
account intrinsic ﬂuctuations. Yet, later
studies found that only once cell‐cycle or
cell‐size eﬀects had been minimized does
intrinsic noise dominate for bursty promoters or at low
expression levels, while extrinsic noise dominates at high
expression levels across bacteria,[3] yeast,[2,3,12–14] and mammalian cells.[15] Conversely, a recent study in mammalian cells
found that a host of extrinsic variables, including cell size, could
not explain the observed transcriptional variability for lower
expressing genes,[16] implying that the variability for these
genes is dominated by intrinsic noise. There is perhaps a
deeper philosophical debate about when factors inﬂuencing
variability are truly intrinsic rather than extrinsic, as previously
discussed,[7] and future results may require the ﬁeld to revise its
interpretations.
Fluctuations in protein expression levels are often harnessed
to drive alternate fate outcomes in bacterial cells, stem cells,
during viral infection, or drug tolerance in cancer cells,
facilitating bet‐hedging strategies.[6,7,17–25] Yet, these ﬂuctuations can be detrimental for phenotype stability,[2,12,26,27]
requiring cells to implement speciﬁc mechanisms that can
attenuate noise. For example, during Drosophila embryo
development, multiple nuclei share one cytoplasm, dampening
noise that originates in the individual nuclei and allowing for
precise embryonic development.[26,28] Yet, this dampening acts
globally and is not gene‐speciﬁc. Examples of gene‐speciﬁc
noise control include the promoter sequences[29–32] or enhancers at the gene locus aﬀecting promoter toggling frequencies,[33,34] as has been reviewed elsewhere.[35] These designs at
the gene locus preclude the ability of a gene to switch from high
expression variability to low variability, an attribute that is

Recent evidence indicates that transcriptional bursts are intrinsically ampliﬁed
by messenger RNA cytoplasmic processing to generate large stochastic
ﬂuctuations in protein levels. These ﬂuctuations can be exploited by cells to
enable probabilistic bet‐hedging decisions. But large ﬂuctuations in gene expression can also destabilize cell‐fate commitment. Thus, it is unclear if cells
temporally switch from high to low noise, and what mechanisms enable this
switch. Here, the discovery of a post‐transcriptional mechanism that attenuates
noise in HIV is reviewed. Early in its life cycle, HIV ampliﬁes transcriptional
ﬂuctuations to probabilistically select alternate fates, whereas at late times, HIV
utilizes a post‐transcriptional feedback mechanism to commit to a speciﬁc fate.
Reanalyzing various reported post‐transcriptional negative feedback architectures reveals that they attenuate noise more eﬃciently than classic transcriptional autorepression, leading to the derivation of an assay to detect post‐
transcriptional motifs. It is hypothesized that coupling transcriptional and post‐
transcriptional autoregulation enables eﬃcient temporal noise control to beneﬁt
developmental bet‐hedging decisions.

1. Introduction
A genetically identical population of cells will express diﬀerent
levels of messenger RNA (mRNA) and protein in each cell due to
stochastic ﬂuctuations in gene expression (i.e., noise). Both the
sources of gene‐expression noise and the degree of variability (i.e.,
magnitude of the noise) can diﬀer drastically depending on the
organism or gene.[1–3] Intuitively, some sources of gene‐expression noise can be explained by, for instance, diﬀerences in the cell
size, cell‐cycle state, cellular composition, or environmental
stressors.[4] These global sources of variability are commonly
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beneﬁcial in cellular decision‐making or during bet‐hedging
strategies.
Therefore, a question that remains is how can cells
temporally control variability in a gene‐speciﬁc manner? The
intuitive answer is feedback (or feedforward) loops, but it is
unclear if these have evolved to control gene‐expression noise
and to what extent they can do so. Historically, most feedback
loops are studied with respect to changes in the mean
expression levels, though positive noise‐enhancing feedbacks
have been shown to drive cell‐fate decisions,[21,36–38] and classic
negative autoregulation is thought to decrease noise in
bacteria.[39,40] Post‐transcriptional regulation by small RNAs
in bacteria[41–43] and microRNAs (miRNAs) in eukaryotes[44–46]
has also been implicated in noise regulation, though here we
will mostly focus on autoregulatory motifs. More recent results
indicate that a post‐transcriptional autoregulatory feedback is
implemented to control noise in HIV protein expression and
plays an important role in stabilizing viral fate commitment to
active viral replication.[47] It is therefore likely that noise control
is a functional advantage of similar motifs in other systems.
Below, we review how variability in gene expression can be
temporally controlled by coupling transcriptional and post‐
transcriptional autoregulatory circuits. Using simulations, we
examine a range of reported post‐transcriptional feedback
architectures and determine their respective abilities to
attenuate mRNA and protein noise.

2. Intrinsic Gene‐Expression Variability Is
Generally Ampliﬁed Post‐Transcriptionally
The simplest models show that episodic (i.e., “bursty”) transcription occurs when a promoter toggles between a transcriptionally
active and a transcriptionally silent state.[1,9,10,48–52] These simple
transcriptional‐bursting models, referred to as the two‐state or
random telegraph models, assume that the promoter toggles
between an inactive OFF state and an active ON state.[53] Though
multistate promoter models[15] can accurately capture experimental data, any model that has more than one promoter state will
generate mRNA and protein ﬂuctuations that are super‐Poissonian.[9,54] On the other hand, models that have only one promoter
state (i.e., for constitutively expressed genes) are simpliﬁed
birth–death processes (i.e., “Poisson processes”) and will generate
Poissonian distributions of gene products. Poisson distributions
accurately describe the variability for constitutive promoters;[9,55]
however, non‐Poissonian multistate models (e.g., random telegraph models) are required to ﬁt the measured cell‐to‐cell
expression distributions that are super‐Poissonian.[17,48,56]
In addition to promoter toggling, gene‐expression variability
can be modulated by the turnover of nuclear mRNA,
cytoplasmic mRNA, and protein.[1,10,57,58] For example, slow
nuclear export combined with a short cytoplasmic mRNA half‐
life can decrease (attenuate) cytoplasmic mRNA noise.[59]
Additionally, slow translation rates and long protein half‐lives
allow time‐averaging of short‐lived ﬂuctuations caused by
small, frequent transcriptional bursts.[19,30] Yet, these two forms
of noise minimization are extremely costly for two reasons:
ﬁrst, they are ineﬃcient due to wasteful overproduction of
mRNA;[40] and, second, they cannot synergize because the long
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protein half‐lives, required for protein time‐averaging of short‐
lived ﬂuctuations, counteract the noise reduction caused by
slow export, making the two processes mutually exclusive.[60]
Exploiting biochemical rates for noise ampliﬁcation, on the
other hand, is signiﬁcantly less costly for a cell owing to the
ability of a high degree of synergy between ampliﬁcation steps.
For example, high translation eﬃciency ampliﬁes phenotypic
variability.[11,40,58] This ampliﬁcation occurs because several
hundred to thousands of proteins can be translated from one
mRNA, and so any transcriptional bursts can be enhanced
more than 100‐fold, thereby augmenting a population’s ability
to inhabit two phenotypic states.[12,58,61]
Additionally, recent results show that the eﬀects of cytoplasmic mRNA processing and translation further amplify gene‐
expression noise, resulting in cytoplasmic mRNA and protein
distributions that are far from minimal Poisson noise.[56]
Therefore, the majority of physiologically relevant rates involved
in mRNA expression will cause noise ampliﬁcation (Figure 1a,
left), especially assuming widespread noise ampliﬁcation due to
cytoplasmic mRNA processing (Figure 1a, right).[56] A substantial body of literature argues that transcriptional noise
propagates and is ampliﬁed at the protein level and can drive
diversifying (positive) selection for bet‐hedging phenotypes.[6,20,62,63] Therefore, eﬃcient and accurately timed noise
control, for example in the form of positive or negative
autoregulation (Figure 1b), is required to switch from high to
low gene‐expression variability (Figure 1c).

3. Eﬃcient Post‐Transcritpional Noise Control
in HIV
Until recently it remained unclear if transcriptional noise, when it
is utilized by cells to drive fate decisions, is subsequently
attenuated to allow cells to commit to a given fate, and if so, by
what mechanisms. In the early 2000s, however, it was predicted
that eﬃcient noise‐attenuating circuits would act post‐transcriptionally.[64] This prediction remained theoretical until recently,[47]
when it was discovered that post‐transcriptional negative feedback
in human immunodeﬁciency virus type 1 (HIV‐1) eﬃciently
minimizes ﬂuctuations following a noise‐driven fate decision.
Upon integration into the host‐cell genome, HIV ampliﬁes
transcriptional ﬂuctuations to enable a noise‐driven binary
decision,[21,22,65] leading to either active viral replication or a
long‐lived transcriptionally silent state called proviral latency
(Figure 2a, green).[66,67] Though T‐cell activation impacts
latency establishment and reversal, the fate decision itself is
inherently probabilistic and cell state is insuﬃcient to
deterministically regulate latency.[68,69] However, once this
decision has been made, large expression ﬂuctuations are
detrimental, destabilizing the active state. The resulting
question was as follows: how does HIV attenuate noise
following the fate decision to stabilize its active state? In
essence, HIV solves this problem by incorporating post‐
transcriptional negative feedback into its regulatory circuit to
decrease the amplitude of transcriptional ﬂuctuations (i.e.,
noise) and stabilize fate commitment (Figure 2a, blue).[47]
HIV transcripts are spliced into three classes of transcripts:
unspliced (US) mRNA, singly spliced (SS) mRNA, and multiply
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Figure 1. Transcriptional ﬂuctuations are generally ampliﬁed by nuclear export and cytoplasmic mRNA processing, requiring feedback to modulate
noise. a) The probability that a gene will show ampliﬁcation versus attenuation of noise when comparing the nuclear‐to‐cytoplasmic noise (σ 2/ μ) ratio
in the absence (left) and presence (right) of bursty cytoplasmic mRNA processing. Increasing red represents increasing noise ampliﬁcation, while
increasing blue represents increasing noise attenuation and white represents no change in noise from the nucleus to the cytoplasm. Adapted with
permission.[56] 2018, Cell Press. b,c) Large ﬂuctuations in protein expression levels in the absence of feedback (left) can be ampliﬁed with positive
feedback (center) or attenuated with negative feedback (right).

spliced (MS) mRNA. The MS transcript class produces, among
others, two regulatory proteins: Tat and Rev (Figure 2b). Tat is
responsible for positive feedback acting on the HIV
long‐terminal repeat (LTR) promoter (Figure 2b, green), which
ampliﬁes ﬂuctuations in protein expression that drive the viral
fate decision (Figure 2c, green).[22] Rev, on the other hand, is a
regulatory protein that binds to the Rev response element (RRE)
present solely on the US and SS transcript classes and exports
them out of the nucleus (Figure 2b, blue) via cellular
chromosome region maintenance 1 (CRM1).[70,71] Rev was
thought to negatively autoregulate, but the mechanism by
which it did so was unclear. Surprisingly, we found that US
mRNA is post‐transcriptionally spliced into SS and MS
mRNAs, and this post‐transcriptional splicing is obligate for
HIV‐negative autoregulation (Figure 2b, blue).[47] Simulations
predicted that the large Tat‐induced ﬂuctuations in protein
expression (Figure 2c, green), which drive cell‐fate decision by
generating strong bimodality (Figure 2d, green), are attenuated
by the Rev‐negative feedback (Figure 2c, blue), stabilizing viral
commitment to the active state (Figure 2d, blue).
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HIV post‐transcriptional splicing was demonstrated using a
pulse‐chase experiment that relied on single‐molecule RNA
ﬂuorescence in situ hybridization (FISH) as a readout.[47] One
beneﬁt of using RNA FISH is that, as an imaging technique,
nuclear and cytoplasmic mRNAs can be readily distinguished,
which was essential for this analysis. The pulse phase of the
experiment was comprised of a short 14‐min incubation
with tumor necrosis factor‐α (TNF‐α) to induce nuclear factor‐
κB (NF‐κB) sites on the HIV LTR. Then, transcription was shut oﬀ
using the transcriptional poison actinomycin D (ActD). Once
transcription was halted, the nuclear US transcript class decreased
as expected. However, the nuclear SS transcripts continued to
increase in abundance for 20–30 min despite transcription being
halted, and the nuclear MS transcripts continued to steadily
increase in abundance for the length of the experiment, ≈1 h
(Figure 3a). These data indicated that HIV splicing could not be
cotranscriptional and that MS RNAs, which code for Rev and Tat,
were products of US RNAs. Subsequent imaging provided direct
evidence that Rev export of US and SS mRNAs resulted in the
depletion of MS mRNAs, including the Rev mRNA, thereby
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Figure 2. Two separate sets of feedback, one transcriptional and one post‐transcriptional, temporarily regulate noise in HIV to control and stabilize
viral fate. a) Tat‐positive feedback ampliﬁes transcriptional ﬂuctuations generating high noise (i.e., low stability) to probabilistically select HIV’s
alternate fates early in the viral life cycle (left, green). The Rev‐negative feedback attenuates noise to drive viral commitment (i.e., high stability) to a
speciﬁc fate at later stages in HIV’s life cycle (right, blue). b) In the nucleus, US transcripts are post‐transcriptionally spliced into MS transcripts. Tat
and Rev are both produced from MS transcripts. Tat is responsible for positive feedback acting on the HIV LTR promoter. Rev acts by exporting US
transcripts to the cytoplasm, thereby depleting nuclear US mRNA and reducing the amount of MS mRNAs that can be produced, generating an
autoregulatory negative feedback loop. c) Gillespie simulations in the absence (left, green) and presence (right, blue) of the Rev‐negative feedback
show that the negative feedback eﬃciently attenuates noise and stochastic ON–OFF switching of the LTR is minimized, stabilizing active gene
expression. In the absence of the Rev‐negative feedback, there is higher gene‐expression noise and increased stochastic ON–OFF switching of the
promoter despite an approximately threefold higher mean expression level of the ON state. Reproduced with permission.[47] Copyright 2018, Cell
Press. d) Histograms of 1000 simulations of the HIV precursor autodepletion model (blue) and absence of this negative feedback (green) at the end of
the simulation run (i.e., t = 300 h from [c]). In the absence of the Rev‐negative feedback, substantially more trajectories are expected to be in the green
ﬂuorescent protein (GFP) OFF state compared to the simulations with the Rev‐negative feedback. In other words, the absence of the negative
feedback substantially destabilizes commitment to the active state. Reproduced with permission.[47] Copyright 2018, Cell Press.

constituting a negative feedback loop. This post‐transcriptional
feedback architecture was named “autodepletion” to diﬀerentiate it
from the classical transcriptional autorepression loops.[72] Analytical theory and simulations had predicted that such autodepletion
architectures may provide superior noise attenuation compared to
transcriptional autorepression.[47,64]
To determine how eﬃciently Rev autodepletion circuitry
attenuated noise, HIV mutants with increased splicing eﬃciency
were generated, since computational models predicted that this
would signiﬁcantly reduce negative feedback strength. Single‐cell
time‐lapse imaging trajectories from a representative HIV
mutant with reduced negative feedback are shown (Figure 3b,
left); note the large increase in the mean expression level and
noise compared to the wild type (WT) (Figure 3b, right) as well as
the lack of overshoot kinetics, a classic hallmark of a negative
feedback, present in the WT trajectories but absent in the
feedback mutants. Strikingly, the HIV mutant with reduced
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negative feedback showed decreased stability in commitment to
active replication (Figure 3c), as was predicted by simulations
(Figure 2d). Together the data demonstrated that in the absence
of negative feedback (i.e., the splicing mutants), HIV expression
noise is not eﬃciently attenuated and the active viral state is
substantially destabilized.[47]
From an evolutionary perspective, HIV’s coupling of noise‐
ampliﬁcation circuitry (Tat‐positive feedback) with downstream
noise‐attenuation circuitry (Rev‐negative feedback) is perhaps
an expensive regulatory architecture. However, this coupled
circuitry allows for temporal regulation of noise and has the
beneﬁt of optimizing ﬁtness for probabilistic bet‐hedging
strategies.[62] Therefore, a plethora of genes may have selected
post‐transcriptional autoregulatory architectures for their ability
to temporally control noise in addition to mean. This hypothesis
is supported by the ﬁnding that elements of the HIV‐negative
feedback appear to be conserved in lentiviruses.[47]
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Figure 3. Post‐transcriptional architecture of HIV’s negative feedback suppresses noise to stabilize fate. a) i. Representative single‐molecule FISH (smFISH)
images of transcriptional pulse‐chase in ﬁxed HIV‐infected Jurkat cells. The nucleus is DAPI‐stained (blue) and the mRNA is visualized using smFISH (white).
Across: TNF‐α activation of the HIV promoter was chased 14 min later with the transcriptional elongation inhibitor ActD. Down: smFISH probes were designed
to visualize US, SS, and MS mRNA, respectively. ii. Quantiﬁcation of the number of nuclear mRNA molecules (#) during the TNF‐α pulse (blue) and the ActD
chase (red) from i. b) Time‐lapse microscopy of WT HIV d2GFP containing the Rev‐negative feedback (right, blue) and a mutant with enhanced splice‐acceptor
eﬃciency lacking the Rev‐negative feedback (left, green). Insets: mean trajectories normalized to max (to examine overshoot). c) Flow cytometry analysis of
active‐state stability following a pulse of TNF‐α reactivation for WT HIV d2GFP and splicing mutant lacking the Rev‐negative feedback; cells were removed from
TNF‐α induction at time zero. As predicted in Figure 2d, after 58 h, the mutant lacking the Rev‐negative feedback shows substantially more cells in the GFP OFF
(i.e., naive) state compared to WT. a.u., arbitrary units; DAPI, 4′,6‐diamidino‐2‐phenylindole. Figure reproduced with permission.[47] Copyright 2018, Cell Press.

4. Examples of Post‐Transcriptional Feedback
The noise‐attenuation eﬀects of HIV’s autoregulatory feedback
suggest a functional basis for similar motifs in other systems.
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For example, a central mechanism by which serine‐ and
arginine‐rich (SR) proteins regulate their homeostasis is by
splicing their pre‐mRNAs to untranslated variants.[73,74] Here,
we thus review a set of reported post‐transcriptional feedback
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circuits, including translational (TL) repression, involved in the
autoregulation of RNA‐binding proteins (RBPs).
In late erythroblasts (i.e., red blood cells), there is increased
global intron retention in the later stages of development that
regulates some of the major spliceosome genes.[75] For example,
the splicing factor 3b subunit 1 (SF3B1) is autoregulated via
intron retention. This is achieved by the presence of six decoy
exons, thus inhibiting splicing of SF3B1 and promoting SF3B1
intron 4 (i4) retention,[76] resulting in an mRNA autodepletion
feedback that could eﬃciently attenuate noise. The appearance of
this negative feedback (i.e., upregulation of intron retention)
coincides with the last two diﬀerentiation stages.[75] Interestingly,
extensive intron retention has been shown to occur during
development in other systems and is proposed to be a post‐
transcriptional mechanism to downregulate gene expression by
inducing degradation via the nuclear surveillance machinery.[77]
The SR splicing factor 1 (SF2/ASF) also has six alternatively
spliced isoforms discovered to date, of which only one is
translationally active. The other ﬁve are responsible for two
diﬀerent regulatory mechanisms.[78] First, regulation through
unproductive splicing and nonsense‐mediated decay (NMD)—a
regulatory mechanism that is commonly observed in conjunction
with retained introns.[69,74,79–82] Second, the translationally active
transcript of SF2/ASF contains an RNA recognition motif (RRM2)
in the 3′‐untranslated region (UTR). The presence of RRM2 has
been shown to be both necessary and suﬃcient for autoregulation
via TL repression.[78] The regulatory mechanism acts by downregulating the ribosomal occupancy on the mRNA upon binding
of the splicing isoforms. Similar TL repression motifs mediated by
miRNAs have previously been reported to attenuate noise.[44]
Poly(A)‐binding protein nuclear 1 (PABPN1) is a protein
required for eﬃcient polymerization of poly(A) tails that regulates
its own expression by exploiting a protein autodepletion circuit
similar to HIV. It produces two transcript classes, one US and one
spliced, with the US isoform being retained in the nucleus,[83]
suggesting post‐transcriptional splicing. PABPN1 negatively controls its own expression by binding to the A‐rich region of the
3′‐UTR in its pre‐mRNA. This binding promotes intron retention
and clearance of these intron‐retained pre‐mRNAs by nuclear
exosomes, causing an overall downregulation of the PABPN1
protein.[83] Analogous to the HIV’s Rev‐mediated negative feedback,[47] PABPN1 autodepletion also requires ineﬃcient splicing
of the 3′‐terminal intron.[83]
In summary, many cellular subsystems may show post‐
transcriptional autoregulation motifs, including TL repression.
This appears particularly true for autoregulation of RBPs,
implying that they are a protein class that requires temporal
noise control.

5. Eﬃciency of Post‐Transcriptional Feedback in
Noise Control
To analyze the potential noise‐attenuation properties of post‐
transcriptional and translational feedback motifs compared to
classic transcriptional autorepression feedback, we performed
stochastic numeric simulations[84] of a conventional model of
eukaryotic gene expression expanded to include the individual
feedback architectures (Figure 4a). In these models, ON and OFF
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represent the active and repressed promoter states, respectively, Rn
represents nuclear mRNA, Rc represents cytoplasmic mRNA, P
represents protein, and all parameters are lumped rate parameters
representing promoter toggling between ON and OFF states (kon
and koﬀ), transcription (α), nuclear export (λ), translation (β), mRNA
degradation (δ), protein degradation (γ), and feedback strength
(ε).[47] Feedback by transcriptional autorepression (Figure 4c) is
modeled by the protein interacting with the promoter to reduce
transitioning from OFF to ON.[72] Feedback by all post‐transcriptional motifs is modeled by introducing a “pre” state variable
(representing a pre‐mRNA) that is spliced into Rn (or Rs for mRNA
autodepletion and TL repression) at rate θ. In short, i) for the
mRNA precursor autodepletion model (mPAD) (Figure 4d), pre‐
mRNA can be removed upon a second‐order interaction with the
nontranslated alternate splicing product Rs; ii) the TL repression
model (Figure 4e) acts by Rs downregulating translation upon a
second‐order interaction with Rc; and iii) the protein precursor
autodepletion (pPAD) model (Figure 4f) acts by removing pre‐
mRNA upon a second‐order interaction with the protein product P.
Mean (μ) and variance (σ 2) in protein counts were then
determined for each feedback motif, allowing for subsequent
noise (σ 2/ μ) quantiﬁcation for both high noise (i.e., bursty)
promoters (Figure 4g) and low noise (i.e., constitutive)
promoters (Figure 4h). Strikingly, all feedback motifs acting
post‐transcriptionally, including the TL repression motif, are
more eﬃcient at noise attenuation than transcriptional autorepression and hold for both high noise (i.e., bursty) promoters
and low noise (i.e., constitutive) promoters, enabling the use of
noise as an assay for post‐transcriptional feedback detection
(Box 1). Analytically[47,64] and intuitively, this eﬃcient noise
attenuation can be explained by focusing on the number of
molecules that each respective feedback can act on. The classic
negative feedback will act on a single‐molecule DNA, which can
only toggle between active (ON) and repressed (OFF). On the
other hand, mRNA and protein autodepletion can act on a large
number of molecules (i.e., pre‐mRNA) that can be reduced in
an analogue‐like fashion (from x molecules to x–n molecules),
greatly increasing their eﬃciency in noise reduction. Finally, TL
repression will reduce variability by time‐averaging the ﬂuctuations generated by transcriptional bursts.[19,30]
Notably, for constitutive promoters (kon > koﬀ), presumed to
be mostly house‐keeping genes,[2,3,12] the transcriptional
negative feedback increases the protein variability while
decreasing the mean (Figure 4h). This phenomenon occurs
because transcriptional (TX) repression acts on the promoter,
inevitably aﬀecting promoter toggling, which is a large
contributor to protein noise. Therefore, to remain low in noise
constitutively expressed genes appear to require post‐transcriptional or translational autoregulation.
Interestingly, the post‐transcriptional feedbacks that we analyzed here reﬂect the architectures that regulate the expression of
RBPs. Many RBPs, including splicing factors, regulate their
expression
through
alternative
splicing‐coupled
NMD
(AS–NMD)[82] and 10–30% of mammalian genes are thought to
be regulated by AS–NMD,[81,88,89] which has been proposed to play
a role in noise attenuation.[90] Notably, post‐transcriptional
autoregulation eﬀectively attenuates noise even in the presence
of intermediate species (US mRNA) that typically act as additional
noise sources. It is thus possible that generalized alternate splicing
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Figure 4. Several feedback architectures can lead to post‐transcriptional noise control. a) Schematics of simpliﬁed gene‐circuit models used for comparing the
eﬀects of diﬀerent negative feedback motifs on noise suppression. b–f) Outputs of Gillespie simulations for each model shown in (a): b) two‐state model; c) TX
repression; d) mPAD; e) TL repression; and f) pPAD. g) Fano factor (σ 2/ μ) of stochastic simulations comparing models shown in (a) for bursty promoter
regime (koﬀ ≫ kon). Left to right: two‐state model, TX repression, mPAD, TL repression, and pPAD. Mean and standard deviation are shown for three
simulations (200 iterations each). h) Fano factor (σ 2/ μ) of stochastic simulations comparing models shown in (a) for the constitutive promoter regime
(kon ≫ koﬀ). Left to right: two‐state model, TX repression, mPAD, TL repression, and pPAD. Mean and standard deviation are shown for three simulations (200
iterations each). ODE, ordinary diﬀerential equation.
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Box 1
Using noise as an assay for post‐transcriptional negative feedback.

To determine if a protein (P) is negatively autoregulated via
transcriptional feedback as opposed to post‐transcriptional
feedback, the protein CV2 (σ 2/ μ2) can be utilized, as
previously outlined.[47]
First, the CV2 of the protein within the putative feedback motif
(black circle, below) is quantiﬁed. Then, provided that
feedback can be interrupted to generate a relatively large (e.g.,
greater than twofold) change in the mean ( μ ), transcriptional
and post‐transcriptional feedback can be diﬀerentiated based
on the change in CV2.

substantial change in the mean (e.g., approximately twofold),
the CV2 will decrease or remain relatively unchanged if the
underlying feedback motif is transcriptional autorepression.
So, if feedback on P is broken, μ increases while CV2
decreases or remains unchanged (red circle). Notably, for
constitutive promoters (i.e., kon > koﬀ) transcriptional
autorepression can increase noise,[64,86,87] resulting in a
substantial decrease in noise when the feedback is broken. As
a result, depending on the promoter architecture, the CV2 of P
when transcriptional autoregulation is broken can lie
anywhere in the red shaded area.
In contrast, post‐transcriptional feedback acts on bP (and
possibly bR) without perturbing f. Thus, if post‐transcriptional
negative feedback is broken, the CV2 of P increases
substantially as the mean increases. In the case of HIV‐1,
negative feedback strength was reduced by increasing splice‐
acceptor eﬃciency, which resulted in an approximately
threefold increase in μ, accompanied by an increase in CV2.[47]
This result shows that changes in CV2 can be used to identify
post‐transcriptional autoregulatory motifs.

In the transcriptional‐bursting case (koﬀ > kon), the intrinsic
variance is given by σ 2 = bR bP μ ,[85] where bR is the
transcriptional burst size and bP is the translational eﬃciency,
such that the mean ( μ ) and CV2 are

μ=

bR bP f
γ

γ
σ2
= ∙ (1+|T |)−1
μ2
f

(1)

(2)

where f is the transcriptional burst frequency (1/kon + 1/
koﬀ)−1, γ is the protein degradation rate, and T is the
modiﬁcation due to net‐feedback strength.
Typically, transcriptional autorepression reduces μ by
decreasing f, which, from Equations (1) and (2), can in fact
increase the CV2 if T is not suﬃciently strong. For a

is auto‐regulated post‐transcriptionally in order to eﬃciently
minimize noise. Finally, the tight regulation of splicing networks
is critical for organismal development and disease,[78,91,92] further
implicating post‐transcriptional autoregulation’s function in noise
control.

6. Conclusions
Here, we reviewed recent ﬁndings that i) transcriptional noise
is generally ampliﬁed downstream of promoter toggling,[56] and
ii) due to this generalized ampliﬁcation, eﬃcient noise

BioEssays 2019, 1900044

Instead of genetic manipulation to disrupt negative feedback,
small molecule inhibitors of translation such as cycloheximide
could also be used. Inhibiting translation in this manner
would result in a decrease in the production of P, which in
turn would decrease feedback strength. In this case, the
change in CV2 of RNA (i.e., Rc), instead of P, should be
analyzed.

attenuation needs to be implemented in situations where noise
is detrimental to the system.
To achieve both speciﬁcity for an expressed gene and allow
for temporal control of gene‐expression variability, noise
attenuation through feedback or regulatory circuits[72] is an
attractive mechanism. We show that post‐transcriptional or
translational autoregulatory motifs are more eﬃcient at noise
attenuation than classic negative feedback and hypothesize that
they provide a powerful strategy for genes to attenuate noise in
both a gene‐speciﬁc and temporal way. Therefore, genes may
have selected post‐transcriptional regulatory architectures due
to their ability to control noise in addition to mean.

1900044 (8 of 10)

© 2019 WILEY Periodicals, Inc.

www.advancedsciencenews.com

www.bioessays-journal.com

The criteria for post‐transcriptional autoregulation exist in many
cellular subsystems. Retained introns are thought to aﬀect over 80%
of coding genes in mammalian cells,[93] with their prevalence
ranging from about 2260 introns in mouse cells to almost 5650
introns in human cells.[94] Post‐transcriptional autoregulation
suggests a potential function for the widespread occurrence of
retained introns and their involvement in post‐transcriptional
splicing and post‐transcriptional autoregulation.[93–95] Interestingly,
intron retention is upregulated during later stages of development,[75] indicating that by inducing or upregulating their post‐
transcriptional autoregulation, genes can temporally switch from
high to low expression variability when variability is harmful.
Moreover, the ability of neurons to post‐transcriptionally regulate
splicing and nuclear export[96] and the delayed splicing of introns in
multiple other systems[97–99] indicate that post‐transcriptional
autoregulation could be a ubiquitous phenomenon. We therefore
propose that temporal noise control is the functional reason for the
widespread occurrence of post‐transcriptional and translational
feedback motifs.

Acknowledgements
The authors are grateful to the Weinberger Lab for discussions. L.S.W.
acknowledges support from the Alfred P. Sloan Research Fellowship,
National Institutes of Health (NIH) awards R01AI109593, P01AI090935,
and the NIH Director’s New Innovator Award (OD006677) and Pioneer
Award (OD17181) programs.

Conﬂict of Interest
The authors declare no conﬂict of interest.

Keywords
autoregulation, fate selection, negative feedback, noise control, post‐
transcriptional, splicing, stochastic noise
Received: March 3, 2019
Revised: April 22, 2019
Published online:

[1] R. D. Dar, B. S. Razooky, A. Singh, T. V. Trimeloni, J. M. McCollum,
C. D. Cox, M. L. Simpson, L. S. Weinberger, Proc. Natl. Acad. Sci. U.
S. A. 2012, 109, 17454
[2] J. R. S. Newman, S. Ghaemmaghami, J. Ihmels, D. K. Breslow,
M. Noble, J. L. DeRisi, J. S. Weissman, Nature 2006, 441, 840
[3] Y. Taniguchi, P. J. Choi, G.‐W. Li, H. Chen, M. Babu, J. Hearn,
A. Emili, X. S. Xie, Science 2010, 329, 533
[4] J. M. Raser, E. K. O’Shea, Science 2005, 309, 2010
[5] M. B. Elowitz, A. J. Levine, E. D. Siggia, P. S. Swain, Science 2002,
297, 1183
[6] A. Raj, A. vanOudenaarden, Cell 2008, 135, 216
[7] O. Symmons, A. Raj, Mol. Cell 2016, 62, 788
[8] S. Yunger, L. Rosenfeld, Y. Garini, Y. Shav‐Tal, Nat. Methods 2010,
7, 631
[9] D. Zenklusen, D. R. Larson, R. H. Singer, Nat. Struct. Mol. Biol.
2008, 15, 1263
[10] I. Golding, J. Paulsson, S. M. Zawilski, E. C. Cox, Cell 2005,
123, 1025
[11] E. M. Ozbudak, M. Thattai, I. Kurtser, A. D. Grossman,
A. vanOudenaarden, Nat. Genet. 2002, 31, 69

BioEssays 2019, 1900044

[12] A. Bar‐Even, J. Paulsson, N. Maheshri, M. Carmi, E. O’Shea,
Y. Pilpel, N. Barkai, Nat. Genet. 2006, 38, 636
[13] J. Stewart‐Ornstein, J. S. Weissman, H. El‐Samad, Mol. Cell 2012,
45, 483
[14] N. Vardi, S. Levy, M. Assaf, M. Carmi, N. Barkai, Curr. Biol. 2013,
23, 2051
[15] B. Zoller, D. Nicolas, N. Molina, F. Naef, Mol. Syst. Biol. 2015,
11, 823
[16] N. Battich, T. Stoeger, L. Pelkmans, Cell 2015, 163, 1596
[17] A. Sanchez, I. Golding, Science 2013, 342, 1188
[18] S. M. Shaﬀer, M. C. Dunagin, S. R. Torborg, E. A. Torre, B. Emert,
C. Krepler, M. Beqiri, K. Sproesser, P. A. Braﬀord, M. Xiao, E. Eggan,
I. N. Anastopoulos, C. A. Vargas‐Garcia, A. Singh, K. L. Nathanson,
M. Herlyn, A. Raj, Nature 2017, 546, 431
[19] A. Eldar, M. B. Elowitz, Nature 2010, 467, 167
[20] G. Balázsi, A. vanOudenaarden, J. J. Collins, Cell 2011, 144, 910
[21] L. S. Weinberger, J. C. Burnett, J. E. Toettcher, A. P. Arkin,
D. V. Schaﬀer, Cell 2005, 122, 169
[22] B. S. Razooky, A. Pai, K. Aull, I. M. Rouzine, L. S. Weinberger, Cell
2015, 160, 990
[23] G. M. Suel, R. P. Kulkarni, J. Dworkin, J. Garcia‐Ojalvo,
M. B. Elowitz, Science 2007, 315, 1716
[24] S. V. Sharma, D. Y. Lee, B. Li, M. P. Quinlan, F. Takahashi,
S. Maheswaran, U. McDermott, N. Azizian, L. Zou,
M. A. Fischbach, K.‐K. Wong, K. Brandstetter, B. Wittner,
S. Ramaswamy, M. Classon, J. Settleman, Cell 2010, 141, 69
[25] H. H. Chang, M. Hemberg, M. Barahona, D. E. Ingber, S. Huang,
Nature 2008, 453, 544
[26] T. Gregor, D. W. Tank, E. F. Wieschaus, W. Bialek, Cell 2007,
130, 153
[27] M. Kollmann, L. Løvdok, K. Bartholomé, J. Timmer, V. Sourjik,
Nature 2005, 438, 504
[28] S. C. Little, M. Tikhonov, T. Gregor, Cell 2013, 154, 789
[29] B. P. H. Metzger, D. C. Yuan, J. D. Gruber, F. Duveau,
P. J. Wittkopp, Nature 2015, 521, 344
[30] H. B. Fraser, A. E. Hirsh, G. Giaever, J. Kumm, M. B. Eisen, PLoS
Biol. 2004, 2, e137
[31] L. Wolf, O. K. Silander, E. vanNimwegen, eLife 2015, 4, e05856
[32] W. J. Blake, G. Balázsi, M. A. Kohanski, F. J. Isaacs, K. F. Murphy,
Y. Kuang, C. R. Cantor, D. R. Walt, J. J. Collins, Mol. Cell 2006,
24, 853
[33] J. Yan, C. Anderson, K. Viets, S. Tran, G. Goldberg, S. Small,
R. J. Johnston, Development 2017, 144, 844
[34] T. Fukaya, B. Lim, M. Levine, Cell 2016, 166, 358
[35] E. A. Urban, R. J. Johnston Jr., Front. Genet. 2018, 9, 591
[36] B. S. Razooky, Y. Cao, M. M. K. Hansen, A. S. Perelson,
M. L. Simpson, L. S. Weinberger, PLoS Biol. 2017, 15, e2000841
[37] N. Vardi, S. Chaturvedi, L. S. Weinberger, Proc. Natl. Acad. Sci. U. S.
A. 2018, 115, E8803
[38] W. Xiong, J. E. Ferrell, Nature 2003, 426, 460
[39] A. Becskei, L. Serrano, Nature 2000, 405, 590
[40] M. Thattai, A. vanOudenaarden, Proc. Natl. Acad. Sci. U. S. A. 2001,
98, 8614
[41] R. Arbel‐Goren, A. Tal, B. Parasar, A. Dym, N. Costantino,
J. Muñoz‐García, D. L. Court, J. Stavans, Nucleic Acids Res. 2016,
44, 6707
[42] R. Arbel‐Goren, A. Tal, T. Friedlander, S. Meshner, N. Costantino,
D. L. Court, J. Stavans, Nucleic Acids Res. 2013, 41, 4825
[43] P. Mehta, S. Goyal, N. S. Wingreen, Mol. Syst. Biol. 2008, 4, 221
[44] J. M. Schmiedel, S. L. Klemm, Y. Zheng, A. Sahay, N. Blüthgen,
D. S. Marks, A. vanOudenaarden, Science 2015, 348, 128
[45] M. Osella, C. Bosia, D. Corá, M. Caselle, PLoS Comput. Biol. 2011,
7, e1001101
[46] H. Herranz, S. M. Cohen, Genes Dev. 2010, 24, 1339

1900044 (9 of 10)

© 2019 WILEY Periodicals, Inc.

www.advancedsciencenews.com

www.bioessays-journal.com

[47] M. M. K. Hansen, W. Y. Wen, E. Ingerman, B. S. Razooky,
C. E. Thompson, R. D. Dar, C. W. Chin, M. L. Simpson,
L. S. Weinberger, Cell 2018, 173, 1609
[48] A. Raj, C. S. Peskin, D. Tranchina, D. Y. Vargas, S. Tyagi, PLoS Biol.
2006, 4, e309
[49] S. Chong, C. Chen, H. Ge, X. S. Xie, Cell 2014, 158, 314
[50] A. Coulon, C. C. Chow, R. H. Singer, D. R. Larson, Nat. Rev. Genet.
2013, 14, 572
[51] A. Singh, B. Razooky, C. D. Cox, M. L. Simpson, L. S. Weinberger,
Biophys. J. 2010, 98, L32
[52] D. M. Suter, N. Molina, D. Gatﬁeld, K. Schneider, U. Schibler,
F. Naef, Science 2011, 332, 472
[53] T. B. Kepler, T. C. Elston, Biophys. J. 2001, 81, 3116
[54] C. V. Harper, B. Finkenstädt, D. J. Woodcock, S. Friedrichsen,
S. Semprini, L. Ashall, D. G. Spiller, J. J. Mullins, D. A. Rand,
J. R. E. Davis, M. R. H. White, PLoS Biol. 2011, 9, e1000607
[55] M. Kærn, T. C. Elston, W. J. Blake, J. J. Collins, Nat. Rev. Genet.
2005, 6, 451
[56] M. M. K. Hansen, R. V. Desai, M. L. Simpson, L. S. Weinberger, Cell
Systems 2018, 7, 384
[57] B. Munsky, G. Neuert, A. vanOudenaarden, Science 2012, 336, 183
[58] J. M. Raser, E. K. O’Shea, Science 2004, 304, 1811
[59] K. Bahar halpern, I. Caspi, D. Lemze, M. Levy, S. Landen, E. Elinav,
I. Ulitsky, S. Itzkovitz, Cell Rep. 2015, 13, 2653
[60] A. Singh, P. Bokes, Biophys. J. 2012, 103, 1087
[61] W. J. Blake, M. Kærn, C. R. Cantor, J. J. Collins, Nature 2003,
422, 633
[62] I. M. Rouzine, A. D. Weinberger, L. S. Weinberger, Cell 2015,
160, 1002
[63] H. J. E. Beaumont, J. Gallie, C. Kost, G. C. Ferguson, P. B. Rainey,
Nature 2009, 462, 90
[64] P. S. Swain, J. Mol. Biol. 2004, 344, 965
[65] L. S. Weinberger, R. D. Dar, M. L. Simpson, Nat. Genet. 2008,
40, 466
[66] A. Pai, L. S. Weinberger, Annu. Rev. Virol. 2017, 4, 469
[67] R. F. Siliciano, W. C. Greene, Cold Spring Harbor Perspect. Med.
2011, 1, a007096
[68] L. Chavez, V. Calvanese, E. Verdin, PLoS Pathog. 2015, 11, e1004955
[69] Y. C. Ho, L. Shan, N. N. Hosmane, J. Wang, S. B. Laskey,
D. I. S. Rosenbloom, J. Lai, J. N. Blankson, J. D. Siliciano,
R. F. Siliciano, Cell 2013, 155, 540
[70] M. H. Malim, J. Hauber, R. Fenrick, B. R. Cullen, Nature 1988,
335, 181
[71] B. Ossareh‐Nazari, F. Bachelerie, C. Dargemont, Science 1997,
278, 141
[72] U. Alon, Nat. Rev. Genet. 2007, 8, 450
[73] K. Ninomiya, N. Kataoka, M. Hagiwara, J. Cell. Biol. 2011, 195, 27
[74] L. F. Lareau, M. Inada, R. E. Green, J. C. Wengrod, S. E. Brenner,
Nature 2007, 446, 926
[75] H. Pimentel, M. Parra, S. L. Gee, N. Mohandas, L. Pachter,
J. G. Conboy, Nucleic Acids Res. 2016, 44, 838

BioEssays 2019, 1900044

[76] M. Parra, B. W. Booth, R. Weiszmann, B. Yee, G. W. Yeo,
J. B. Brown, S. E. Celniker, J. G. Conboy, RNA 2018, 24, 1255.
[77] K. Yap, Z. Q. Lim, P. Khandelia, B. Friedman, E. V. Makeyev, Genes
Dev. 2012, 26, 1209
[78] S. Sun, Z. Zhang, R. Sinha, R. Karni, A. R. Krainer, Nat. Struct. Mol.
Biol. 2010, 17, 306
[79] R. T. Hillman, R. E. Green, S. E. Brenner, Genome Biol. 2004, 5, R8
[80] Y. Ge, B. T. Porse, BioEssays 2014, 36, 236
[81] B. P. Lewis, R. E. Green, S. E. Brenner, Proc. Natl. Acad. Sci. U. S. A.
2003, 100, 189
[82] N. J. McGlincy, C. W. J. Smith, Trends Biochem. Sci. 2008, 33, 385
[83] D. Bergeron, G. Pal, Y. B. Beaulieu, B. Chabot, F. Bachand, Mol.
Cell. Biol. 2015, 35, 2503
[84] D. T. Gillespie, J. Phys. Chem. 1977, 81, 2340
[85] M. L. Simpson, C. D. Cox, G. S. Sayler, Proc. Natl. Acad. Sci. U. S. A.
2003, 100, 4551
[86] D. W. Austin, M. S. Allen, J. M. McCollum, R. D. Dar, J. R. Wilgus,
G. S. Sayler, N. F. Samatova, C. D. Cox, M. L. Simpson, Nature
2006, 439, 608
[87] I. Lestas, G. Vinnicombe, J. Paulsson, Nature 2010, 467, 174
[88] J. T. Mendell, N. A. Shariﬁ, J. L. Meyers, F. Martinez‐Murillo,
H. C. Dietz, Nat. Genet. 2004, 36, 1073
[89] J. Weischenfeldt, J. Waage, G. Tian, J. Zhao, I. Damgaard,
J. Jakobsen, K. Kristiansen, A. Krogh, J. Wang, B. T. Porse, Genome
Biol. 2012, 13, R35
[90] M. Jangi, P. A. Sharp, Cell 2014, 159, 487
[91] K. Yoshida, M. Sanada, Y. Shiraishi, D. Nowak, Y. Nagata,
R. Yamamoto, Y. Sato, A. Sato‐Otsubo, A. Kon, M. Nagasaki,
G. Chalkidis, Y. Suzuki, M. Shiosaka, R. Kawahata, T. Yamaguchi,
M. Otsu, N. Obara, M. Sakata‐Yanagimoto, K. Ishiyama, H. Mori,
F. Nolte, W.‐K. Hofmann, S. Miyawaki, S. Sugano, C. Haferlach,
H. P. Koeﬄer, L.‐Y. Shih, T. Haferlach, S. Chiba, H. Nakauchi,
S. Miyano, S. Ogawa, Nature 2011, 478, 64
[92] H. Han, M. Irimia, P. J. Ross, H.‐K. Sung, B. Alipanahi, L. David,
A. Golipour, M. Gabut, I. P. Michael, E. N. Nachman, E. Wang,
D. Trcka, T. Thompson, D. O’Hanlon, V. Slobodeniuc,
N. L. Barbosa‐Morais, C. B. Burge, J. Moﬀat, B. J. Frey, A. Nagy,
J. Ellis, J. L. Wrana, B. J. Blencowe, Nature 2013, 498, 241
[93] R. Middleton, D. Gao, A. Thomas, B. Singh, A. Au, J. J. L. Wong,
A. Bomane, B. Cosson, E. Eyras, J. E. J. Rasko, W. Ritchie, Genome
Biol. 2017, 18, 51.
[94] P. L. Boutz, A. Bhutkar, P. A. Sharp, Genes Dev. 2015, 29, 63
[95] A. G. Jacob, C. W. J. Smith, Hum. Genet. 2017, 136, 1043
[96] O. Mauger, F. Lemoine, P. Scheiﬀele, Neuron 2016, 92, 1266
[97] S. Hao, D. Baltimore, Proc. Natl. Acad. Sci. U. S. A. 2013, 110,
11934
[98] A. Pandya‐Jones, D. M. Bhatt, C. H. Lin, A. J. Tong, S. T. Smale,
D. L. Black, RNA 2013, 19, 811
[99] M. Rabani, R. Raychowdhury, M. Jovanovic, M. Rooney,
D. J. Stumpo, A. Pauli, N. Hacohen, A. F. Schier, P. J. Blackshear,
N. Friedman, I. Amit, A. Regev, Cell 2014, 159, 1698

1900044 (10 of 10)

© 2019 WILEY Periodicals, Inc.

