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One snapshot of the peer review process for ‘‘Cytoplasmic Amplification of Transcriptional Noise Generates
Substantial Cell-to-Cell Variability’’ (Hansen et al., 2018).
Editor’sNote: This is a first-round reviewof

‘‘Cytoplasmic Amplification of Transcrip-

tional Noise Generates Substantial Cell-

to-Cell Variability’’ by Leor Weinberger,

Maike Hansen, and their colleagues; it

was written for Cell Systems as part of

the peer review process. We chose to

feature it here because its nuanced treat-

ment of noise, Hansen et al. (2018, this

issue of Cell Systems), and Battich et al.

(2015) exemplifies scholarship. The

constructive critique it presents also

improved Hansen et al. (2018) without

imposing an agenda on its authors. After

the first round of review, Hansen et al.

(2018) was revised to take the reviewers’

comments into account, re-submitted,

re-reviewed, accepted for publication,

and thenpublished in this issueofCell Sys-

tems. For comparison, an earlier version of

Hansen et al. was deposited on bioRxiv

ahead of review and can be found here:

https://doi.org/10.1101/222901. Olsman

et al. chose to reveal their identities during

thepeer reviewprocesswithin this peer re-

view. Hansen et al. support the publication

of this Peer Review; their permission to use

it was obtained after their paper was offi-

cially accepted. This Peer Review was

not itself peer reviewed. It has been lightly

edited for stylisticpolish andclarity.No sci-

entific content has been substantively

altered.

INTRODUCTION

The reviewers are generally enthusiastic

about this paper but have many sugges-

tions for how it could be improved. Thus,

we hope any critical tone is not misinter-

preted, and our assessment of ‘‘major

revision’’ is probably harsh, but ‘‘minor’’

seemed too tepid. We are eager to help

in any way we can and don’t want to sub-
352 Cell Systems 7, October 24, 2018 ª 2018
stantially delay this important paper. The

official reviewer is John Doyle, but the

hard work in this review was done largely

by two of my graduate students, Noah

Olsman and Fangzhou (Fang) Xiao. We

are fairly theory oriented, though Noah

and Fang know a lot of biology.

Overview and Summary
The paper by Hansen et al. investigates

the nature of eukaryotic mRNA fluctua-

tions using both simulation and experi-

mental results. In particular, the authors

seek to understand whether the specific

process of nuclear export serves as a

mechanism for noise attenuation, as

implied by the work of Battich et al.

(2015) (referred to below as simply ‘‘Bat-

tich et al.’’) when specific references

therein are not being made), or if the

export process amplifies noise. Hansen

et al. (2018) conclude that in general,

the latter is the better characterization

of what they observe. They support this

argument in several ways.

First, the authors argue that the Fano

factor (rather than the coefficient of varia-

tion (CV) or CV2, as used by Battich et al.)

is a better tool for measuring relative

changes in noise between Poisson-like

processes because of its invariance to

changes in mean values (where the CV

of a Poisson process scale with the in-

verse square root of the mean). Next, the

authors show via simulations that a chem-

ical master equation model of mRNA syn-

thesis consistently exhibits noise attenua-

tion in a parameter regime that they say is

representative of �70% of genes. Finally,

the authors provide detailed experimental

results that use FISH measurements to

quantify the distribution of mRNA for spe-

cific endogenous and viral genes in both

the cytoplasm and the nucleus.
Elsevier Inc.
Because of the multifaceted approach

the authors took in approaching the prob-

lem, we will break the review into three

sections: first, we address the theoretical

arguments regarding noise quantification;

second, we will address the modeling

and simulation results; and third, we will

discuss the experimental work.

The overall conclusion of this review is

that the authors’ results are sound; how-

ever, some of the interpretations of these

results are a bit too broad andmore defin-

itive than is justified. While the authors’ in-

terpretations are generally reasonable,

there are enough systematic differences

between their work and prior work (partic-

ularly between their paper and the Battich

et al. paper) that it is difficult to say

conclusively whether the results of each

paper can be directly compared in a

meaningful way. Specifically, the authors

measure noise differently, use a different

underlying mathematical model, and use

different cell lines. It is not essential that

all the issues we raise be addressed in

this paper, but simply that this paper facil-

itate—as much as possible—their even-

tual resolution.

Theoretical Motivation for Use of
Fano Factor, as Done by Hansen
et al., versus CV or CV2, as Done by
Battich et al.
We think there is a subtle but important

distinction between quantifying noise in

some absolute sense and quantifying the

relative effects of particular mechanisms

on noise in a given application. In the

former case, where we are comparing

the variability of a process to a specific

signal (e.g., the mean of the distribution),

it makes sense to compare the size of

fluctuations to the size of the signal. In

this sense, CV is natural, though it is better
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to look at both the mean and the CV (or

variance) together. It is true that the CV

scales with the mean, but scaling the

mean can potentially be a perfectly

reasonable approach to reducing noise

in many situations. Indeed, much of engi-

neering uses this or related high-gain

feedback strategies to provide robust-

ness at the expense of efficiency.

If, however, the desire is to compare

the noise from a givenmechanism against

a baseline distribution in a statistically

meaningful way, then CV has shortcom-

ings for the reasons the authors describe.

In particular, it makes sense to compare

themeasured distribution to an equivalent

distribution with the same mean. In this

case, one could use Fano factor to

compare distributions. However, if the

real goal is to compare distributions,

then the Fano factor has issues because

it is only a function the first two moments

of the distribution. If the real goal is to

compare distributions, then a test like

the Kolmogorov-Smirnov test is a more

direct measure.

The Fano factor has the desirable

feature of both quantifying the magnitude

of variations and quantifying distance

from a Poisson distribution (a reasonable

baseline for biological processes), but it

does neither of these things as well as

the other two metrics do individually.

The purpose of this discussion is not to

criticize the particular use of Fano factor

in Hansen et al. but to encourage the au-

thors to include a more informative dis-

cussion of the pros and cons of different

noise metrics. This could be achieved by

more explicitly discussing the limitations

of the Fano factor in noise quantification.

Fano factor definitely works to serve the

purposes for which the authors use it in

the paper, but it does come with tradeoffs

that shouldn’t be ignored, and it isn’t

objectively superior.

In general, we think that the authors

could simply argue that if you want to

have a convenient way to compare both

magnitude and distributional properties

of two different species (e.g., nuclear

and cytoplasmic mRNA), Fano factor

plots like those in Figures 1E and 2F in

Hansen et al. (2018) are a concise means

of doing this. If one were to do the same

thing with, say, CV and mean mRNA or

Kolmogorov-Smirnov statistics for each

species, it would require a complicated

4D (or worse) plot. Fano factor yields a
nice balance for this particular type of sta-

tistical question about comparing noise.

Simulation Results and Arguments
that FFnuc < FFcyt

We think the actual simulation results in

Hansen et al. are compelling and give

reasonable evidence that we should

expect the measure of noise amplification

caused by nuclear export used by the au-

thors to be larger than 1 for most physio-

logical parameters, though we also think

that they are not sufficient to directly

contradict the results of Battich et al.

(2015). This is because the Battich paper

models nuclear export as a diffusive

process, whereas the present authors

model export as a single reaction rate con-

stant. These modeling assumptions likely

lead to different export statistics and may

very well yield different results regarding

noise amplification/attenuation regardless

of the way in which noise is measured.

Hansen et al. should either argue why

the simple reaction rate model of export

is a better (or at least no worse) model of

nuclear export than the diffusive model

from Battich et al. or should make it clear

that this modeling assumption could have

a strong effect on the final results. In the

latter case, the claims that, ‘‘the data con-

straints show that �85% of genes fall in

the parameter regime in which noise is

amplified in the cytoplasm and only about

2.5%of genes fall in the parameter regime

where noise is attenuated down to mini-

mally stochastic Poisson levels—sub-

stantially less than previously implied

(Battich et al., 2015)’’ (quoted from the

originally submitted version of Hansen

et al.) should be modified, as it is unclear

if the conclusion is valid. The arguments

about parameter regimes strictly depend

on the underlying model, as such it is not

clearly possible to argue if the fraction of

genes amplifying versus attenuating noise

is higher or lower than what is implied by

Battich et al.

One way to ameliorate this difficulty

would be to implement a simplified model

of discrete diffusion in the current paper,

for example having linearly arranged nu-

clear states.

Nascent nuclear mRNA / N0 4 N1

4 . 4 Nfinal / Cytoplasmic mRNA /

degradation

This might strike a nice balance be-

tween capturing the dynamics of diffusion

and still allowing the simulations to scale
well enough to cover a wide parameter

range. While the reviewers are not partic-

ularly familiar with this area, the review pa-

per ‘‘Dynamics of transcription andmRNA

export’’ (Darzacq et al., 2005) claims that

there is strong evidence for diffusion

driving mRNA export. It may be that, for

realistic parameters, the reaction rate

model is good enough for the purposes

of this paper. However, this should at

least be probed with simulations, espe-

cially when it seems relatively easy to do.

The authors also provide some theoret-

ical arguments about why we would

expect cytoplasmic noise to be higher

than nuclear, largely based on using ap-

proximations and bounds derived from

noise bandwidth properties. While we

don’t have a reason to think these

methods are fundamentally incorrect, we

did find at least one (possibly fixable)

mathematical error in the argument. In

particular, in the statement that ‘‘for all

cases
Noisecyt
Noisenuc

=
C

N

xcyt

xnuc
(Eqn. 1) reduces

to
Noisecyt
Noisenuc

%
C

N
, which predicts that there

is a strong tendency forNoisecyt>Noisenuc
when C > N’’ (quoted from the originally

submitted version of Hansen et al.), the

‘‘tendency’’ argument doesn’t logically

follow. If
a

b
%

c

d
, and c > d, this does not

imply that a > b. For example, 3/4 < 2/1,

but 2 > 1 does not imply 3 > 4. The authors

should be more careful drawing conclu-

sions from inequalities. We didn’t actually

check the rest of the noise bandwidth ar-

guments past this in much detail, but they

seem potentially unnecessary if other

more direct approaches are fleshed out

more clearly.

For example, it might be easier to

address these theoretical questions by

directly computing statistics of the model

at hand. Because the underlying system

is a linear chemical master equation, it is

possible to explicitly compute CV, Fano

factor, etc. The reviewers performed this

calculation, and it looks promising; howev-

er, the termsarequite complicated.Weare

happy to share this work if the authors find

it useful. (There are also a variety of numer-

ical methods that should be effective for

these models.) While there were no

obvious nice simplifications to be made, it

may be possible to analyze the physiolog-

ical ranges of interest to get explicit ap-

proximations of the model’s statistics.
Cell Systems 7, October 24, 2018 353
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Themain reason that thismight be useful is

that it is a bit confusing to add yet another

measurement of variability (noise band-

width) on top of the CV and Fano factor

already discussed. It also may make it

easier to tell precisely when we expect

cytoplasmic variability to exceed nuclear.

(As a note, it is somewhat confusingwhy

the authors provide a lengthy argument as

to why FF is a better metric of biological

noise but then in Figures 1F–1H define

the nuclear/cytoplasmic noise ratio in

terms of CV2. Equation 1 seems to refer

to this same ratio as being between Fano

factors, is one of these descriptions a

mistake, or are the two definitions equiva-

lent for some reason that we missed? This

should be clarified.)

Experiments and Statistical
Analysis
As the reviewers are not experimentalists,

we cannot really comment directly on

those details of the paper. For the analysis

of the data, a strong point of the current

work is the direct comparison of nuclear

and cytoplasmic noise for individual

genes. Ideally, the authors would be able

to use the same exact statistical model

from Battich et al.; however, we appre-

ciate that this may not be feasible. While

the authors do incorporate some physio-

logical parameters to adjust their statis-

tics, these appear to be far less in-depth

than the Battich et al. methods, and

thus, it is hard to distinguish directly if

the experimental data from the current

paper actually disagrees with the phe-

nomena observed in previous work, e.g.,

whether or not physiological variability ac-

counts for most of the variation in cyto-

plasmic mRNA concentrations.

While we don’t view this as a funda-

mental barrier to publication, it is unclear

whether the extrinsic noise filtering per-

formed in the current work is comparable

to that of Battich et al. Given that the Bat-

tich methods appear to be extremely ac-

curate at predicting mRNA distributions,

weight should be given to their methodol-

ogy. For example, regarding Figure 2E,

Hansen et al. (2018) make the point

that the data show Fano factor > 1,

implying super-Poisson noise. How-

ever, the claim of minimal noise in the Bat-

tich paper is contingent on specifically

measuring intrinsic noise, using their

method of separating extrinsic variability

from intrinsic, so even based on their re-
354 Cell Systems 7, October 24, 2018
sults you would likely expect super-Pois-

sonian noise (regardless of how it is quan-

tified) from the unfiltered data.

At minimum, the authors should make it

clear that while their data provides evi-

dence for increased cytoplasmic noise,

they cannot rule out that physiological

variations account for this increased

mRNA variability. This is especially true

because Battich et al. (2015) uses

different methods to filter extrinsic noise

and uses different metrics for noise (CV,

Kolmogorov-Smirnov fit to Poisson, pre-

diction strength). The best result would

be to use the methods from Battich et al.

(2015) to process the current paper’s

data; this would make for an extremely

convincing case that cytoplasmic mRNA

noise is indeed amplified. We acknowl-

edge that this would likely require pro-

cessing technique that may not be easily

implemented on the current paper’s

data. If the authors choose not to use

these methods, then they should make

clear in the paper why they believe

the methods they have used are superior

or explain the shortcomings of their

approach.

Evolutionary Arguments
Another argument the authors used to

motivate the research is that Fraser et al.

(2004) showed evolutionary selection on

promoter structure in Eukaryotes, sug-

gesting that noise must be large enough

to drive this selection, and therefore

cannot be fully attenuated by a passive

mechanism such as nucleus. We think

this claim actually supports the point

made by Battich et al. (2015). The buff-

ering effects of nucleus exportation usu-

ally isn’t powerful enough to reduce noise

to a level very close to the Poisson level,

as shown in Figure 6E, in Battich et al.

(2015). If the Fano factor for the cyto-

plasmic data point were computed in

Figure 6E, it could be easily seen that

the Fano factors are not close to 1, but

could range as high up as 20 or 30, de-

pending on the mean. The noise is not

very small in terms of CV2 either, espe-

cially given how spread out the dots are.

So, it could be the case that nuclear

export attenuates noise, and was actually

evolutionarily selected, as was argued

briefly in line 14 of Page 1608 in Battich

2015. At the same time, because nuclear

buffering was developed later, or because

a long buffering time was disadvanta-
geous, or because nuclear buffering

does not attenuate noise enough, there

could still be strong selection for promoter

architecture to attenuate noise.

Also, this evolution argument may go

against the authors’ other criticism of Bat-

tich et al. (2015). Hansen et al. also

mention that Battich’s data for nuclear

buffering was collected for transient dy-

namics that was induced by EGF, which

was not at steady state, as was consid-

ered by the authors. The question then is

why would steady-state noise attenuation

be better than (or more evolutionarily

preferred) than transient noise attenua-

tion?Manygenes that need tobeaccurate

(such as in development) are only turned

on for a brief period, so noise attenuation

in these cases should be only selected

for the transient case, not the steady-state

case. Thus, theargument here needs tobe

more carefully constructed.

Miscellaneous Comments
Regarding the statement pertaining to

Figures 6 and S6 that, ‘‘These multi-state

degradation and translation models—

where translation and degradation are

mutually exclusive—appear necessary

and sufficient to explain the amplified

mRNA noise in the cytoplasm, as well as

themeasured protein noise for the various

promoters and integration sites exam-

ined’’, we feel that ‘‘necessary and suffi-

cient’’ is a strong logical phrase but

‘‘appear’’ is vague. Is it possible to make

this less contradictory?

Summary Remarks
While it is indeedplausible that the conclu-

sions from this paper are correct, it is also

plausible that if the authors had used the

same mathematical model and extrinsic

noise filtering technique as Battich et al.

that they would get the same results. At

minimum, the authors should show that

they recover their noise amplification re-

sults with a diffusive model of mRNA

export.

Ideally, Hansen et al. should either

reproduce the noise attenuation in the

cell lines used by Battich et al., supporting

the authors argument that the attenuation

seen in that paper is an artifact of cell

type and condition, or Hansen et al. should

reproduce the same extrinsic noise

filtering methods used in Battich et al.

and show that their noise amplification

result is indeed robust to methodology.
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At a stylistic level, the authors should go

to greater effort to make clear the limita-

tions of their methods, e.g., that there are

important modeling assumptions that are

made and that there are tradeoffs be-

tween different ways of measuring noise

in biology. In its current form, the paper

comes off as somewhat of an indictment

of priormethods,when the reality is some-

what more nuanced and makes one-to-

one comparisons inherently challenging.

We even suspect that in some sense,

everyone is right. Ultimately, a complete

resolution of the issues highlighted in this

paper seems important and doable—if
not immediately, then in follow-up work.

We hope this review is helpful, and we

are eager to do anything we can to help

further. Also, if we have misunderstood

anything, we’re eager to be corrected,

particularly regarding the simulation and

theory aspects.
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