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18th Feb 20201st Editorial Decision

18th Feb 2020 

Manuscript Number: MSB-20-9442 
Tit le: High-throughput, Microscope-based Sort ing to Dissect Cellular Heterogeneity 
Author: Nicholas Hasle 
Tony Cooke 
Sanjay Srivatsan 
Heather Huang 
Jason Stephany 
Zachary Krieger 
Dana Jackson 
Weiliang Tang 
Sriram Pendyala 
Raymond Monnat 
Cole Trapnell 
Emily Hatch 
Douglas Fowler 

Thank you for submit t ing your work to Molecular Systems Biology. We have now heard back from 
two of the three reviewers who agreed to evaluate your manuscript . Since their recommendat ions 
are rather similar, I prefer to make a decision now rather than further delaying the process. As you 
will see below, the reviewers think that the presented method and findings seem interest ing. They 
raise however a series of concerns, which we would kindly ask you to convincingly address in a 
revision. The recommendat ions provided by the reviewers are very clear and there is therefore no 
need to repeat their comments. Please feel free to contact me in case you would like to discuss in 
further detail any of the issues raised by the reviewers. 

On a more editorial level, please do the following: 

- Please provide a .docx formatted version of the manuscript  text  (including legends for main
figures, EV figures and tables). Please make sure that the changes are highlighted to be clearly
visible.

- Please provide individual product ion quality figure files as .eps, .t if, .jpg (one file per figure).

- Please provide a .docx formatted let ter INCLUDING the reviewers' reports and your detailed point-
by-point  responses to their comments. As part  of the EMBO Press transparent editorial process,
the point-by-point  response is part  of the Review Process File (RPF), which will be published
alongside your paper.

-Please note that all corresponding authors are required to supply an ORCID ID for their name upon
submission of a revised manuscript .

- We have replaced Supplementary Informat ion by the Expanded View (EV format). In this case, all
addit ional Figures can be provided as EV Figures. Please provide the images as individual files and



include the EV Figure legends in the main text  together with the main Figure legends. For detailed
instruct ions regarding Expanded View please refer to our Author Guidelines:
ht tps://www.embopress.org/page/journal/17444292/authorguide#expandedview. 

- The tables current ly provided as Supplementary Tables 1-8 should be provided (and called out in
the text) as Datasets EV1-EV8. Please provide each of them as an .xls files and include a brief
descript ion of the Dataset in a separate tab.

-- Before submit t ing your revision, primary datasets (and computer code, where appropriate)
produced in this study need to be deposited in an appropriate public database (see
https://www.embopress.org/page/journal/17444292/authorguide#dataavailability). - Dataset #1 
- Dataset #2>

Please remember to provide a reviewer password if the datasets are not yet  public. 

The accession numbers and database should be listed in a formal "Data Availability " sect ion
(placed after Materials & Method) that follows the model below (see also
https://www.embopress.org/page/journal/17444292/authorguide#dataavailability). Please note that
the Data Availability Sect ion is restricted to new primary data that are part  of this study. 

# Data availability 

The datasets (and computer code) produced in this study are available in the following databases: 

- RNA-Seq data: Gene Expression Omnibus GSE46843
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46843)
- [data type]: [name of the resource] [accession number/ident ifier/doi] ([URL or
ident ifiers.org/DATABASE:ACCESSION])

*** Note - All links should resolve to a page where the data can be accessed. *** 

- We would encourage you to include the source data for figure panels that show essent ial
quant itat ive informat ion. Addit ional informat ion on source data and instruct ion on how to label the
files are available at  < ht tps://www.embopress.org/page/journal/17444292/authorguide#sourcedata
>.

- We would kindly ask you to use 'Structured Methods', our new Materials and Methods format,
which is mandatory for Method papers. According to this format, the Material and Methods sect ion
should include a Reagents and Tools Table (list ing key reagents, experimental models, software
and relevant equipment and including their sources and relevant ident ifiers) followed by a Methods
and Protocols sect ion in which we encourage the authors to describe their methods using a step-
by-step protocol format with bullet  points, to facilitate the adopt ion of the methodologies across
labs. More informat ion on how to adhere to this format as well as downloadable templates (.doc or
.xls) for the Reagents and Tools Table can be found in our author guidelines: <
https://www.embopress.org/page/journal/17444292/authorguide#researchart icleguide>. An
example of a Method paper with Structured Methods can be found here: .

- Please provide a "standfirst  text" summarizing the study in one or two sentences (approximately
250 characters, including space), three to four "bullet  points" highlight ing the main findings and a
"synopsis image" (550px width and max 400px height, jpeg format) to highlight  the paper on our



homepage. 

- When you resubmit your manuscript , please download our CHECKLIST
(http://embopress.org/sites/default /files/Resources/EP_Author_Checklist .xls) and include the 
completed form in your submission. *Please note* that the Author Checklist will be published 
alongside the paper as part of the t ransparent process
http://msb.embopress.org/authorguide#transparentprocess.

If you feel you can sat isfactorily deal with these points and those listed by the referees, you may 
wish to submit a revised version of your manuscript . Please at tach a covering let ter giving details of 
the way in which you have handled each of the points raised by the referees. A revised manuscript 
will be once again subject to review and you probably understand that we can give you no 
guarantee at this stage that the eventual outcome will be favorable. 

 

------------------------------------------------------ 

If you do choose to resubmit , please click on the link below to submit the revision online *within 90 
days*. 

Link Not Available 

IMPORTANT: When you send your revision, we will require the following items: 

1. the manuscript  text  in LaTeX, RTF or MS Word format
2. a let ter with a detailed descript ion of the changes made in response to the referees. Please
specify clearly the exact places in the text  (pages and paragraphs) where each change has been
made in response to each specific comment given
3. three to four 'bullet  points' highlight ing the main findings of your study
4. a short  'blurb' text  summarizing in two sentences the study (max. 250 characters)
5. a 'thumbnail image' (550px width and max 400px height, Illustrator, PowerPoint  or jpeg format),
which can be used as 'visual t it le' for the synopsis sect ion of your paper.
6. Please include an author contribut ions statement after the Acknowledgements sect ion (see
https://www.embopress.org/page/journal/17444292/authorguide)
7. Please complete the CHECKLIST available at  (ht tp://bit .ly/EMBOPressAuthorChecklist).
Please note that the Author Checklist  will be published alongside the paper as part  of the
transparent process
(ht tps://www.embopress.org/page/journal/17444292/authorguide#transparentprocess).
8. Please note that corresponding authors are required to supply an ORCID ID for their name upon
submission of a revised manuscript  (EMBO Press signed a joint  statement to encourage ORCID
adopt ion). (ht tps://www.embopress.org/page/journal/17444292/authorguide#editorialprocess)

Current ly, our records indicate that there is no ORCID associated with your account.



Please click the link below to provide an ORCID:
Link Not Available 

The system will prompt you to fill in your funding and payment informat ion. This will allow Wiley to
send you a quote for the art icle processing charge (APC) in case of acceptance. This quote takes
into account any reduct ion or fee waivers that you may be eligible for. Authors do not need to pay
any fees before their manuscript  is accepted and transferred to the publisher. 

As a matter of course, please make sure that you have correct ly followed the instruct ions for
authors as given on the submission website. 

*** PLEASE NOTE *** As part  of the EMBO Press transparent editorial process init iat ive (see our
Editorial at  ht tp://dx.doi.org/10.1038/msb.2010.72), Molecular Systems Biology publishes online a
Review Process File with each accepted manuscripts. This file will be published in conjunct ion with
your paper and will include the anonymous referee reports, your point-by-point  response and all
pert inent correspondence relat ing to the manuscript . If you do NOT want this File to be published,
please inform the editorial office at  msb@embo.org within 14 days upon receipt  of the present
let ter. 
-------------------------------------------------------- 

Reviewer #2: 

Summary 
The authors present a very clever method, termed Visual Cell Sort ing, to enable pooled genet ic
perturbat ion screens (as well as other studies of cell heterogeneity); which has been a huge unmet
need. They photo-act ivate cells based on their visual appearance by microscopy, which then allows
these cells to be physically sorted then sequenced or otherwise studied. 

General remarks 
Other techniques exist  to do this, such as Pooled Opt ical Profiling from the Blainey lab at  MIT and
others reviewed in the introduct ion, but Visual Cell Sort ing offers some major advantages (namely,
reagent cost , throughput, and simplicity of instrumentat ion required) and will be more appropriate in
many cases, such as when the number of classes of cells to be defined is relat ively small (up to 4).
The method is novel to my knowledge and seems well worth considerat ion for correlat ing
genomic/t ranscriptomic informat ion with morphology. The analysis and photo act ivat ion control
pipeline is automated so a phenotype can be pre-defined and then the system marks cells
automat ically, enabling a decent volume of cells to be assessed and later sorted (~650,000
demonstrated here). Controls are good, and include test ing for phototoxicity. 

The applicat ions demonstrated produced beaut iful, rich data: comput ing a quant itat ive score for
nuclear localizat ion for ~200 single missense variants in an NLS (ident ifying a novel powerful
synthet ic NLS), and deriving RNA-seq profiles for cells responding different ially to a chemotherapy
drug. Limitat ions and considerat ions are nicely described in the Discussion sect ion. The figures are
nicely organized and clear, as is the writ ing. Overall, this is very strong work and a tool likely to be
useful to a wide range of laboratories, and readily adopted. 

Major points 



- the editors should ensure that the code is provided as claimed on Github upon publicat ion, and
that it  includes the MetaMorph journals as well as other code claimed:
ht tps://github.com/FowlerLab/vcs_2019.git

Minor points 
- some figure panels have light  gray boxes around them which are distract ing
- in the supplement, "In all experiments, nuclei touching the image border were removed." Is a bit
confusing. This likely means they are ignored in the image analysis but does this mean those cells
do not get photo act ivated? What proport ion of cells are edge cases and thus impossible to be
assessed properly?

Reviewer #3: 

A simple plat form for imaging-based sort ing would great ly expand the range of phenotypes
amenable to high-throughput screening. Here Hasle et  al. describe an approach that uses a
fluorescence microscope to label cells exhibit ing different phenotypes (up to 4 phenotypic bins) by
photoconversion of a reporter fluorescent protein, followed by FACS to physically separate
different ially labeled populat ions. The approach makes use of commercially available hardware and
software, and thus should be of great interest  to many laboratories. The authors showcase their
approach in two applicat ions: saturat ion mutagenesis of a nuclear localizat ion sequence and
transcriptomics of single cells t reated with the microtubule stabilizer paclitaxel. Overall I find the
experiments are well performed and the manuscript  is clearly writ ten, with detailed descript ions of
the methodology. 

Major points 
1. In the first  applicat ion, Hasle et  al. show how their approach can be used to perform saturat ion
mutagenesis experiments with SV40 NLS as an example. Using the result ing data set, the authors
trained an NLS predictor and used it  to ident ify potent ial NLS sequences in human nuclear proteins.
This sect ion would be great ly strengthened if the authors could apply their imaging-based
approach to actually test  the predicted NLS sequences for funct ionality. In the absence of such
test ing, at  the very least  it  would be interest ing to know how their predictor performs on human
proteins that are not nuclear.

2. In their second applicat ion, Hasle et  al. examined cells t reated with paclitaxel. Based on single-cell
RNA seq, the authors conclude that, among cells exposed to paclitaxel, those exhibit ing normal
nuclear morphology mount a biosynthet ic and proteostat ic response to the treatment. The main
issue here is that  the authors do not perform RNA seq of untreated cells. Without this control it  is
unclear how the authors can arrive at  their conclusion. How can they dist inguish between (i)
"normal nuclei" cells mount ing a response vs. (ii) cell-to-cell differences in gene expression before
drug treatment simply being revealed by the treatment? The presented data is consistent with the
possibility that  cells that  happened to express less CCT, TUBB4B, etc before t reatment are more
sensit ive to paclitaxel t reatment and thus are the ones acquiring the "lobulated nuclei" phenotype.

3. The authors do a fair job of contrast ing their approach with exist ing methods. Nevertheless, it
would be important to have a bit  more discussion of its potent ial limitat ions, for instance its
applicat ion in faster diving cells such as yeast or e.coli and if/how the authors envision their
approach could be used to split  populat ions in more than 4 phenotypic bins.



Minor points 
1. It  would be useful to see in the paper example fields-of-view before and after photoconversion in
both green and red channels. Especially for the case of 4-bin act ivat ion.

2. It 's important that  the authors provide the tables as individual supplementary files (csv, xslx, ...)
instead of embedding them all in the pdf. As such, the tables are unusable.

3. When appropriate, to improve clarity the authors should refer to specific panels in the
supplementary figures when calling out supplementary figures throughout the manuscript .

4. If I am interpret ing the mutagenesis results in Fig. 2d and 3b correct ly, then the SuperNLS
sequence should be EPPRKKRKIGI, not EPPKRKKRKII (as indicated in Fig. 3c) or PPRKKRKI (second
paragraph of the Discussion).

5. Legend to figure S2. Panel C - it  is not clear which channel is shown: miRFP or one of the Dendra2
channels. Panel D - it  is not clear from the legend what "scores" are shown here.

6. Can the authors clarify in the methods sect ion why they assayed 209 single residue NLS mutants
using 346 nucleot ide variants?



3rd Apr 20201st Authors' Response to Reviewers



Reviewer #2: 
Summary 
The authors present a very clever method, termed Visual Cell Sorting, to enable pooled genetic 
perturbation screens (as well as other studies of cell heterogeneity); which has been a huge 
unmet need. They photo-activate cells based on their visual appearance by microscopy, which 
then allows these cells to be physically sorted then sequenced or otherwise studied. 

General remarks 
Other techniques exist to do this, such as Pooled Optical Profiling from the Blainey lab at MIT 
and others reviewed in the introduction, but Visual Cell Sorting offers some major advantages 
(namely, reagent cost, throughput, and simplicity of instrumentation required) and will be more 
appropriate in many cases, such as when the number of classes of cells to be defined is 
relatively small (up to 4). The method is novel to my knowledge and seems well worth 
consideration for correlating genomic/transcriptomic information with morphology. The analysis 
and photo activation control pipeline is automated so a phenotype can be pre-defined and then 
the system marks cells automatically, enabling a decent volume of cells to be assessed and 
later sorted (~650,000 demonstrated here). Controls are good, and include testing for 
phototoxicity. 

The applications demonstrated produced beautiful, rich data: computing a quantitative score for 
nuclear localization for ~200 single missense variants in an NLS (identifying a novel powerful 
synthetic NLS), and deriving RNA-seq profiles for cells responding differentially to a 
chemotherapy drug. Limitations and considerations are nicely described in the Discussion 
section. The figures are nicely organized and clear, as is the writing. Overall, this is very strong 
work and a tool likely to be useful to a wide range of laboratories, and readily adopted.  

Thank you!  We are excited about the method, too. 

Major points 
1. The editors should ensure that the code is provided as claimed on Github upon publication,
and that it includes the MetaMorph journals as well as other code claimed:
https://github.com/FowlerLab/vcs_2019.git

The GitHub repository was private at the time of submission. We have now made 
it public, and it includes all code and MetaMorph journals referenced in the paper. 
Additionally, it contains the source data that is not posted in GEO. 

Minor points 
1. Some figure panels have light gray boxes around them which are distracting.

We did not intend for any figure panels to be set in gray boxes.  Perhaps there 
was an issue with the PDF conversion.  If these boxes still exist, please tell us 
which figure/panels are affected and we will try to fix the issue. 

2. In the supplement, "In all experiments, nuclei touching the image border were removed." Is a
bit confusing. This likely means they are ignored in the image analysis but does this mean those
cells do not get photo activated? What proportion of cells are edge cases and thus impossible to
be assessed properly?

https://github.com/FowlerLab/vcs_2019.git


To address this question, we examined 10 randomly chosen images from replicate 
2, technical replicate 1 of the NLS experiment.  We found that approximately 7% of 
cells are on image borders and thus would have been removed from the analysis. 
These cells would end up being un-activated. We acknowledge that this 
contaminates our lowest bin for the NLS experiments and reduces our power 
somewhat. In the paclitaxel experiments, because only activated cells were 
sorted, these “missed” cells are not an issue. We feel that discarding cells at the 
edges is the best we can do, because analyzing and activating nuclei touching the 
image border would lead to inaccurate phenotyping (e.g. for nuclear shape) and 
partial activation.  

To make this issue clear to the reader we have added the following sentence to 
the supplement “Removed nuclei are not photoactivated, and thus end up in the 
unactivated bin. Using the imaging conditions and cell type presented here, ~7% 
of cells are on image borders and thus are removed." 



Reviewer #3: 
Summary 
A simple platform for imaging-based sorting would greatly expand the range of phenotypes 
amenable to high-throughput screening. Here Hasle et al. describe an approach that uses a 
fluorescence microscope to label cells exhibiting different phenotypes (up to 4 phenotypic bins) 
by photoconversion of a reporter fluorescent protein, followed by FACS to physically separate 
differentially labeled populations. The approach makes use of commercially available hardware 
and software, and thus should be of great interest to many laboratories. The authors showcase 
their approach in two applications: saturation mutagenesis of a nuclear localization sequence 
and transcriptomics of single cells treated with the microtubule stabilizer paclitaxel. Overall I find 
the experiments are well performed and the manuscript is clearly written, with detailed 
descriptions of the methodology. 

Thank you for this positive evaluation of our work. 

Major points 
1. In the first application, Hasle et al. show how their approach can be used to perform
saturation mutagenesis experiments with SV40 NLS as an example. Using the resulting data
set, the authors trained an NLS predictor and used it to identify potential NLS sequences in
human nuclear proteins. This section would be greatly strengthened if the authors could apply
their imaging-based approach to actually test the predicted NLS sequences for functionality. In
the absence of such testing, at the very least it would be interesting to know how their predictor
performs on human proteins that are not nuclear.

We agree that the results of our predictor would be strengthened by validating 
some of the NLS sequences. However, using our reporter to conduct these 
experiments comes with substantial caveats, because validating a sequence out 
of its native context could profoundly alter NLS function. For example, removing 
an NLS from its native context could eliminate nearby sequences that control NLS 
conformation or bind the minor groove of importin alpha. Furthermore, our 
reporter requires exceptionally strong importin alpha binding for nuclear import 
because the size of tetrameric NLS-CMPK-miRFP protein is over 360 kDa, ~6-fold 
larger than most proteins. Thus, the reporter is not a physiologic cargo size for 
the NLS’s in smaller proteins. In order to fairly evaluate candidate predicted 
NLS’s, we would have to clone and evaluate a significant number of different 
proteins, which we feel is beyond the scope of this manuscript. 

To assess how the predictor performs on non-nuclear proteins, we compared the 
best-scoring 11mer for proteins observed to be only nuclear to those observed to 
be only cytoplasmic in the Human Protein Atlas (N = 3,925 proteins). We see a 
clear difference between the two groups of proteins: Twenty-eight percent of 
nucleus-only proteins have 11mers with scores above our high-confidence NLS 
score cutoff, (score > 0.0243), whereas only 11% of cytoplasm-only proteins have 
such 11mers (sensitivity = 0.28, specificity = 0.89). Using an even more stringent 
cutoff (score > 0.0275), we obtain a sensitivity of 0.09 and a specificity of 0.99 for 
identifying nucleus-only proteins.   

We note that there are multiple explanations for “cytoplasmic” proteins with a 
high-scoring 11-mer: (a) the protein contains a functional NLS that becomes 
accessible to the nuclear import machinery after a signaling event (e.g. NFkB; see 



PMIDs 1340770 and 1547506), which may not be active under the Human Protein 
Atlas imaging conditions or (b) the protein contains a nuclear export signal that 
overwhelms an otherwise functional NLS (e.g. viral Rev proteins). The “nuclear” 
proteins with low NLS-scoring 11mers might arise from (a) an interaction partner 
with a functional NLS that brings them into the nucleus or (b) a non-SV40 type 
NLS.  

We have updated Supplementary Figure 3B and 3C, and included the following 
text discussing these points in the manuscript: 

Page 9, paragraph 2: 
To substantiate that these represent bona-fide NLS sequences, we compared 
the top-scoring 11-mers in exclusively nuclear proteins to those in exclusively 
cytoplasmic proteins (Figure EV3B, C). As expected, nuclear proteins had higher 
top-scoring 11mer sequences than cytoplasmic proteins (Wilcoxon rank sum p 
value < 10-16). Twenty-eight percent of the nucleus-only proteins contained an 
11-mer with an NLS score higher than our high-confidence cutoff; only 11% of
cytoplasmic proteins contained such a sequence. These results are consistent
with our predictor identifying monopartite, SV40-like NLS’s in the human
proteome.

Page 12, final paragraph: 
We then used the variant scores to make an accurate, amino acid preference-
based predictor of NLS function, which we applied to the human nuclear 
proteome and validated by comparing the top-scoring sequences between 
cytoplasmic and nuclear proteins. Interestingly, some cytoplasmic proteins 
contain putative NLS’s, which could be explained by an NLS that becomes 
accessible to the nuclear import machinery after a signaling event44 or a nuclear 
export signal located on the same protein that overwhelms an otherwise 
functional NLS45. Nuclear proteins without high-scoring sequences may harbor a 
non-SV40 type NLS or have an interaction partner with a functional NLS enables 
co-import into the nucleus. 

2. In their second application, Hasle et al. examined cells treated with paclitaxel. Based on
single-cell RNA seq, the authors conclude that, among cells exposed to paclitaxel, those
exhibiting normal nuclear morphology mount a biosynthetic and proteostatic response to the
treatment. The main issue here is that the authors do not perform RNA seq of untreated cells.
Without this control it is unclear how the authors can arrive at their conclusion. How can they
distinguish between (i) "normal nuclei" cells mounting a response vs. (ii) cell-to-cell differences
in gene expression before drug treatment simply being revealed by the treatment? The
presented data is consistent with the possibility that cells that happened to express less CCT,
TUBB4B, etc before treatment are more sensitive to paclitaxel treatment and thus are the ones
acquiring the "lobulated nuclei" phenotype.

This is an excellent question; whether the observed gene expression differences 
between normal and lobulated cells pre-exist before drug treatment, or are 
induced stochastically after the drug is added, cannot be answered using our 
dataset. However, we do not believe that performing Visual Cell Sorting and then 
sequencing DMSO-treated cells would adequately answer this question. Rather, 
such an experiment would tell us whether the association between visual 



phenotype and RNA expression profiles is the same in DMSO and paclitaxel-
treated cells. 

To answer the question of pre-existing vs. paclitaxel-induced resistant states, one 
could (a) perform live-cell tracking of cells that express fluorescent reporters of 
the genes (e.g. TUBB4B) and pathways (e.g. c-Myc) we identify before and for 48 
hours after paclitaxel is added; or (b) use cellular barcoding methods (e.g. 
CellTagging, see PMID 31072405) together with Visual Cell Sorting to examine 
whether cell sisters tend to reach the same phenotype and RNA expression 
profiles. As exciting as these experiments are, we feel that they are outside the 
scope of this manuscript and are better addressed in another publication. 

Finally, we note that the normal-appearing cells could be analogous to the “pre-
resistant” melanoma cells that were discovered by Shaffer and colleagues (see 
PMID 28607484). Rather than possess resistance-conferring mutations, these cells 
exhibit stochastically activated gene expression programs that assist with cell 
survival after drug treatment. 

We have updated the manuscript to remove language asserting that cells are 
“responding” to paclitaxel treatment: 

Page 12, 1st paragraph, last sentence: 
Together, these results suggest that the morphologically normal, paclitaxel-
treated cells exhibit mounted a biosynthetic and proteostatic gene expression 
program response to drug treatment, with remarkable similarities to the gene 
expression profiles observed in paclitaxel resistant cell lines and cancers. 

Furthermore, we have added language to the discussion regarding the points 
raised above: 

Page 13, second paragraph: 
To our surprise, cells that resist the effect of paclitaxel on nuclear morphology 
appear to be adapting to counteracting the drug’s effects at the molecular level 
using with a gene expression program similar to paclitaxel-resistant cancers. This 
phenomenon, whereby a subset of clonal cells resists the effects of drug 
treatment with a protective gene expression program, is reminiscent of the “pre-
resistance” reported in primary melanoma cells46. However, the experiment we 
conducted cannot determine whether the gene expression program pre-exists in 
the population or is stochastically induced upon paclitaxel addition. To answer 
this question, live-cell microscopy or cell barcoding could be used to determine 
whether pre-treatment levels of the genes expressed highly in morphologically 
normal cells (e.g. TUBB4B, c-Myc targets) leads to morphologic responses and 
survival after paclitaxel treatment. 

3. The authors do a fair job of contrasting their approach with existing methods. Nevertheless, it
would be important to have a bit more discussion of its potential limitations, for instance its
application in faster diving cells such as yeast or e.coli and if/how the authors envision their
approach could be used to split populations in more than 4 phenotypic bins.

These are important points. We now explain in the discussion section that the 
number of phenotypic bins, four, is limited by current fluorescence activated cell 



sorting technology. We also discuss how the signal decay timescale makes it 
challenging to study transient phenotypes (e.g. cell-cycle dependent phenotypes) 
and may make it more challenging to study rapidly dividing cells, such as yeast or 
bacterial cells.  

The specific language is copied below: 

Page 14, final paragraph, 5th line: 
Another limitation is that, unlike morphological profiling approaches51, Visual Cell 
Sorting requires a pre-defined phenotype of interest and is limited by current 
FACS hardware to 4 phenotypic bins. 

Page 14, final paragraph, 7th line: 
The several hours required to execute a Visual Cell Sorting experiment makes it 
challenging to study transient phenotypes (e.g. cell-cycle dependent 
phenotypes). Furthermore, decay of photoactivated Dendra 2 may be more 
pronounced in rapidly dividing bacteria or yeast as activated Dendra2 is diluted 
by cell division. 

Minor points 
1. It would be useful to see in the paper example fields-of-view before and after
photoconversion in both green and red channels. Especially for the case of 4-bin activation.

We have included in Supplementary Figure 1A images of cells before and after 
photoactivation.  

2. It's important that the authors provide the tables as individual supplementary files (csv, xslx,
...) instead of embedding them all in the pdf. As such, the tables are unusable.

As a result of the PDF creation process for review, tables were converted to PDFs. 
We will ensure that MSB provides tables in the .xls formats we submitted for 
publication.   

3. When appropriate, to improve clarity the authors should refer to specific panels in the
supplementary figures when calling out supplementary figures throughout the manuscript.

The manuscript has been updated to include specific panels in references to 
supplementary figures. 

4. If I am interpreting the mutagenesis results in Fig. 2d and 3b correctly, then the SuperNLS
sequence should be EPPRKKRKIGI, not EPPKRKKRKII (as indicated in Fig. 3c) or PPRKKRKI
(second paragraph of the Discussion).

Thank you for noticing this important error. The manuscript and figure have been 
updated. 

5. Legend to figure S2. Panel C - it is not clear which channel is shown: miRFP or one of the
Dendra2 channels. Panel D - it is not clear from the legend what "scores" are shown here.

We have specified the channel imaged for Panel C (miRFP) and added axis titles 
to Panel D (“Localization Scores Replicate A/B”). 



6. Can the authors clarify in the methods section why they assayed 209 single residue NLS
mutants using 346 nucleotide variants?

To address this question, we added the following sentence to the methods section 
(page 59, 1st paragraph, 2nd sentence): 
The final library contained 346 NNK nucleotide variants which, due to codon degeneracy 
in the genetic code, encode for 209 single amino acid variants. 



13th Apr 20201st Revision - Editorial Decision

13th Apr 2020 

Manuscript Number: MSB-20-9442R 
Tit le: High-throughput, Microscope-based Sort ing to Dissect Cellular Heterogeneity 
Author: Nicholas Hasle 
Tony Cooke 
Sanjay Srivatsan 
Heather Huang 
Jason Stephany 
Zachary Krieger 
Dana Jackson 
Weiliang Tang 
Sriram Pendyala 
Raymond Monnat 
Cole Trapnell 
Emily Hatch 
Douglas Fowler 

Thank you for sending us your revised manuscript . We have now heard back from the two 
reviewers who were asked to evaluate your study. As you will see the reviewers are sat isfied with 
the modificat ions made and think that the study is now suitable for publicat ion. 

Before we can formally accept your manuscript , we would ask you to address a few remaining 
editorial issues listed below: 

1. please provide 5 keywords and incorporate them in the main text .

2. Please check the figure and dataset callouts in the main art icle and make sure that they are
correct ly called for. Current ly, Dataset EV 4 & 5 are not called out, please fix. On Page 11, Table
EV4 is called out, while only 3 EV tables are provided, please fix.

3. Please list  10 co-authors of a paper before to add et  al. in the reference list . Citat ions should be
listed in alphabet ical order, with the authors' surnames and init ials inverted. More informat ion can be
found at  ht tps://www.embopress.org/page/journal/17444292/authorguide#referencesformat

4. Appendix file: Figures are not correct ly labeled. They should be Appendix figure S1, S2 & S3 and
the Legends should be clearly marked. Please add a Table of Content on the 1st  page and
incorporate in this single pdf file the tables as well.
The last  page of Appendix (the one that is uploaded as a pdf) seems missing, please make sure
that it 's complete.
Also, please remove the appendix sect ion from the main manuscript .

5. Please use 'Structured Methods', our new Materials and Methods format, which is mandatory for
Method papers. According to this format, the Material and Methods sect ion should include a
Reagents and Tools Table (list ing key reagents, experimental models, software and relevant



equipment and including their sources and relevant ident ifiers) followed by a Methods and Protocols
sect ion in which we encourage the authors to describe their methods using a step-by-step protocol
format with bullet  points, to facilitate the adopt ion of the methodologies across labs. More
informat ion on how to adhere to this format as well as downloadable templates (.doc or .xls) for the
Reagents and Tools Table can be found in our author guidelines: <
https://www.embopress.org/page/journal/17444292/authorguide#researchart icleguide>. An
example of a Method paper with Structured Methods can be found here: . 

6. Synopsis image: The current synopsis image appears somewhat too simplified. A synopsis image
is supposed to provide a visual summary of the paper. Please add some simple text  to the synopsis
image (550px width and max 400px height, jpeg format), to make it  more accessible to the reader.

More examples of synopsis image can be found here: 
ht tps://www.embopress.org/doi/10.15252/msb.20198875 
ht tps://www.embopress.org/doi/10.15252/msb.20199170 
ht tps://www.embopress.org/doi/10.15252/msb.20199195 

7. I have slight ly modified the synopsis text . Could you let  me know if you would like to introduce
further modificat ions?

This study describes an imaging-based approach for pooled genet ic screening that uses high-
throughput photoact ivat ion of visually defined cell subpopulat ions, followed by FACS to separate
different ially labeled populat ions. 

• Expression of the photoact ivatable fluorescent protein Dendra2 permits select ive, irreversible, and
high-throughput labeling of cells exhibit ing different visual phenotypes, These labeled cell
subpopulat ions can be sorted and thus subject  to diverse downstream genomics assays.
• Photoact ivat ion using a digital micromirror device affixed to a 405 nm laser is accurate, non-toxic,
and can be tuned to produce four discrete levels of fluorescence.
• Human cells expressing sequence variant libraries can be sorted according to a visual phenotype
followed by sequencing, which provides sequence-funct ion maps for phenotypes such as protein
subcellular localizat ion.
• Cell populat ions that respond in a visually heterogeneous fashion to drug treatment can be sorted
and subject  to t ranscriptomic analyses, revealing the molecular states associated with complex
drug responses.

Please submit  your revised manuscript  within two weeks. I look forward to seeing a revised version
of your manuscript . 

When you resubmit  your manuscript , please download our CHECKLIST
(http://bit .ly/EMBOPressAuthorChecklist) and include the completed form in your submission.
*Please note* that the Author Checklist  will be published alongside the paper as part  of the
transparent process
(ht tps://www.embopress.org/page/journal/17444292/authorguide#transparentprocess)

Click on the link below to submit  your revised paper. 

Link Not Available 



As a matter of course, please make sure that you have correct ly followed the instruct ions for 
authors as given on the submission website. 

Thank you for submit t ing this paper to Molecular Systems Biology. 

--------------------------------------------------------------------------- 

If you do choose to resubmit , please click on the link below to submit the revision online before 
13th May 2020. 

Link Not Available 

IMPORTANT: When you send your revision, we will require the following items: 

1. the manuscript  text  in LaTeX, RTF or MS Word format
2. a let ter with a detailed descript ion of the changes made in response to the referees. Please
specify clearly the exact places in the text  (pages and paragraphs) where each change has been
made in response to each specific comment given
3. three to four 'bullet  points' highlight ing the main findings of your study
4. a short  'blurb' text  summarizing in two sentences the study (max. 250 characters)
5. a 'thumbnail image' (550px width and max 400px height, Illustrator, PowerPoint  or jpeg format),
which can be used as 'visual t it le' for the synopsis sect ion of your paper.
6. Please include an author contribut ions statement after the Acknowledgements sect ion (see
https://www.embopress.org/page/journal/17444292/authorguide#manuscriptpreparat ion)
7. Please complete the CHECKLIST available at  (ht tp://bit .ly/EMBOPressAuthorChecklist).
Please note that the Author Checklist  will be published alongside the paper as part  of the
transparent process
(ht tps://www.embopress.org/page/journal/17444292/authorguide#transparentprocess).
8. Please note that corresponding authors are required to supply an ORCID ID for their name upon
submission of a revised manuscript  (EMBO Press signed a joint  statement to encourage ORCID
adopt ion) (ht tps://www.embopress.org/page/journal/17444292/authorguide#editorialprocess).

Current ly, our records indicate that the ORCID for your account is 0000-0001-7614-1713.

Please click the link below to modify this ORCID:
Link Not Available 

The system will prompt you to fill in your funding and payment informat ion. This will allow Wiley to
send you a quote for the art icle processing charge (APC) in case of acceptance. This quote takes
into account any reduct ion or fee waivers that you may be eligible for. Authors do not need to pay
any fees before their manuscript  is accepted and transferred to the publisher. 

As a matter of course, please make sure that you have correct ly followed the instruct ions for



authors as given on the submission website. 

*** PLEASE NOTE *** As part  of the EMBO Press transparent editorial process init iat ive (see our
Editorial at  ht tp://dx.doi.org/10.1038/msb.2010.72 , Molecular Systems Biology will publish online a
Review Process File to accompany accepted manuscripts. When preparing your let ter of response,
please be aware that in the event of acceptance, your cover let ter/point-by-point  document will be
included as part  of this File, which will be available to the scient ific community. More informat ion
about this init iat ive is available in our Instruct ions to Authors. If you have any quest ions about this
init iat ive, please contact  the editorial office (msb@embo.org). 
---------------------------------------------------------------------------- 

Reviewer #2: 

The authors addressed my concerns. 

Reviewer #3: 

The authors have addressed all point  I raised. I have no further comments or suggest ions. It  is a
cool method and a nice paper.



USEFUL	LINKS	FOR	COMPLETING	THIS	FORM

http://www.antibodypedia.com
http://1degreebio.org
http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-reporting-the-arrive-guidelines-for-reporting-animal-research/

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov
http://www.consort-statement.org
http://www.consort-statement.org/checklists/view/32-consort/66-title

!

http://www.equator-network.org/reporting-guidelines/reporting-recommendations-for-tumour-marker-prognostic-studies-remark/
!

http://datadryad.org
!

http://figshare.com
!

http://www.ncbi.nlm.nih.gov/gap
!

http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/
! http://jjj.biochem.sun.ac.za
! http://oba.od.nih.gov/biosecurity/biosecurity_documents.html
! http://www.selectagents.gov/
!

!
!

!
!

" common	tests,	such	as	t-test	(please	specify	whether	paired	vs.	unpaired),	simple	χ2	tests,	Wilcoxon	and	Mann-Whitney	
tests,	can	be	unambiguously	identified	by	name	only,	but	more	complex	techniques	should	be	described	in	the	methods	
section;

" are	tests	one-sided	or	two-sided?
" are	there	adjustments	for	multiple	comparisons?
" exact	statistical	test	results,	e.g.,	P	values	=	x	but	not	P	values	<	x;
" definition	of	‘center	values’	as	median	or	average;
" definition	of	error	bars	as	s.d.	or	s.e.m.	

1.a.	How	was	the	sample	size	chosen	to	ensure	adequate	power	to	detect	a	pre-specified	effect	size?

1.b.	For	animal	studies,	include	a	statement	about	sample	size	estimate	even	if	no	statistical	methods	were	used.

2.	Describe	inclusion/exclusion	criteria	if	samples	or	animals	were	excluded	from	the	analysis.	Were	the	criteria	pre-
established?

3.	Were	any	steps	taken	to	minimize	the	effects	of	subjective	bias	when	allocating	animals/samples	to	treatment	(e.g.	
randomization	procedure)?	If	yes,	please	describe.	

For	animal	studies,	include	a	statement	about	randomization	even	if	no	randomization	was	used.

4.a.	Were	any	steps	taken	to	minimize	the	effects	of	subjective	bias	during	group	allocation	or/and	when	assessing	results	
(e.g.	blinding	of	the	investigator)?	If	yes	please	describe.

4.b.	For	animal	studies,	include	a	statement	about	blinding	even	if	no	blinding	was	done

5.	For	every	figure,	are	statistical	tests	justified	as	appropriate?

Do	the	data	meet	the	assumptions	of	the	tests	(e.g.,	normal	distribution)?	Describe	any	methods	used	to	assess	it.

EMBO	PRESS	

A-	Figures	

Reporting	Checklist	For	Life	Sciences	Articles	(Rev.	June	2017)

This	checklist	is	used	to	ensure	good	reporting	standards	and	to	improve	the	reproducibility	of	published	results.	These	guidelines	are	
consistent	with	the	Principles	and	Guidelines	for	Reporting	Preclinical	Research	issued	by	the	NIH	in	2014.	Please	follow	the	journal’s	
authorship	guidelines	in	preparing	your	manuscript.		

PLEASE	NOTE	THAT	THIS	CHECKLIST	WILL	BE	PUBLISHED	ALONGSIDE	YOUR	PAPER

Journal	Submitted	to:	Molecular	Systems	Biology
Corresponding	Author	Name:	Douglas	M.	Fowler

YOU	MUST	COMPLETE	ALL	CELLS	WITH	A	PINK	BACKGROUND	#

B-	Statistics	and	general	methods

the	assay(s)	and	method(s)	used	to	carry	out	the	reported	observations	and	measurements	
an	explicit	mention	of	the	biological	and	chemical	entity(ies)	that	are	being	measured.
an	explicit	mention	of	the	biological	and	chemical	entity(ies)	that	are	altered/varied/perturbed	in	a	controlled	manner.

a	statement	of	how	many	times	the	experiment	shown	was	independently	replicated	in	the	laboratory.

Any	descriptions	too	long	for	the	figure	legend	should	be	included	in	the	methods	section	and/or	with	the	source	data.

	

In	the	pink	boxes	below,	please	ensure	that	the	answers	to	the	following	questions	are	reported	in	the	manuscript	itself.	
Every	question	should	be	answered.	If	the	question	is	not	relevant	to	your	research,	please	write	NA	(non	applicable).		
We	encourage	you	to	include	a	specific	subsection	in	the	methods	section	for	statistics,	reagents,	animal	models	and	human	
subjects.		

definitions	of	statistical	methods	and	measures:

a	description	of	the	sample	collection	allowing	the	reader	to	understand	whether	the	samples	represent	technical	or	
biological	replicates	(including	how	many	animals,	litters,	cultures,	etc.).

The	data	shown	in	figures	should	satisfy	the	following	conditions:

Source	Data	should	be	included	to	report	the	data	underlying	graphs.	Please	follow	the	guidelines	set	out	in	the	author	ship	
guidelines	on	Data	Presentation.

Please	fill	out	these	boxes	#	(Do	not	worry	if	you	cannot	see	all	your	text	once	you	press	return)

a	specification	of	the	experimental	system	investigated	(eg	cell	line,	species	name).

Flow	cytometry:	standard	in	the	field,	if	possible,	is	~10,000	cells	per	sample	analyzed.	Variant	
library	screening:	standard	is	to	have,	if	possible,	~100	cells	per	variant	per	replicate,	and	we	had	
at	least	141	cells	per	variant	per	replicate;	Bulk-	and	single-cell	RNA	sequencing:	no	pre-
experiment	effect	size	was	estimated,	nor	was	a	power	analysis	performed.

graphs	include	clearly	labeled	error	bars	for	independent	experiments	and	sample	sizes.	Unless	justified,	error	bars	should	
not	be	shown	for	technical	replicates.
if	n<	5,	the	individual	data	points	from	each	experiment	should	be	plotted	and	any	statistical	test	employed	should	be	
justified

the	exact	sample	size	(n)	for	each	experimental	group/condition,	given	as	a	number,	not	a	range;

Each	figure	caption	should	contain	the	following	information,	for	each	panel	where	they	are	relevant:

2.	Captions

N/A

N/A

N/A

Manuscript	Number:	MSB-20-9442

Statistical	tests	used	were:	(1)	Wald	test	for	p-values	for	bulk-RNA	sequencing	and	single	cell	RNA	
sequencing,	standard	in	the	field	for	RNA	sequencing	(used	by	DESeq2	and	Monocle3)	(2)	
Pearson's	r	for	Figure	3,	Figure	EV3;	justified	use	to	look	at	the	relationship	between	two	normally-
distributed	variables	(3)	Spearman's	rank	sum	test	for	max-scoring	11-mers	(see	Figure	EV3);	
justified	to	compare	two	groups	

(1)	Wald	test	is	standard	in	field	(2)	sampling	a	summary	statistic	(i.e.	mean	log2-ratio	of	pixel	
intensities,	mean	score)	across	replicates	always	results	in	a	normal	distribution,	so	appropriate	for	
Pearson's	r	(3)	groups	are	independent	and	11mer	scores	are	ordinal;	no	distribution-related	
assumptions

N/A

N/A

N/A

1.	Data

the	data	were	obtained	and	processed	according	to	the	field’s	best	practice	and	are	presented	to	reflect	the	results	of	the	
experiments	in	an	accurate	and	unbiased	manner.
figure	panels	include	only	data	points,	measurements	or	observations	that	can	be	compared	to	each	other	in	a	scientifically	
meaningful	way.



Is	there	an	estimate	of	variation	within	each	group	of	data?

Is	the	variance	similar	between	the	groups	that	are	being	statistically	compared?

6.	To	show	that	antibodies	were	profiled	for	use	in	the	system	under	study	(assay	and	species),	provide	a	citation,	catalog	
number	and/or	clone	number,	supplementary	information	or	reference	to	an	antibody	validation	profile.	e.g.,	
Antibodypedia	(see	link	list	at	top	right),	1DegreeBio	(see	link	list	at	top	right).

7.	Identify	the	source	of	cell	lines	and	report	if	they	were	recently	authenticated	(e.g.,	by	STR	profiling)	and	tested	for	
mycoplasma	contamination.

*	for	all	hyperlinks,	please	see	the	table	at	the	top	right	of	the	document

8.	Report	species,	strain,	gender,	age	of	animals	and	genetic	modification	status	where	applicable.	Please	detail	housing	
and	husbandry	conditions	and	the	source	of	animals.

9.	For	experiments	involving	live	vertebrates,	include	a	statement	of	compliance	with	ethical	regulations	and	identify	the	
committee(s)	approving	the	experiments.

10.	We	recommend	consulting	the	ARRIVE	guidelines	(see	link	list	at	top	right)	(PLoS	Biol.	8(6),	e1000412,	2010)	to	ensure	
that	other	relevant	aspects	of	animal	studies	are	adequately	reported.	See	author	guidelines,	under	‘Reporting	
Guidelines’.	See	also:	NIH	(see	link	list	at	top	right)	and	MRC	(see	link	list	at	top	right)	recommendations.		Please	confirm	
compliance.

11.	Identify	the	committee(s)	approving	the	study	protocol.

12.	Include	a	statement	confirming	that	informed	consent	was	obtained	from	all	subjects	and	that	the	experiments	
conformed	to	the	principles	set	out	in	the	WMA	Declaration	of	Helsinki	and	the	Department	of	Health	and	Human	
Services	Belmont	Report.

13.	For	publication	of	patient	photos,	include	a	statement	confirming	that	consent	to	publish	was	obtained.

14.	Report	any	restrictions	on	the	availability	(and/or	on	the	use)	of	human	data	or	samples.

15.	Report	the	clinical	trial	registration	number	(at	ClinicalTrials.gov	or	equivalent),	where	applicable.

16.	For	phase	II	and	III	randomized	controlled	trials,	please	refer	to	the	CONSORT	flow	diagram	(see	link	list	at	top	right)	
and	submit	the	CONSORT	checklist	(see	link	list	at	top	right)	with	your	submission.	See	author	guidelines,	under	
‘Reporting	Guidelines’.	Please	confirm	you	have	submitted	this	list.

17.	For	tumor	marker	prognostic	studies,	we	recommend	that	you	follow	the	REMARK	reporting	guidelines	(see	link	list	at	
top	right).	See	author	guidelines,	under	‘Reporting	Guidelines’.	Please	confirm	you	have	followed	these	guidelines.

18:	Provide	a	“Data	Availability”	section	at	the	end	of	the	Materials	&	Methods,	listing	the	accession	codes	for	data	
generated	in	this	study	and	deposited	in	a	public	database	(e.g.	RNA-Seq	data:	Gene	Expression	Omnibus	GSE39462,	
Proteomics	data:	PRIDE	PXD000208	etc.)	Please	refer	to	our	author	guidelines	for	‘Data	Deposition’.

Data	deposition	in	a	public	repository	is	mandatory	for:	
a.	Protein,	DNA	and	RNA	sequences	
b.	Macromolecular	structures	
c.	Crystallographic	data	for	small	molecules	
d.	Functional	genomics	data	
e.	Proteomics	and	molecular	interactions
19.	Deposition	is	strongly	recommended	for	any	datasets	that	are	central	and	integral	to	the	study;	please	consider	the	
journal’s	data	policy.	If	no	structured	public	repository	exists	for	a	given	data	type,	we	encourage	the	provision	of	
datasets	in	the	manuscript	as	a	Supplementary	Document	(see	author	guidelines	under	‘Expanded	View’	or	in	
unstructured	repositories	such	as	Dryad	(see	link	list	at	top	right)	or	Figshare	(see	link	list	at	top	right).
20.	Access	to	human	clinical	and	genomic	datasets	should	be	provided	with	as	few	restrictions	as	possible	while	
respecting	ethical	obligations	to	the	patients	and	relevant	medical	and	legal	issues.	If	practically	possible	and	compatible	
with	the	individual	consent	agreement	used	in	the	study,	such	data	should	be	deposited	in	one	of	the	major	public	access-
controlled	repositories	such	as	dbGAP	(see	link	list	at	top	right)	or	EGA	(see	link	list	at	top	right).
21.	Computational	models	that	are	central	and	integral	to	a	study	should	be	shared	without	restrictions	and	provided	in	a	
machine-readable	form.		The	relevant	accession	numbers	or	links	should	be	provided.	When	possible,	standardized	
format	(SBML,	CellML)	should	be	used	instead	of	scripts	(e.g.	MATLAB).	Authors	are	strongly	encouraged	to	follow	the	
MIRIAM	guidelines	(see	link	list	at	top	right)	and	deposit	their	model	in	a	public	database	such	as	Biomodels	(see	link	list	
at	top	right)	or	JWS	Online	(see	link	list	at	top	right).	If	computer	source	code	is	provided	with	the	paper,	it	should	be	
deposited	in	a	public	repository	or	included	in	supplementary	information.

22.	Could	your	study	fall	under	dual	use	research	restrictions?	Please	check	biosecurity	documents	(see	link	list	at	top	
right)	and	list	of	select	agents	and	toxins	(APHIS/CDC)	(see	link	list	at	top	right).	According	to	our	biosecurity	guidelines,	
provide	a	statement	only	if	it	could.

C-	Reagents

D-	Animal	Models

E-	Human	Subjects

ATCC	(authenticated	by	them);	cell	lines	checked	for	mycoplasma	contamination	monthly,	all	tests	
were	negative.

Yes

Yes

N/A

N/A

N/A

N/A

G-	Dual	use	research	of	concern

F-	Data	Accessibility

N/A

N/A

N/A
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N/A

N/A

N/A

N/A
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