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Dear Markus,

Thank you for submitting your work to Molecular Systems Biology. | would like to apologize for the slow process, which was due
to the late arrival of reviewers' reports. We have now heard back from two of the three reviewers who agreed to evaluate your
manuscript. Unfortunately, after a series of reminders, we did not manage to obtain a report from Reviewer #2. In the interest of
time, and since the recommendations of the other two reviewers are quite similar, | prefer to make a decision now rather than
further delay the process. If we receive the comments from Reviewer #2, we will send them to you, and you can address the
issues raised by Reviewer #2 together with those raised by the other two reviewers. You will see from the comments below that
Reviewers #1 and #3 find the manuscript potentially interesting. They raise, however, several important points, which we would
ask you to address in a revision of this work.

| think the reviewers' recommendations are relatively straightforward, so there is no need to reiterate their comments.
Importantly, Reviewer #3 pointed out that the overall biological insight provided remained relatively modest and mentioned that it
would be important to compare the current results to those in the Battich paper in more detail and to demonstrate the generality
of the presented findings (in HEK293 cells) for human cell cycle biology. All other issues raised by the reviewers need to be
satisfactorily addressed as well. As you may already know, our editorial policy allows in principle a single round of major revision,
and it is therefore essential to provide responses to the reviewers' comments that are as complete as possible. 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, we would ask you to address the following issues:

- 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 production quality figure files as .eps, .tif, .jpg (one file per figure).

-Please provide a .docx formatted letter 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 replaced Supplementary Information with Expanded View (EV) Figures and Tables that are collapsible/expandable online
(see examples in http://msb.embopress.org/content/11/6/812). A maximum of 5 EV Figures can be typeset. EV Figures should
be cited as 'Figure EV1, Figure EV2" etc... in the text and their respective legends should be included in the main text after the
legends of regular figures.

Additional Tables/Datasets should be labeled and referred to as Table EV1, Dataset EV1, etc. Legends have to be provided in a
separate tab in case of .xls files. Alternatively, the legend can be supplied as a separate text file (README) and zipped together
with the Table/Dataset file.

For the figures and tables that you do NOT wish to display as Expanded View figures, they should be bundled together with their
legends in a single PDF file called *Appendix*, which should start with a short Table of Content. Each legend should be below



the corresponding Figure/Table in the Appendix. Appendix figures and tables should be referred to in the main text as:
"Appendix Figure S1, Appendix Figure S2, Appendix Table S1" etc. See detailed instructions regarding expanded view here:
https://www.embopress.org/page/journal/17444292/authorguide#expandedview.

-Before submitting your revision, primary datasets (and computer code, where appropriate) produced in this study need to be
deposited in an appropriate public database (seehttp://msb.embopress.org/authorguide - dataavailability
https://www.embopress.org/page/journal/17444292/authorguide#dataavailability).

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" section (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 Section 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/identifier/doi] ((URL or identifiers.org/DATABASE:ACCESSION])

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

-At EMBO Press we ask authors to provide source data for the main figures. Our source data coordinator will contact you to
discuss which figure panels we would need source data for and will also provide you with helpful tips on how to upload and
organize the files.

- Our journal encourages inclusion of *data citations in the reference list* to directly cite datasets that were re-used and obtained
from public databases. Data citations in the article text are distinct from normal bibliographical citations and should directly link to
the database records from which the data can be accessed. In the main text, data citations are formatted as follows: "Data ref:
Smith et al, 2001". In the Reference list, data citations must be labeled with "[DATASET]". A data reference must provide the
database name, accession number/identifiers and a resolvable link to the landing page from which the data can be accessed at
the end of the reference. Further instructions are available at .

- We updated our journal's competing interests policy in January 2022 and request authors to consider both actual and
perceived competing interests. Please review the policy https://www.embopress.org/competing-interests and update your
competing interests if necessary.

Please use the heading "Disclosure statement and competing interests".

- All Materials and Methods need to be described in the main text. Since the study presents a new approach, we would kindly
ask you to use 'Structured Methods', our new Materials and Methods format. According to this format, the Material and Methods
section should include a Reagents and Tools Table (listing key reagents, experimental models, software and relevant equipment
and including their sources and relevant identifiers) followed by a Methods and Protocols section in which we encourage the
authors to describe their methods using a step-by-step protocol format with bullet points, to facilitate the adoption of the
methodologies across labs. More information on how to adhere to this format as well as downloadable templates (.doc or .xIs)
for the Reagents and Tools Table can be found in our author guidelines: <
https://www.embopress.org/page/journal/17444292/authorguide#researcharticleguide>. An example of a Method paper with
Structured Methods can be found here: .

-Regarding data quantification:

Please ensure to specify the name of the statistical test used to generate error bars and P values, the number (n) of
independent experiments (please specify technical or biological replicates) underlying each data point and the test used to
calculate p-values in each figure legend. Discussion of statistical methodology can be reported in the materials and methods
section, but figure legends should contain a basic description of n, P and the test applied.

Graphs must include a description of the bars and the error bars (s.d., s.e.m.).

Please also include scale bars in all microscopy images.

- Please provide a "standfirst text" summarizing the study in one or two sentences (approximately 250 characters, including
space), three to four "bullet points" highlighting the main findings and a "synopsis image" (550px width and 400-600 px height,
PNG format) to highlight the paper on our homepage.

Here are a couple of examples:

https://www.embopress.org/doi/10.15252/msb.20199356

https://www.embopress.org/doi/10.15252/msb.20209475



https://www.embopress.org/doi/10.15252/msb.209495

When you resubmit your manuscript, please download our CHECKLIST (https://www.embopress.org/pb-assets/embo-
site/EMBO%20Press%20Author%20Checklist-1642513524327 .xIsx) 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
(https://www.embopress.org/page/journal/17444292/authorguide#transparentprocess).

If you feel you can satisfactorily deal with these points and those listed by the referees, you may wish to submit a revised version
of your manuscript. Please attach a covering letter 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.

I look forward to receiving the revised manuscript soon.

Sincerely,
Jingyi

Jingyi Hou, PhD
Scientific Editor
Molecular Systems Biology

We realize that it is difficult to revise to a specific deadline. In the interest of protecting the conceptual advance provided by the
work, we recommend a revision within 3 months (13th Mar 2023). Please discuss the revision progress ahead of this time with
the editor if you require more time to complete the revisions. Use the link below to submit your revision:

https://msb.msubmit.net/cgi-bin/main.plex

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 letter with a detailed description 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' highlighting 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, lllustrator, PowerPoint or jpeg format), which can be used as 'visual
title' for the synopsis section of your paper.

6. Please include an author contributions statement after the Acknowledgements section (see
https://www.embopress.org/page/journal/17444292/authorguide)

7. Please complete the CHECKLIST available at (https://bit.ly/EMBOPressAuthorChecklist).

Please note that the Author Checklist will be published alongside the paper as part of the transparent process
(https://www.embopress.org/page/journal/17444292/authorguide#transparentprocess).

8. When assembiling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability
in print as well as on screen:

https:/bit.ly/EMBOPressFigurePreparationGuideline

See also figure legend guidelines: https://www.embopress.org/page/journal/17444292/authorguide#figureformat

9. 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 adoption).
(https://www.embopress.org/page/journal/17444292/authorguide#editorialprocess)

Currently, our records indicate that the ORCID for your account is 0000-0002-1075-8734.

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

10. At EMBO Press we ask authors to provide source data for the main manuscript figures. Our source data coordinator will
contact you to discuss which figure panels we would need source data for and will also provide you with helpful tips on how to
upload and organize the files.

The system will prompt you to fill in your funding and payment information. This will allow Wiley to send you a quote for the
article processing charge (APC) in case of acceptance. This quote takes into account any reduction 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.



EMBO Press participates in many Publish and Read agreements that allow authors to publish Open Access with reduced/no
publication charges. Check your eligibility: https://authorservices.wiley.com/author-resources/Journal-Authors/open-
access/affiliation-policies-payments/index.html

As a matter of course, please make sure that you have correctly followed the instructions for authors as given on the submission
website.

*** PLEASE NOTE *** As part of the EMBO Press transparent editorial process initiative (see our Editorial at
https://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 conjunction with your paper and will include the anonymous referee reports, your
point-by-point response and all pertinent correspondence relating 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 letter.

Reviewer #1:

Integrating temporal dimension in single-cell RNA-seq (scRNA-seq) data is a major challenge to uncovering fast and dynamic
biological processes. Recently, a set of technologies integrating RNA metabolic labeling, nucleoside conversion, and scRNA-seq
have emerged adding RNA kinetics dimension to scRNA-seq (reviewed by Erhard et al Nat Rev Met Primers 2022). Here,
building on RNA metabolic labeling, Liu et al. are proposing a refined experimental scSLAM-seq workflow based on microfluidic
droplets (SLAM-Drop-seq), and 4sU- based RNA metabolic labeling, and the authors developed a companion analytical tool
coined Eskrate to calculate the synthesis as well as the degradation rates of captured genes.

To demonstrate the applicability of their workflow, the authors have investigated gene expression regulation over the cell cycle
in HEK293 cells. After restraining the analysis to a set of genes known to be involved in cell cycle progression, transcription and
degradation rates have been estimated over time for a total of 399 genes. Further analysis has revealed that gene expression, in
terms of transcript abundance, is dynamically regulated by variations of both transcription and degradation rates for the vast
majority of these genes. Only a small gene fraction appears to be regulated by modulation of only one of these two kinetic rates.

This publication comes timely as scSLAM-seq approaches are developing fast in many labs. The use of the cell cycle as a
biological model to develop the method is very elegant and the authors achieve an impressive temporal resolution down to a few
minutes. This is a first to my knowledge and the dataset generated will be used by many labs. Yet, | have major comments.

Experimentally, 'SLAM-Drop-seq' builds on an in-house drop-seq that delivers an average of 2800 genes per HEK cell. HEK
cells are a cell line that contains many RNA molecules and 2800 genes sound relatively low. Is it due to the low performance of
the Dolomite system compared to the performance of a 10x machine? Another hypothesis: does the fixation with methanol leads
to cellular leakage? It is also common to have higher ambient RNA levels from methanol-fixed cells likely because of transcript
leakage. In that case, loss of RNA would lead to over-estimation of degradation rates. The authors should demonstrate if
significant RNA leakage has happened or not in their dataset.

The authors have concatenated reads originating from the "same UMI" to call 'old' and 'new' RNA molecules. | am surprised to
see that the "merged molecules" marginally increase in the size of the original reads from 138 bp to 190 bp. To quantify the old
and new RNA, | am not sure to understand how it is different from the GRAND SLAM methods (Erhard et al. PMID: 29949974).

The authors should rule out the toxicity of 4sU (Fig 1B). With such a short 4sU labeling time, detectable transcriptional toxicity is
more likely to affect transcripts with short half-lives. Could the authors show if transcripts with short estimated half-lives are
downregulated in 4sU-treated cells (for instance with a scatterplot)?

The authors distinguish 'synthesized' (new RNA), 'pre-existing' (old RNA), 'precursor' (unspliced), and 'mature’ (spliced). Can the
authors add the 5'>3' coverage of the reads? If there is a bias, what are the consequences for the 'precursor' quantification? |
propose this be added to the discussion.

Supp. Fig 5C is very important | feel as it gives the 'real-time'. Is it possible to bring this panel in the main figures? How exactly
the real-time has been calculated here?

Often we use RNA metabolic labeling with 2 or 3 hours of labeling time. How does labeling time influence Eskrate? Determining
precisely the kinetic rates from RNA metabolic labeling experiments is dependent on the time of labeling as the optimal duration
for any RNA species is a link to its turnover (PMID: 31390362; PMID: 35459101). Is that the reason why the authors found their
fittings to be more accurate with 60min labeling (Fig S6D)?

To demonstrate the applicability to other models, the authors could try to apply Eskrate on the sci-fate dataset (PMID:
32284584). They can restrict the analysis to the unstimulated cells of the dataset and investigate the RNA kinetics over the cell



cycle in A549 cells. This will show if the biological conclusions are transposable to another cell line and if the workflow applies to
longer labeling times (2 hours). In addition, the sci-fate dataset has a higher percentage of intronic reads. This might be a good
opportunity for the authors to run Eskrate with the full model, including processing rates.

The authors have tried different 4sU labeling times (15, 30, and 60min) but have restrained their analysis for kinetic rate
calculation to the cells treated for 60min. The reason is clearly explained by the authors. Nevertheless, the authors report on 5 to
10% new RNA after 15 and 30min labeling (Fig 1E). To my knowledge, this is the first time that | see such short times for a
SLAM-seq-based approach. Do the authors think that their estimation of newly synthesized RNA is still accurate with 15min
labeling (beyond the accuracy of kinetic rate estimation)? This is important information for the community to design future
experiments

Reviewer #3:

This paper introduces a useful methodology SLAM-Drop, a method that allows the analysis of nascent and mature transcripts
from single cells. The advantage of SLAM-seq over other methods such as scEU-seq is that no extra purifications are needed.
The paper also introduces an R package Eskrate to optimally analyze SLAM-Drop data. The protocols and methods are clearly
described.

As a test they then analyze mRNA expression levels during the mammalian cell cycle, showing that mRNA degradation is an
important contribution of the cyclic expression profiles. The conclusions on the cell cycle RNA profiles are similar to those
reached by Battich Science 2020 using scEU-seq, however, the Battich analysis went deeper. Overall the biological analysis is
fairly succinct as it seems the emphasis is on the methodology, both experimental and computational. Given the extensive data
that were generated, and elaborate modeling that was developed, it appears that these were not exploited to their full potential
(Figures 3 and 4).

Major points:

1. Some results seem qualitatively different from those of Battich (RPE cells). For example here, there is a majority of genes with
transcription starting in early G1 (Fig 3B), which in Battich there are no such genes, there is always a significant gap time after
mitosis without transcription.

2. More generally, since the Battich paper is a reference, it seems essential to compare the findings in more detail (gene by
gene), and investigate whether the differences are of technical origin (sequencing or analysis), or have a biological significance.

3. There is a claim in the Discussion that the rates inferred here are better resolved temporally (less than one minute) that other
approaches, but this is not shown in the paper and also not exploited to illustrate some interesting biology.

4. "Fig S5C: The number of mean molecules per bin gradually increases along the cell cycle progression and roughly halves
after the cell division." It appears the data go from about 0.6 to 0.8, which is significantly less than a factor of 2. This could be
due to either inaccurate cell cycle phase assignment or an issue with the experimental approach.

5. From a cell cycle perspective, the insights are fairly limited. The finding that mRNA degradation plasma significant was shown
in Battich 2020. It is valuable to confirm this, but it hold be augmented with more explicit comparisons.

6. Cell-cycle biology: one histone transcript is being discussed, but this is confirmatory rather than novel. Also, since histone
genes are not polyadenylated, this may be a very atypical gene. Can it be measured reliably?

7. How typical are genetically unstable HEK293 cells for human cell cycle biology? It would be useful to have a comparative
angle to know how general the findings are.

Minor:
Labeling times of 0 15, 30 and 60 minutes are described. Are all used in the subsequent analyses and models?



1st Authors' Response to Reviewers 17th May 2023

Authors' Response to Reviewers

We thank the reviewers for their constructive feedback and thoughtful remarks. Addressing the different
comments helped us improve the quality and clarity of the submitted manuscript. We are encouraged
that the reviewers found the approaches we developed novel and relevant for the scientific community.
Following their comments and suggestions, we have conducted a series of comparisons and analyses to
address their concerns.

As suggested, we added comparisons of HEK293 cell cycle time-dependent Kinetic rates to those
calculated from two other human cell lines (A549 and RPE1-FUCCI cells). To this end, the published
sci-fate (Cao et al., 2020) and scEU-seq (Battich et al., 2020) datasets were used. We compared the
observed mRNA levels and their transcription and degradation rates along the cell cycle for common
cell cycle variable genes (Fig. EV2 A-C). The comparison of kinetic rates of cell cycle regulated genes
showed an overall similar time-dependent pattern across the different human cell lines analyzed. These
results also showed that the computational method we developed (Eskrate) is capable of calculating
time-resolved mRNA kinetic rates from different metabolically labeled sScRNA-seq datasets.

We corrected some unclear statements regarding the time resolution and the doubling of RNA
molecules during the cell cycle. Furthermore, we clarified the 3'-end sequencing bias of our approach
and discussed its implication.

Below, we provide a point-by-point response (in blue) to the reviewers’ comments and suggestions. We
hope the reviewers find that the major comments are fully addressed and can recommend our manuscript
for publication.

Reviewer #1

Integrating temporal dimension in single-cell RNA-seq (scCRNA-seq) data is a major challenge to
uncovering fast and dynamic biological processes. Recently, a set of technologies integrating RNA
metabolic labeling, nucleoside conversion, and scRNA-seq have emerged adding RNA Kinetics
dimension to scRNA-seq (reviewed by Erhard et al Nat Rev Met Primers 2022). Here, building on RNA
metabolic labeling, Liu et al. are proposing a refined experimental scSLAM-seq workflow based on
microfluidic droplets (SLAM-Drop-seq), and 4sU- based RNA metabolic labeling, and the authors
developed a companion analytical tool coined Eskrate to calculate the synthesis as well as the
degradation rates of captured genes.

To demonstrate the applicability of their workflow, the authors have investigated gene expression
regulation over the cell cycle in HEK293 cells. After restraining the analysis toa set of genes known to
be involved in cell cycle progression, transcription and degradation rates have been estimated over time
for a total of 399 genes. Further analysis has revealed that gene expression, in terms of transcript
abundance, is dynamically regulated by variations of both transcription and degradation rates for the
vast majority of these genes. Only a small gene fraction appears to be regulated by modulation of only
one of these two kinetic rates.



This publication comes timely as sScCSLAM-seq approaches are developing fast in many labs. The use
of the cell cycle as a biological model to develop the method is very elegant and the authors achieve an
impressive temporal resolution down to a few minutes. This is a first to my knowledge and the dataset
generated will be used by many labs. Yet, | have major comments.

1. Experimentally, 'SLAM-Drop-seq' builds on an in-house drop-seq that delivers an average of 2800
genes per HEK cell. HEK cells are a cell line that contains many RNA molecules and 2800 genes sound
relatively low. Is it due to the low performance of the Dolomite system compared to the performance
of a 10x machine? Another hypothesis: does the fixation with methanol lead to cellular leakage? It is
also common to have higher ambient RNA levels from methanol-fixed cells likely because of transcript
leakage. In that case, loss of RNA would lead to over-estimation of degradation rates. The authors
should demonstrate if significant RNA leakage has happened or not in their dataset.

We thank the reviewer for pointing out those possible reasons for low capture rates and the concern of
influences on the Kinetic rates. First of all, 2800 was the median number of detected genes per cell in
the no-4sU sample, which was the lowest across all the SLAM-Drop-seq libraries. Since the no-4sU
sample was used as control, we sequenced 1/3 as deep as the other samples in the same batch. Thus, it
was expected to have a low number of genes. Second, the median number of genes per cell in other
libraries were ranging from 2934 to 5071. This is not relatively low in terms of the Dolomite Nadia
system since it is known it has lower capture efficiency with respect to the more performative (and more
expensive) 10x Genomics instrument (Yamawaki et al, 2021).

The methanol fixation might induce some degree of RNA leakage, but the relative concentrations in
our approach are the same used in the many published papers and regarded as the “standard” for single
cell library preparation (Alles et al, 2017). A recent publication demonstrated how methanol fixation
has only minor effects on single cell sequencing approaches such as Drop-seq (Wang et al, 2021). In
our analysis, the cells used for rate calculation were selected to have a sufficient number of reads based
on the so-called ‘knee plot’ (as shown below, data from one sample) described in (Macosko et al, 2015).
The knee plots (see below plot) showed clear inflection points which indicates the cells that are
amplified from a STAMP separate from cells amplified from empty beads that contain ambient RNAs.
Furthermore, the mitochondrial RNA contents in the sequenced single cells are low (more than 98%
cells have less than 5% mtRNASs), indicating the cells are not damaged and cytoplasmic RNAs are
preserved. Thus, we think the leakage effect of methanol fixation is negligible for the analysis.
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2. The authors have concatenated reads originating from the "same UMI" to call 'old' and 'new' RNA
molecules. | am surprised to see that the "merged molecules” marginally increase in the size of the
original reads from 138 bp to 190 bp. To quantify the old and new RNA, | am not sure to understand
how it is different from the GRAND SLAM methods (Erhard et al. PMID: 29949974).



We were able to concatenate different reads from the same UMI due to the fact that two rounds of PCR
amplifications were conducted during library preparation. The first round of PCR amplifies the cDNA
libraries, followed by fragmentation and a second round of PCR amplification of the fragments. The
sizes of the fragments were controlled to be around 600-1000 base pairs, resulting in limited diversity
of the different reads from the same UMI. Nonetheless, the median increase of 38% in read length was
sufficient in our case to accurately quantify the newly synthesized and pre-existing RNA molecules.
Before merging, the distribution of T->C conversions per read was zero-inflated, which made it hard to
distinguish new molecules from old ones. After merging, we observed the probabilities for a molecule
to be new were either 0 or 1-inflated (Appendix Fig. S3D), making the identification of new molecules
more reliable.

The GRAND-SLAM approach (Jirges et al, 2018) evaluates 4sU-labeled and unlabeled transcripts
using a Bayesian framework to estimate uncertainties, but in the context of cell population (i.e. not at
the single cell level, as in our approach). We applied a Bayesian framework to identify new molecules,
based on the observation of T->C conversions. We differ from the GRAND-SLAM method in how we
estimated the 4sU incorporation rate. In GRAND-SLAM, 4sU incorporation rates and the ratio of new
to total transcripts is calculated using the EM-algorithm; whereas we approximated 4sU incorporation
rate using a Poisson distribution, based on the data from a long 4sU labeling experiment (24 hours, Fig.
S30).

3. The authors should rule out the toxicity of 4sU (Fig 1B). With such a short 4sU labeling time,
detectable transcriptional toxicity is more likely to affect transcripts with short half-lives. Could the
authors show if transcripts with short estimated half-lives are downregulated in 4sU-treated cells (for
instance with a scatterplot)?

We thank the reviewer for the thoughtful suggestions. The toxicity of 4sU on maturation of rRNA and
splicing of pre-mRNA has been shown for labeling times much longer than the one used in our approach
(>12 hours) (Burger et al, 2013; Altieri & Hertel, 2021). Previous experiments (Hafner et al, 2009)
with higher concentration and longer time of 4sU incubation (1mM for 12 hours) with respect to the
one used in our method, did not affect the transcriptional output of HEK293 cells. Nonetheless, we
conducted quality control analysis and showed that the percentage of newly synthesized molecules
increases proportionally with the timing of incubation with 4sU (Figure 1E), excluding any major effect
of the nucleotide analog on the cellular (Hafner et al, 2009) transcriptional output.

4. The authors distinguish 'synthesized' (new RNA), 'pre-existing' (old RNA), 'precursor' (unspliced),
and 'mature’ (spliced). Can the authors add the 5'>3' coverage of the reads? If there is a bias, what are
the consequences for the 'precursor' quantification? | propose this be added to the discussion.

We thank the reviewer’s suggestion. The SLAM-Drop-seq approach is based (as many single cell
methods) on capture of polyadenylated RNAs and sequencing of the region close-by, resulting in 3' bias
of the sequenced reads. To more efficiently quantify the precursor and the 4sU incorporation, we
computationally merged reads with the same UMI. This could potentially extend the coverage at the
UMI level to the gene body. However, we are aware of the 3' bias of the reads coverage as shown below.
We have added discussions on the potential effects of the coverage bias to the kinetic rates.
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5. Supp. Fig 5C is very important | feel as it gives the 'real-time'. Is it possible to bring this panel in the
main figures? How exactly the real-time has been calculated here?

We thank the reviewer for appreciating the importance of assigning the single cells with cell cycle times.
The cell cycle time is important for the Kinetic rate analysis. However, it is not novel. We applied the
published method called Revelio (Schwabe et al, 2020) and assigned the cell cycle time following the
main procedures described in the paper. After the 2D cell cycle representation was achieved using
PCA-based method (Fig EV1 B), the cell division time was identified based on the assumption that
molecule number roughly halves after the cell division. The real cell cycle time was assigned to each
cell based on its order relative to the cell division time and the assumption that the cells were evenly
distributed along the cell cycle process (See Material and Methods). This has been described in the
Revelio method (Schwabe et al, 2020) as well. Nonetheless, we acknowledged the comment of the
reviewer and shifted the figure to the Expanded View section (Figure EV2).

6. Often we use RNA metabolic labeling with 2 or 3 hours of labeling time. How does labeling time
influence Eskrate? Determining precisely the kinetic rates from RNA metabolic labeling experiments
is dependent on the time of labeling as the optimal duration for any RNA species is a link to its turnover
(PMID: 31390362; PMID: 35459101). Is that the reason why the authors found their fittings to be more
accurate with 60min labeling (Fig S6D)?

We thank the reviewer for bringing up this important point. Indeed, the duration of RNA metabolic
labeling can affect the accuracy of kinetic rate estimation. The optimal labeling time for any given RNA
species is linked to its turnover rate as previously discussed (Uvarovskii et al, 2019; Hersch et al, 2022).
However, the optimal labeling time may vary depending on specific genes. Therefore, finding a ‘sweet
spot’ between shorter and longer 4sU labeling times is crucial to obtain accurate kinetic rate estimation.

The mean half-life of RNA molecules in HEK293 cells is known to be around 5 hours (Schwanhdusser
et al, 2011). The cell cycle-regulated genes generally have shorter half-lives (median around 1.1 hour
in our calculation). When using the simplified kinetic rate model, we found that 60 minutes 4sU labeled
samples resulted in more accurate calculations of the RNA Kinetic rates using simulations (Fig S6D).
Since the gene expression profiles were simulated based on real RNA half-lives in the cell cycle, the 60
minutes is more likely to be the ‘sweet spot” compared to the others (15 minutes and 30 minutes) for
the cell cycle gene Kinetic rates calculation.



7. To demonstrate the applicability to other models, the authors could try to apply Eskrate on the sci-
fate dataset (PMID: 32284584). They can restrict the analysis to the unstimulated cells of the dataset
and investigate the RNA kinetics over the cell cycle in A549 cells. This will show if the biological
conclusions are transposable to another cell line and if the workflow applies to longer labeling times (2
hours). In addition, the sci-fate dataset has a higher percentage of intronic reads. This might be a good
opportunity for the authors to run Eskrate with the full model, including processing rates.

We thank the review for this suggestion. The sci-fate dataset is a good application for our method. We
were able to calculate RNA transcription and degradation rates from the A549 cells using the method
we implemented. The comparison of common cell cycle variable genes between sci-fate data and
SLAM-drop-seq data has shown very high similar patterns of the transcription and degradation rates
between both datasets. This comparison has been added to our results (Fig. EV2 D-F).

For the splicing rate, unfortunately the precursor fraction per cell for the cell cycle variable genes are
still very sparse (see below plot). We thus are not confident to infer the splicing rate using the full
model.
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8. The authors have tried different 4sU labeling times (15, 30, and 60min) but have restrained their
analysis for kinetic rate calculation to the cells treated for 60min. The reason is clearly explained by the
authors. Nevertheless, the authors report on 5 to 10% new RNA after 15 and 30min labeling (Fig 1E).
To my knowledge, this is the first time that I see such short times for a SLAM-seq-based approach. Do
the authors think that their estimation of newly synthesized RNA is still accurate with 15min labeling
(beyond the accuracy of Kinetic rate estimation)? This is important information for the community to
design future experiments

This is a very helpful comment to consider. For the SLAM-seq-based approach which applies
nucleotides conversions, we showed that the newly synthesized molecules roughly linearly increased
along 4sU labeling times (Fig. 1E), indicating that we captured newly synthesized RNAs in short
labeling times (i.e., 15 minutes and 30 minutes) as efficiently as longer labeling times (60 minutes).



Reviewer #3

This paper introduces a useful methodology SLAM-Drop-seq, a method that allows the analysis of
nascent and mature transcripts from single cells. The advantage of SLAM-Drop-seq over other methods
such as scEU-seq is that no extra purifications are needed. The paper also introduces an R package
Eskrate to optimally analyze SLAM-Drop data. The protocols and methods are clearly described.

As a test they then analyze mRNA expression levels during the mammalian cell cycle,showing that
MRNA degradation is an important contribution of the cyclic expression profiles. The conclusions on
the cell cycle RNA profiles are similar to those reached by Battich Science 2020 using scEU-seq,
however, the Battich analysis went deeper. Overall the biological analysis is fairly succinct as it seems
the emphasis is on the methodology, both experimental and computational. Given the extensive data
that were generated, and elaborate modeling that was developed, it appears that these were not exploited
to their full potential (Figures 3 and 4).

Major points:

1. Some results seem qualitatively different from those of Battich (RPE cells). For example here, there
is @ majority of genes with transcription starting in early G1 (Fig 3B), which in Battich there are no
such genes, there is always a significant gap time after mitosis without transcription.

We thank the reviewer for the comment. The differences observed between our study and the Battich
paper can be attributed, in part, to differences in the experimental approaches, cell lines used, and
computational analyses. The use of the FUCCI reporter and FACS-sorting based on its fluorescence in
the Battich paper introduces variations that cannot be easily accounted for. Additionally, the RPE1 cells
used in Battich paper have distinct characteristics from the HEK293 cell line used in our study. Thus,
differences in the results are expected.

Furthermore, the absence of transcriptional activity in the beginning of G1 in the Battich paper may be
aresult of their experimental design. The scEU-seq technique estimates cell cycle time using the FUCCI
system, which does not emit fluorescence at the beginning of G1. This increases the noise and
unreliability in accurately estimating cell cycle time.

We were not surprised to find genes transcribed in the early G1 phase, despite the belief that RNA
synthesis shuts down after cell division. Recent research has described how some transcription factors
remain bound to DNA throughout the M-to-G1 transition and drive gene expression soon after cell
division. This phenomenon, known as ‘transcription factors bookmarking,' could explain our findings,
but further research is necessary to support this hypothesis.

2. More generally, since the Battich paper is a reference, it seems essential to compare the findings in
more detail (gene by gene), and investigate whether the differences are of technical origin (sequencing
or analysis), or have a biological significance.

We thank the reviewer for the important suggestion. We have added the Battich paper results as a
reference to our manuscript. The comparison of common variable cell cycle genes between scEU and
our data has been added and can be viewed in Fig. EV2 A-C now. We have also added a paragraph in
the results describing the findings and the possible reasons for the observed differences.



3. There is a claim in the Discussion that the rates inferred here are better resolved temporally (less than
one minute) that other approaches, but this is not shown in the paper and also not exploited to illustrate
some interesting biology.

We appreciate the comment from the reviewer and acknowledge the unclear claim in the discussion.
Our study achieved high time resolution by utilizing prior knowledge of the median cell cycle time in
HEK?293 cells (Cheng & Solomon, 2008) and assigning each single cell to a specific time point based
on its gene expression profile. For the kinetic rates shown in the manuscript, we sorted approximately
1800 single cells along a whole cell cycle of 19.33 hours (1159.8 minutes), resulting in a time duration
of less than one minute between two adjacent cells. Therefore, we were able to theoretically obtain
RNA Kkinetic rates for all single cells along the sorted cell cycle, which justifies our claim of high cell
cycle time resolution. In practice, we smoothed gene expression profiles along the cell cycle and implied
assumption (i.e., kinetic rate changes in a short cell cycle time interval could be neglected) to solve the
Kinetic rate mathematical framework. Therefore, differences in kinetic rates of adjacent cells in a short
time interval could represent smoothed values that neglect cell-to-cell variability. The claim is more
accurate on the theoretical view. We have updated our discussion to clarify this point.

4. "Fig S5C: The number of mean molecules per bin gradually increases along the cell cycle progression
and roughly halves after the cell division." It appears the data go from about 0.6 to 0.8, which is
significantly less than a factor of 2. This could be due to either inaccurate cell cycle phase assignment
or an issue with the experimental approach.

We thank the reviewer for pointing out this mistake. The caption of Figure S5C (now updated to Figure
EV1 C) has been corrected, because it was wrongly describing the displayed figure. In a previous
experiment, we did reproduce the doubling of total RNA molecules along the cell cycle as described in
(Schwabe et al, 2020), but couldn’t use the generated data for other reasons. In the new batch of the
experiment, the total molecules increase towards the M phase (Fig EV1 C), but the increasing factor is
less than 2, as correctly described by reviewer #3. This could be due to the fact that the capture rate
(i.e., number of UMIs and genes per cell) is not relatively high in terms of sScRNA-seq data. Schwabe
et al. has shown that the UMI doubling pattern was less clear in HEK293 and 3T3 cells data compared
to deeper Hela cell data.

5. From a cell cycle perspective, the insights are fairly limited. The finding that mRNA degradation
plasma significant was shown in Battich 2020. It is valuable to confirm this, but it hold be augmented
with more explicit comparisons.

We thank the reviewer for the comment and suggestion. While some of our findings may overlap with
those of the Battich et al. 2020 paper, there are significant differences between the two studies. One
major difference is the identity of genes with variable expression across the cell cycle. Additionally, the
proportion of transcripts across different modes of gene expression regulation is distinct in our dataset.
Lastly, we observed that gene expression for a fraction of cycling genes peaks at the beginning of the
G1 phase, which contrasts with the findings reported in the Battich et al. 2020 paper. A detailed gene-
by-gene comparison of mMRNA levels, transcription and degradation rates has been added in Figure EV2
A-C.



6. Cell-cycle biology: one histone transcript is being discussed, but this is confirmatory rather than
novel. Also, since histone genes are not polyadenylated, this may be a very atypical gene. Can it be
measured reliably?

We chose the HIST1HA4C histone gene to validate our analysis. HIST1H4C has well-annotated
regulation of its Kinetic rates during the cell cycle of human cells (Harris et al, 1991).

While the presence of the non-polyadenylated transcript of HIST1H4C in our poly(A) single-cell library
may be atypical for histone genes, its high abundance in proliferating cells and the presence of a stretch
of 20 nucleotides with 18 adenosine in its 3'-end increase the likelihood of capturing the histone
transcript by poly(dT)-containing beads. The high CPM counts and low dropout rate of the HIST1H4C
gene (Fig. 3C) indicates a high level of reliability in the associated estimates and measurements.

7. How typical are genetically unstable HEK293 cells for human cell cycle biology? It would be useful
to have a comparative angle to know how general the findings are.

With respect to other human cells, HEK293 exhibit a similar pattern of the cell cycle, with distinct
phases of G1, S, G2 and M. However, due to their different genetics, they may exhibit variation in the
duration of these phases, their checkpoint regulation and gene expression. We are aware that HEK293
cells may not perfectly represent all aspects of human cell cycle biology, but they have already been
successfully used to study human cell cycle regulation (with findings that have been correlated to
homologous genes in different organism(Davidson et al, 2009)) and its implication in cancer (Liu et al,
2020) . HEK?293 cells are also an uncomplicated biological model to develop new experimental
approaches such as SLAM-Drop-seq. Moreover, we chose HEK293 cells because they are fast-cycling
cells, and in order to study the cell cycle profiles of synthesis and degradation for hundreds of transcripts
at the single cell level.

Minor:

Labeling times of 0 15, 30 and 60 minutes are described. Are all used in the subsequent analyses and
models?

We thank the reviewer for the comment. All the RNA Kinetic rates results shown in the manuscript
were from the 60 minutes 4sU-labeled sample. This is mainly due to two reasons: (1) longer labeling
time results in lower dropouts for nascent RNAs which give us the chance to explore more genes; (2)
the 60 minutes labeling samples are more accurately calculated using our simplified mathematical
framework (Fig S6D).
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