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Manuscript number: RC-2025-02944 
Corresponding author(s): Tony Ly 

[Please use this template only if the submitted manuscript should be considered by the affiliate 
journal as a full revision in response to the points raised by the reviewers. 

If you wish to submit a preliminary revision with a revision plan, please use our "Revision Plan" 
template. It is important to use the appropriate template to clearly inform the editors of 
your intentions.] 

1. General Statements [optional]

2. Point-by-point description of the revisions
This section is mandatory. Please insert a point-by-point reply describing the revisions that were 
already carried out and included in the transferred manuscript.  

Reviewer #1 (Evidence, reproducibility and clarity (Required)): 

In this study by Lewis and colleagues, the authors use highly quantitative proteomics to 
compare cell cycle patterns in T lymphocytes to mouse embryonic stem cells and differentiated 
fibroblasts. The work is significant because the cell cycle field has been dominated by only a 
few paradigms based on model systems such as yeasts, cancer-derived cell lines, and 
fibroblasts. The different cell cycles in other cell types have not been thoroughly investigated 
because they are less experimentally tractable. Prior studies have drawn conclusions about 
embryonic stem cells that turned out later to be primarily from attempts to induce 
synchronization prior to analysis. Here, the authors apply their previously-described method for 
detecting proteins according to cell cycle phase by flow-sorting and then mass spectrometry. 
They find expected cell cycle fluctuations in the three cell lines, but also a few unexpected 
differences. Primarily, cyclin E protein appears to be expressed at higher levels in the fast-
proliferating mESCs and CD8 cells compared to NIH3TS and to be less cell cycle-regulated. 
The mechanism and functional relevance for this difference are not considered. 
The authors chose to focus several experiments on the APC/C ubiquitin ligase inhibitor, Emi1, 
which they find appropriately cell cycle-regulated in CD8 and mESCs but expressed at higher 
levels in CD8 cells. They show that CD8 differentiation is associated with cell cycle changes and 
that perturbing the cell cycle in CD8 cells affects their differentiation (which is not surprising). 
Altogether this study provides an excellent resource for the field from the detailed high-quality 
proteomics data sets (though see point #8). On the other hand, the experiments with EMI1-KO 
and differentiating cells seem largely unrelated to the cell cycle analysis itself; these results may 
be mostly indirect consequences of cell cycle perturbation rather than specific to EMI1 function. 

Authors Response to the Referees from Review Commons
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This is a very thorough, rigorous, and valuable proteomics characterization of cell cycle 
differences, but the choice of follow-up functional experiments isn't logical in my opinion. 
------------ 
Major points: 
1. It is not clear how the quantification accounts for differences in cell size or
nuclear/cytoplasmic fractions among the different cell types. For example, ESCs are typically
small with relatively less cytoplasm. Since a great many cell cycle proteins are nuclear,
normalizing to total protein analyzed and not cell number could make these proteins appear
more abundant. In other words, does 1 ug of protein from mESCs represent the same number
of cells or nuclei as 1 ug of protein from NIH3T3?

We have used the proteomic ruler1 approach to estimate the protein content of subcellular 
compartments between cell types, as has been done by my lab2,3 and others4. We have limited 
this analysis to a single cell cycle phase, namely G2&M. As shown, CD8 T cells have a higher 
nuclear fraction than other cells. However, the difference between mESC and NIH3T3 is minor. 

We have calculated the amount of protein per cell also using the proteomic ruler. This shows 
the protein content of G2&M phase cells varies with cell type. Therefore, proportionally, 1 μg of 
protein represents fewer mESC and NIH3T3 cells compared to CD8 T cells. Notably, our 
observation that cell cycle regulated proteins are generally higher abundance in faster dividing 
cells (mESC and CD8 T cells) does not follow the same trend. Therefore, it is unlikely that the 
observations we made are due to normalization. 

Figure for referee with unpublished data not shown.

Figure for referee with unpublished data not shown.
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The proteomic ruler normalizes MS intensities for individual proteins by histone intensities. 
While the cytoplasmic fraction may vary, the diploid murine cell types used in this study have 
the same genome size and similar histone content per cell. Thus, this normalization produces 
an estimate of protein copies per cell. Notably, values normalized this way still support the 
assertion that cell cycle regulated proteins are present at higher abundance in mESCs and CD8 
T cells. 

For illustration, we have shown parts-per-million (ppm) and protein copies side-by-side here for 
Cyclin A2.  

These data show that Cyclin A2 is present in higher abundance in mESCs and CD8s. 
Considering that the difference in total protein content between cell type is much greater than 
differences in nuclear protein content, we would argue that comparing the effective 
concentration (ppm) is more appropriate than protein copies. 

2. The motivation for the project was given as wanting to understand if fast-cycling CD8 T cells
resemble fast-cycling mESCs, which the authors show they partially do. The molecular
phenotype in common is cyclin E abundance, but we are left without an understanding for how
that occurs. Are there differences in expression of the E3 ligase for cyclin E?

Thanks to feedback from another review, we have re-evaluated our analysis of APC/C 
substrates, using an expanded list of APC/C substrates curated by the Davey group (ICR, 
London). We now evaluate 43 APC/C substrates (compared to 26 in the previous version of the 
manuscript), that have also been selected for increased abundance in G2&M phase compared 
to G1 phase, in at least one cell type, as would be expected for a bona fide substrate. This 
showed that in G1, APC/C substrate levels were higher in both mESC and CD8 T cells, 
compared to NIH3T3. In evaluating the multiple, potentially exciting avenues to explore, we also 
considered the technical feasibility and likelihood of success of perturbation experiments with 
Cyclin E versus Emi1, since Cyclin E function is shared between two paralogues. Indeed, Cyclin 
E1 nullizygous mice show no overt phenotypes5, whereas Emi1 deletion is embryonic lethal6. 
We have added text to expand the rationale. 

However, we take the reviewer’s point that more can be done to address the regulation of Cyclin 
E1. Therefore, the revised manuscript includes a new Figure 5 that investigates this further. We 

Figure for referee with unpublished data not shown.
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show that Cyclin E1 degradation is proteasome and Neddylation dependent, suggesting that 
Cyclin E1 is targeted for degradation by a cullin ring ligase (CRL) in CD8 T cells and NIH3T3 
cells. Cyclin E1 protein has a similar half-life in CD8 T cells and NIH3T3 cells. These results 
suggest that higher Cyclin E1 levels may be due to higher transcription. As described in the 
Discussion, further work will be required to elucidate the mechanisms and are outside the scope 
of the present manuscript 

3. We also don't learn if the constitutive cyclin E is why cells cycle quickly because no
experiments to change cyclin E are provided.

We now include additional data (Fig. 5) showing that overexpression of Cyclin E1 in NIH3T3 
increased S-phase frequencies but reduced cell numbers. These results suggest that Cyclin E1 
promotes S-phase entry in CD8 T cells, but additional mechanisms may be present to prevent 
replication stress-induced arrest. 

4. In an unexpected turn for the project, the authors generated inducibly Emi1-null CD8 T cells
and analyzed them for replication, re-replication, and phosphorylated Rb. This section is fine,
but the rationale isn't obvious, particularly if constitutive cyclin E (not an APC/C substrate) is the
proposed driver of fast proliferation. Emi1 isn't the general reason for fast proliferation if it is only
high during G1 for CD8 and not mESCs. Emi1 loss has also been known to promote re-
replication for quite a few years, a finding the authors cite. The replication-dependent DNA
damage and cell cycle arrest are both well-known outcomes from re-replication. So, although
the data are of good quality, I'm not sure that showing Emi1 has the same role in CD8 cells as
what was reported in other cells adds much to the field. The authors could choose to save
Figure 6 for a more APC/C-focused study and use EMI1 as a general cell proliferation marker in
Figure 7.

We now show additional data explaining the rationale for follow up experiments on Emi1 (Fig. 6, 
Fig. 7b-c). We note that cell cycle arrest in early G1 is consistent with a role of Emi1 in 
promoting G1 progression. Based on the lack of gammaH2A.x signal in early G1 Emi1KO cells, 
we would argue that this arrest is unlikely due to re-replication.  

5. What is the cell cycle distribution of the IL-15 and IL-2 differentiated cells? If they are
different, then some of the protein abundance changes to regulated proteins such as p21 might
be a symptom of cell cycle differences rather than differentiation. It seems IL-15 is more cell
cycle promoting form Figure S3, but that isn't clear from the assays presented.

We now show that cell cycle distributions for IL15 and IL2 treated CD8 T cells in Fig. S4a and 
here for convenience. Their cell cycle profiles are comparable.  
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6. The change in the CD62L marker is argued to be unrelated to cell cycle and somehow more
directly downstream of Emi1. The connection here is tenuous, in part because there's no
comparison to a similar cell cycle perturbation independent of Emi1. How would Emi1 modulate
CD62L if CDC62L does not show evidence of being an APC/C substrate?

We have removed the data on CD62L as we thought it distracted from the main focus of the 
manuscript, which is to study cell cycle control mechanisms.  

7. As presented, Emi1 has a unique effect on the immune phenotype. It is also possible that
many cell cycle perturbations would similarly affect differentiation and not only Emi1. Can the
authors distinguish Emi1-specific effects from more common cell cycle perturbation effects?
Alternatively, interpreting the EMI1-KO data more generally could avoid confusion.

See above. 

8. The authors should provide legends to the supplementary tables in the text and/or the tables
themselves. Several column headers in the tables are not defined.

We have added legends to the supplementary tables. 

Minor points: 
a. Figure 4g is titled Cdkn2a (which would be p16) but the legend says its Cdkn1a (p21). The
p21 protein was undetected in NIH3T3? One would expect it to be in the G1 cells at least.

The legend should have stated p16. This is now corrected. p21 was not detected in this dataset. 

b. Line 56: cyclin E is not an APC/C substrate as implied by the text. If Skp2 is a bona fide
substrate (not sure that's true), then APC/C activity would have opposite effects on Cyclin E vs
Cyclin A.

Figure for referee with unpublished data not shown.
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We did not intend to imply this and apologize for the confusing sentence. The sentence now 
reads, “Mechanistically, the levels of Cyclin A and additional cell cycle promoting proteins are 
sustained in mESCs by inhibition of the key E3 ligase, the APC/C, by its protein inhibitor, Emi1 
(Fbxo5)”. 

c. What is the red arrow in Figure 6C?

The red arrows indicate re-replicating cells. We have added this clarification to the figure 
legend. 

d. Figure 7b is protein copy number whereas all other graphs are for ppm. The legend on line
686 has "cite immPRES" but this citation didn't make it into the submitted manuscript.

This is now corrected. 

Reviewer #1 (Significance (Required)): 

The work is significant because the cell cycle field has been dominated by only a few paradigms 
based on model systems such as yeasts, cancer-derived cell lines, and fibroblasts. The different 
cell cycles in other cell types have not been thoroughly investigated because they are less 
experimentally tractable. Prior studies have drawn conclusions about embryonic stem cells that 
turned out later to be primarily from attempts to induce synchronization prior to analysis. This is 
a very thorough, rigorous, and valuable proteomics characterization of cell cycle differences, but 
the choice of follow-up functional experiments isn't logical in my opinion. 

Reviewer #2 (Evidence, reproducibility and clarity (Required)): 

Summary 
This study uses proteomics as an approach to understand regulatory mechanisms contributing 
to a short cell division cycle in CD8 T cells. While the cell cycle machinery has been studied in 
mouse embryonic stem cells (mESCs) and these discoveries have provided a framework for 
understanding atypically short cell cycles, whether those mechanisms are conserved in other 
cell types that undergo a short cycle has not been clear. Analysis of the cellular proteome was 
performed at three different cell-cycle stages (G1, S, G2/M) and across three cell lines (CD8 T 
cells and mESCs and fibroblast 3T3 cells as comparators for short and normal cycles, 
respectively). An important innovation here is the application of a PRIMMUS protocol, which 
uses markers of cell cycle stage and sorting rather than treatments, such as inhibitors, that can 
have unwanted perturbations. The authors find both similarities and differences between CD8 T 
cells and mESCs. Of particular interest, CycE levels are constitutively high in both cell types 
with a short cycle compared to fibroblast cells, but APC/C substrates are uniquely lower during 
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G1 in CD8 T cells. Using CRISPR knock-out, the APC/C inhibitor Emi1 is then implicated as a 
key regulator of G1/S control in CD8 T cells as well as phenotypic fate. 

Major Comments: 

Overall, the conclusions are fairly made from the data. In particular, the proteomics data and 
analysis are of high technical quality. The data and methods are clearly presented in a manner 
that could be reproduced, and experiments are, with one exception noted gere, performed with 
appropriate replicates and statistical analysis. I have only two major comments. 

1) From the description of the CRISPR methods and results, the origin of the Emi 1KO cells
used in all the experiments is unclear. Only one Emi1 KO sample or experiment is shown along
with control in each panel. A number of questions should be answered in order to clarify.

We now include new data and clarifications to answer the reviewer’s questions in the 
manuscript and below. 

Was this sample originated from the total cells grown out of the gRNA treatment (and on which 
the TIDE analysis was performed)?  

Samples for flow cytometry, TIDE and western blotting analysis were cells grown out of the 
gRNA treatment.  

If so, which exon was the gRNA targeting in the cells used in subsequent experiments? 

Were single clones ever grown? Ideally, experiments should be performed with multiple single 
clonal lines, and at least one from each exon used, if possible. Alternatively, a population 
generated from each of the two guids should be used in all the experiments as a proper 
biological replicate. 

Clonal selection is not possible because these are ex vivo primary cell cultures that cannot be 
cultured indefinitely. Furthermore, the deleted gene is intracellular and in the absence of a 
reporter, it is impossible to FACS select Emi1KO cells.  

Preliminary experiments used each gRNA separately. These experiments are now shown in Fig. 
S2b-d. All subsequent experiments were performed with pooled gRNA as this resulted in a more 
penetrant phenotype, as shown in Fig. 7d. Notably, the percentage of re-replicating cells is 
higher using pooled gRNAs (c.f. Fig. 7d and Fig. S3d), and a typical, asynchronous cell cycle 
profile is largely restored two days following KO using each guide separately (Fig. S3d), 
whereas a cell cycle defect is still observable at this timepoint using the pooled gRNA approach 
(Fig. 7d).  

The Results and Discussion sections have been amended to clarify. 
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It may be that homozygous deletion of Emi1 is not possible because of the effects on 
proliferation. If so, the authors should comment on this along with why the protein level in Sup. 
Fig. 2b is still so high in the KO line. Considering the inefficiency of the overall KO, it is 
especially important to understand Emi1 expression throughout the polyclonal population to 
interpret the results. Are there some cells expressing normal levels and some cells expressing 
no Emi1? If monoclonal, are the observed effects from haploinsufficiency? More description of 
the method and caveats to the interpretation of results are needed here, and results would be 
made more robust if more than one clone or gRNA treatment were used. It would be expected 
this may take 2-3 months with reasonable resources to perform this additional analysis, if not 
done already. 

As mentioned above, we now include data from independent gRNAs.  

We also have amended the text to explain how the data should be interpreted in the context of 
an incomplete knock out. 

We do not have evidence that Emi1 is haploinsufficient. Emi1+/- animals are viable and display 
no overt phenotypes compared to Emi1+/+ (Lee et al. Mol Cell Biol 2006, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC1592703/). 

2) OPTIONAL. One shortcoming of the manuscript is the lack of insights into why knock out of
Emi1 leads to G1 arrest. Follow up experiments on the APC/C substrates in Fig. S1b or analysis
of proteins that are upregulated or downregulated by Emi KO would increase the significance of
the manuscript. These experiments may be time consuming and could be considered beyond
the scope of this study, but they would increase the impact of the study.

This is an excellent suggestion. We will pursue this in future studies. 

Minor comments: 
1) Some brief aspects of the methods could be added to the description of results to help
improve clarity in a few places. For example, the threshold for including the 121 proteins in Fig.
2b and what antibodies were used for staining in the PRIMMUS approach would be important
enough that it should be stated in results with no need to look up detailed method.

These details have now been added. We have added method details throughout the 
manuscript. 

2) It should be clarified that in most cases, use of the term "abundance" in comparing protein
levels is actually a relative abundance for a specific cell type. For example in the following
sentence, relative and not absolute abundances are being compared : "In mESC, there was
higher abundance in G1 phase compared to CD8 T cells and NIH3T3 (Fig.136 2d)." Clarifying



Full Revision

upon first use of the term abundance would be sufficient. 

We have added a sentence to clarify. 

3) In some of the protein abundance panels there does not appear to be any mark in the graph,
which is consistent with there being no observation of protein. This absence of any observation
should be made explicit in the figure captions.

We have added this to the figure legends. 

4) It should be clarified with its first use (line 264) that "pRb" means phosphorylated Rb.

This is now defined earlier. 

Reviewer #2 (Significance (Required)): 

The key conclusions are significant in that they advance our understanding of how cell cycle 
regulatory mechanisms can be adapted in cell types with short cell cycles. Results are also 
relevant in particular for the biology of T cells, and the finding that Emi1 controls the cell cycle 
and cell fate in CD8 T cells is noteworthy. These represent advances in our mechanistic 
understanding of cell division. In addition to the significance of the conclusions, the greatest 
strength of the manuscript is the technical quality of the proteomics data and the fair 
conclusions drawn from them. The results will be of interest to scientists studying basic research 
in cell, immune, and cancer biology. 

The greatest limitation of the study is the lack of insights into how Emi1 is driving S phase and 
how its loss leads to accumulation of cells in G1. This result is quite interesting, because it is 
opposite what may be expected considering the known function of Emi1 as an APC/C substrate 
inhibitor and the observation in Fig. 5 that APC/C substrates are similarly low in CD8 T cells and 
3T3 cells. This discrepancy and the logic of testing Emi KO should at least be more thoroughly 
discussed, and additional experiments, as described above, would increase the impact of the 
study. A second limitation is the lack of conclusions from many comparisons of protein levels 
among the cell type and cell-cycle phases. For example, the significance of similarities and 
differences in levels of the Cdks (Fig. 4) and Cdh1 (Fig. 5) is left undiscussed. 

Reviewer #3 (Evidence, reproducibility and clarity (Required)): 

Summary: 
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In this paper, the authors combine advanced quantitative mass spectrometry-based proteomics 
with the PRIMMUS cell sorting technique to profile cell cycle proteins across the G1, S, and 
G2/M phases in CD8 T cells, embryonic stem cells (mESCs), and NIH3T3 fibroblasts. Their 
well-designed experimental approach-avoiding artifacts from synchronization-yields an 
impressive and detailed dataset on cell cycle dynamics. The experimental approach to 
interrogate three different cell lines for cell cycle protein dynamics, without using 
synchronization, is technically excellent. The data extracted from that initial experiment, which is 
shown in figures 2, 3, 4 and 5, is clearly described and well presented. 
My concern is with conceptual advance of study. The author set out to determine how cell cycle 
control mechanisms could give rise to rapid proliferation in CD8 t cells, but it is not clear they 
have addressed that question. The data do not clearly support a model in which mESCs or CD8 
T cells exhibit dampened cell cycle protein periodicity compared to 3T3 fibroblasts, nor for a 
change in APC/C being a key driver. Notably, the depletion of Emi1 appears to most 
significantly impact later cell cycle stages, as has been reported previously by others, and thus it 
is unclear that in this system it is promoting S-phase entry. And, while the impact on re-
replication is clear, this is a very well reported phenotype. Overall, I am very impressed by the 
technical aspects of the study, but thought the authors could put more effort toward developing 
more meaningful interpretations of the data, which felt under-developed. 

We respectfully disagree. Our study provides an important conceptual advance by correcting 
existing models established in the field. For example, in an excellent review in 2020, dampened 
APC/C activity and Cyclin A2 fluctuations were proposed to promote rapid cell cycles based on 
literature dating to early 2000s using techniques that were at the state-of-the-art of that time. 
Using current state-of-the-art approaches, we now revisit the question, which show quantitative 
data that do not support these models. 

We agree that additional work will be required to understand what promotes rapid cell divisions. 
Thanks to feedback from the reviewers, we have re-evaluated our analysis of APC/C 
substrates, using an expanded list of APC/C substrates curated by the Davey group (ICR, 
London). We now evaluate 43 APC/C substrates (compared to 26 in the previous version of the 
manuscript), that have also been selected for increased abundance in G2&M phase compared 
to G1 phase, in at least one cell type, as would be expected for a bona fide substrate. This 
showed that in G1, APC/C substrate levels were higher in both mESC and CD8 T cells, 
compared to NIH3T3. In evaluating the multiple, potentially exciting avenues to explore, we also 
considered the technical feasibility and likelihood of success of perturbation experiments with 
Cyclin E versus Emi1, since Cyclin E function is shared between two paralogues. Indeed, Cyclin 
E1 nullizygous mice show no overt phenotypes5, whereas Emi1 deletion is embryonic lethal6. 
We have added text to expand the rationale. 

Our data suggest that Emi1 plays a role (e.g. Fig. 7d-g), but that Emi1 likely has a more 
important role in safeguarding against re-replication. As Reviewer 1 points out, an interesting 
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and promising avenue of inquiry is the constitutive expression of Cyclin E1 in both mESC and 
CD8 T cells.  

To further address this, the revised manuscript includes a new Figure 5. We show that Cyclin 
E1 degradation is proteasome and Neddylation dependent, suggesting that Cyclin E1 is 
targeted for degradation by a cullin ring ligase (CRL) in CD8 T cells and NIH3T3 cells. 
Additionally, Cyclin E1 protein has a similar half-life in CD8 T cells and NIH3T3 cells. These 
results suggest that Cyclin E1 levels may be transcriptionally controlled. As described in the 
Discussion, further work will be required to elucidate the mechanisms and are outside the scope 
of the present manuscript. We also include additional data showing that overexpression of 
Cyclin E1 increased S-phase frequency in NIH3T3 cells, but reduced cell numbers. This is 
consistent with previous work showing that high Cyclin E1 levels can induce replication stress 
(Diffley and Cook labs). Interestingly, together these results suggest that while Cyclin E1 can 
promote S-phase entry in CD8 T cells, additional mechanisms are likely to prevent replication 
stress-induced cell cycle arrest. 

Comments and recommendations: 
• There does not appear to be any statistical comparative analysis accompanying the
proteomics data. While the differences highlighted in the text are generally clear from the
figures, including statistical comparisons would strengthen the analysis and provide greater
confidence in the reported findings.

Due to the high number of contrasts and quantitative figures shown, we do not think it would be 
clearer to add contrast bars to the graphs and detract from the data, which we agree are 
generally clear from the figures already. Results of statistical tests are reported in 
Supplementary Table 2. We have also changed graphs to display individual points, as the 
reviewer suggested, and added p-values to the text where appropriate.  

• It is unclear what the box and whiskers represent in these plots. By convention, box plots
typically display the interquartile range, with the central line indicating the median and the
whiskers representing the minimum and maximum values or a defined range. If the authors are
using a different convention, it should be clearly stated in the figure legends. Alternatively, I
recommend using a different data representation to avoid potential confusion.

These have been changed to bar plots with error bars displaying standard error of the mean. 
Figure legends have been updated. 

• Line 133 and figure 2B and D. It's unclear to me what 'common cell cycle regulated protein'
are. The methods: "Fold changes were calculated and ANOVAs performed to identify
significantly changing proteins in each cell line using the following filtering criteria: p < 0.05 and
fold change > 2." does not fully clarify the analysis. For example, it's not clear what the fold
changes are being compared to-is it a specific cell cycle phase, a baseline, or another reference
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point? Additionally, is the reported p-value corrected for multiple hypothesis testing? Overall, the 
methodology could benefit from further clarification. 

We have now amended the text to the following, which we think is clearer, “ANOVA and Tukey’s 
multiple comparison test were performed to test for significant differences in protein abundance 
between cell cycle phases. Fold changes were calculated for all pairwise contrast. This 
statistical analysis was repeated separately for each cell type. Proteins were then deemed 
significantly changing if they met the following filtering criteria: p < 0.05 and fold change > 2. 
The p values are unadjusted for multiple hypothesis testing.” 

• In Figure 2B, it is unclear how the data are normalized. Is it appropriate to compare values
across rows, columns, or both? Additionally, the ordering of the CD8 T cell G2/M samples
appears to be ascending from top to bottom-what is the rationale behind this ordering?
Clarifying the normalization method and how to interpret comparisons within the figure would
help improve its readability. As it is now, I am not clear on how this data supports the statement
where it is called in the text "There was a core set of 121 proteins that were consistently cell
cycle regulated across all three cell types" (lines 130-132). It would be interesting to know how
these data compare the authors prior proteomics data on cell cycle proteins and to that of
authors.

The heatmap shows row-scaled protein abundances. This is now clarified in the Figure legend. 
We have amended the heatmap to include a scatter plot showing the average scaled protein 
abundances for each cell type/cell cycle phase. We think this graph better illustrates the point 
we are making.  

We agree a meta-analysis of proteomics datasets characterizing cell cycle control would be of 
interest. Indeed, initially we carried out comparisons between our prior work in NB4 and CD8 T 
cells. However, most of this type of work, including from our lab and others, has been carried 
out in human cell lines. Comparison between human and rodent cell lines is not trivial because 
there have been reports that some proteins are cell cycle regulated in one organism, but not the 
other, e.g. Orc19,10. This motivated us to compare only mouse cell types to avoid species-
specific differences in regulation. We have added this rationale to the Results section. 

Moreover, technical differences in synchrony and MS analysis approach would limit the 
interpretation. Differences in synchrony would be especially problematic since we are 
specifically evaluating the magnitude of cell cycle regulated protein changes. We agree however 
that such an analysis would be of interest, and something to pursue systematically in the future, 
but is beyond the scope of the current study. 

• In Figure 2C, are these the most frequent GO terms among the "cell cycle-regulated proteins"?
It is unclear whether this represents a curated list of commonly known cell cycle-related terms or
if these are the top GO terms identified through enrichment analysis. Clarifying this distinction
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would help readers better understand how these terms were selected and what the figure is 
intended to convey. 

This was a GO term enrichment analysis, as explained in the Figure legend. We have clarified 
this in the main text. 

• The interpretation of differences in some APC/C components is not clear to me, particularly
given the relationship to APC/C substrate expression. For example, ANAPC10 is down in CD8
cells, but the APC/C appears highly active given the high differential between substrate
abundance between G1 and S/G2/M cells.

We have removed this section of the Results as we feel it is a distraction from the flow of the 
experiments.  

• I have some concerns regarding the Emi1 knockout experiments. First, the knockout does not
appear to be particularly efficient.

Our approach is straightforward compared to the generation of a complete, conditional knockout 
of Emi1 in primary ex vivo murine CD8+ T cells. This would be technically demanding, costly, 
and require several years of experimental work. Genetic manipulation of these cells is limited by 
the short time period (~1 week) in which these cells can be cultured, before cells require 
restimulation. Notably, restimulation of cells exposed to antigen produces CD8 T cells that are 
phenotypically and immunologically distinct from the activation of naïve T cells.  

We agree that in vitro delivery of Cas9-gRNA has limitations. Electroporation is generally 
efficient, as shown by treatment of CD8 T cells with Cas9-gRNA targeting the fitness-neutral cell 
surface receptor Thy1 (see below). However, indel efficiencies vary with locus, and disruption of 
genes required for proliferation promote outgrowth of cells with the intact locus.  

Outgrowth is particularly acute for CD8 T cells. CD8 T cells can undergo ~4 doublings over a 
24-hour period. Thus, even in the hypothetical case of 95% efficiency, the remaining 5%
increases to 46% by the 24-hour harvest timepoint.

Figure for referee with unpublished data not shown.



Full Revision

We note that the % indel frequencies and % reduction in Emi1 protein by immunoblot (~50%), 
correlate with re-replication, the major phenotype of Emi1 deletion. 

In the revised manuscript, we have renamed these cells CD8 T + Cas9-gEmi1(ex2+ex4), which 
reflects the experimental treatment and less likely to prompt confusion about the nature of the 
resulting cells. We have also changed the Results and Discussion sections to clarify the 
experiments and the limitations of the approach. 

In addition, the results do not necessarily support the proposed conclusion. If Emi1 was a key 
driver of G1/S progression, I would think you would observe more 2N cells, not fewer. The 
relationship to DNA damage, made in Fig 6f is unclear. 

The decrease in 2N is due to a substantial increase in >4N cells. To avoid this confound, we 
specifically examined 2N cells using Rb phosphorylation as a marker of G0/early G1 (phospho-
Rb negative) and late G1 (phospho-Rb positive). As shown in Fig. 7f, the proportion of G0/early 
G1 cells is increased, suggesting that loss of Emi1 results in G0/early G1 arrest. The increased 
proportion of G0/early G1 cells is not due to DNA damage, as evidenced by gamma H2A.x 
staining (Fig. 7g). We agree that caution is needed in interpreting kinetics from a fixed cell 
assay. Further work, for example, using live cell imaging, would be important to further show 
that cells arrest in G0/G1. We have included additional text in the Discussion to clarify this point. 

• In the flow cytometry data in Figure 6C, the Emi1 knockout cells are EdU-positive and have
>4N DNA content. This is consistent with a re-replication phenotype and for a vital role of Emi1
in preventing re-activation of the APC/C in late S or G2 phase. It is difficult to square this with
the assertion that it is promoting G1/S progression. Notably, this is a well reported Emi1
phenotype.

We agree that a major phenotype following Emi1 deletion is re-replication. Indeed, the main text 
describes this and cites original work in human cancer cell lines first reporting this function. Our 
data also suggest a function of Emi1 in G1 progression, as described above. We note that it is 
not uncommon for one protein to have multiple functions, particularly in the context of the cell 
cycle, in which protein function can be cell cycle dependent. We agree however that the major 
function of Emi1 appears to be safeguarding against re-replication, and that it has an additional 
function in G1 progression. 

Minor comments: 
• Some figures lack error bars (e.g., Figures 2C, 2D, and 5A). I also recommend including
individual data points on all graphs, as this is now required by many journals. Since most of the
graphs likely represent experimental triplicates, adding these elements should be
straightforward and will allow readers to see actual spread of the data.

Individual data points have been added to graphs. 
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• The terminology used to refer to CD8 T cells is inconsistent across the manuscript-for
example, "CD8T" in Figure 2 and "CD8" in Figure 3. Standardizing this terminology throughout
the figures and text would improve clarity.

To clarify, we now use “CD8 T cells” in the main text and figure legends, and “CD8” in figure 
labels.  

• The authors frequently refer to "increases in pRB-," which is somewhat confusing. I
recommend rephrasing this as "decrease in pRB" to make the interpretation clearer and easier
to follow.

We believe there might be a misunderstanding here and apologise for the lack of clarity. What 
we measure is the frequency of cells that have low or no phosphorylated Rb at S807/S811. In 
most instances in the text, we have made this as clear as possible by referring to the “frequency 
of G1pRb- cells”. However, there is one instance where the text is not quite clear, e.g. 
“However, G1pRb- cells showed no difference in gammaH2A.x staining between control and 
Emi1KO cells. This suggests that the increased frequency of G1pRb- and decreased S-phase 
frequencies…“. This is now changed to “However, G1pRb- cells showed no difference in 
gammaH2A.x staining between control and Emi1KO cells. This suggests that the increased 
frequency of G1pRb- cells and decreased S-phase frequency…”. 

Reviewer #3 (Significance (Required)): 

Significance and Advance 
Strength: Excellent deep, quantitative proteomic dataset of cell cycle proteome dynamics across 
three independent cell lines. Done without chemical or other synchronization. This incrementally 
improves on previous proteomics datasets. 
Weaknesses: Limited conceptual advance in our understanding of cell cycle proteomes, or 
insight into how different cell types proliferate at different rates. 
Audience: interested audiences include those study cell cycle control, proteomics. 
My expertise: cell cycle control and protein dynamics. 
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