
Resolution of the curse of dimensionality in single-cell RNA
sequencing data analysis
Mitinori Saitou, Yusuke Imoto, Tomonori Nakamura, Emerson G. Escolar Escolar, Michio Yoshiwaki, Yoji Kojima, Yukihiro
Yabuta, Yoshitaka Katou, Takuya Yamamoto, and Yasuaki Hiraoka
DOI: https://doi.org/10.26508/lsa.202201591

Corresponding author(s): Mitinori Saitou, Institute for the Advanced Study of Human Biology, Kyoto University and Yasuaki
Hiraoka, Institute for the Advanced Study of Human Biology, Kyoto University

Review Timeline: Submission Date: 2022-07-05
Editorial Decision: 2022-07-07
Revision Received: 2022-07-08
Editorial Decision: 2022-07-13
Revision Received: 2022-07-15
Accepted: 2022-07-18

Scientific Editor: Novella Guidi

Transaction Report:
(Note: With the exception of the correction of typographical or spelling errors that could be a source of ambiguity, letters and 
reports are not edited. The original formatting of letters and referee reports may not be reflected in this compilation.)

Please note that the manuscript was previously reviewed at another journal and the reports were taken into account in the 
decision-making process at Life Science Alliance.

 

on 24 May, 2023life-science-alliance.org Downloaded from 
http://doi.org/10.26508/lsa.202201591Published Online: 9 August, 2022 | Supp Info: 

https://www.life-science-alliance.org/
http://doi.org/10.26508/lsa.202201591


Reviewer #1 Review 
Report for Author:
In my opinion, the authors have improved the manuscript, but it is still lacking a suitable 
orthogonal experimental validation. Here are my comments:

1) The authors argue that RNA-FISH does not represent a perfect ground truth and that RNA-
FISH still has a high dropout rate of 20%. However, scRNA-seq methods, particularly the UMI- 
and microfluidics-based methods on which the authors focus have dropout rates of 90-95%. So 
surely RNA-FISH is giving a more accurate picture of the true transcript abundance distribution 
than scRNA-seq. Indeed, it is frequently used for in situ validation of findings from scRNA-seq. In 
any case, the authors now show a panel with some smFISH analysis (Figure EV4I). However, as 
far as I can tell, this analysis is not described or discussed in the text. Furthermore, it only 
compares unprocessed scRNA-seq and RECODE-processed scRNA-seq to smFISH, but does not 
provide any information on how well RECODE performs in this comparison vs. alternative 
imputation methods.

2) While the authors dispute the utility of RNA-FISH is a comparator for scRNA-seq, they use 
CITE-seq/FACS-based comparisons more extensively. Of course, these methods are measuring 
surface protein abundance (not even total protein abundance) rather than mRNA abundance, and 
so I would argue that this is an even more problematic comparison than RNA-FISH. While I think 
this analysis is still somewhat valuable, the presentation should be more quantitative. For 
example, the authors point out that the RECODE results in the biaxial plots in Fig. 6E look more 
similar to the protein-level analysis than alternative methods. However, none of the scRNA-seq 
results really look highly similar to the protein-level results, and so some quantification of 
similarity should be done. For example, do the RECODE data provide similar cell frequencies for 
the ~3 major cell populations shown in the protein-level analysis in comparison to alternative 
methods? Or is there some way of quantifying the 2D distributions shown in the biaxial plots?

Reviewer #2 Review 

Report for Author:



This is a resubmission of the earlier version. The authors related the question of scRNA-seq data preprocessing to the curse of
dimensionality and utilized the corresponding theories to develop a computational method RECODE. RECODE performs
variance stabilization and shrinkage based on estimated noise level and includes applicability tests. The authors demonstrated
its utility in a practical setting in addressing the curses and in cell clustering. RECODE was compared against several other
methods in questions like cell clustering and differential gene expression.

This version is greatly improved and heavily revised from the last submission, especially in relating to the scRNA-seq
preprocessing question, the comprehensiveness of evaluations, and better structuring. The applicability test focuses on the
model assumption and is an advantage to most preprocessing methods. Still, the evaluations were primarily restricted to cell
clustering and not many other preprocessing methods. Although a few major conclusions appear slightly overstated, they would
become convincing after properly revising the claims. This manuscript provides helpful insights in decomposing variations in
scRNA-seq data and in improving preprocessing. This could be beneficial for potential users of RECODE and statistical method
developers for scRNA-seq.

I still have several concerns for this manuscript.

Major points

1. Quite a few statements in this paper are not sufficiently objective or even correct. They may appear evident or convincing to
the authors but not conclusive, obvious, or sufficiently evidenced to the reader. A large proportion are newly added statements
not in the last version. Several examples:

"RECODE does not involve dimension reduction..." PCA projection is an essential step in Fig 3A.
"RECODE shortens the legs of the dendrogram in UHC compared to those in the observed data and, accordingly, obtains more
correct clustering." The consequential relation is not justified here. Correct clustering depends on groundtruth and cannot be
determined with leg length alone.
"...RECODE extinguishes those noises and recovers the true expression values..." The evidence is insufficient for fully
extinguishing those noises or for completely recovering true expression values. In Response 4, the authors provided evidences
in several figures. However, they can only reflect reduction in total variance, not the variance contribution specifically from one
noise type. These figures do not provide evidence for complete removal of the noise either.

The authors should fully review the manuscript to ensure every claim is appropriate to the level of evidence provided, and
consider inviting independent feedbacks from friends.

2. Related to point 1. The authors should specify what "a general strategy for preprocessing" indicates, multiple purposes or
applicability to different datasets? For the earlier, utility in more than one type of application is needed. Despite the extensive
evaluation in clustering, differential expression needs more comprehensive evaluations such as in logFC and p-values, and with
more methods.

3. Related to Response 6. Silhouette score has been used in Fig 5C. Can the authors provide Silhouette score or other
quantitative metrics for Fig 5E and 6A?

4. Related to point 1. Although Fig 5FG are helpful in demonstrating RECODE's performance, they are insufficient to show the
exact recovery of true expression values. True expression would require comparability between cells and between genes, and
accurate absolute levels. Since only comparability between cells is demonstrated here, the author should consider rephrasing
the claim. Also, what is relative expression?

5. The fairness of the comparison in Fig 6A remains unclear to me. Other methods do not include a prior dimension reduction
step like PCA, but RECODE acts partly like a PCA dimension reduction. However all methods should have their expected
up/downstream steps for best performance. How do other methods perform if a standard PCA step is placed between
preprocessing and UMAP?

Minor points

6. The methods of RECODE have symbol errors and mixups, such as in the definition of t_j. The authors should double check all
the symbols and equations in methods.

7. The classification of genes is actually derived from the assumption Var_i(x_{ij}^{true})<<Var_i(x_{ij}). However only
x_{ij}^{true} is constant is mentioned, and the relation between gene classification and this assumption is not clear in the paper.
Clarifying these two in methods would make RECODE's applicability more understandable.

8. Related to point 1. "...the current scRNA-seq data analysis may not capture the true gene-to-gene relations..." I suppose the
authors meant scRNA-seq data analysis without preprocessing?



Reviewer #3 Review 

Report for Author:
The authors have carefully considered feedback received and done major improvements in the clarity of explaining their method
and in inclusion of additional experiments and benchmarks to support the validity of conclusions drawn.

The revised manuscript clearly demonstrates caveats in current best practices. The evaluation with simulated and real data is
supporting key conclusions drawn regarding benefits of the proposed RECODE method against existing solutions. The method
and its implementation is shared with the community. This work will contribute significantly conceptually and in the methodology
available to analyze the single cell genomics that is now widely adopted in the field of biomedicine.

Minor comments:
The current Discussion is focused on additional elaboration of presented results and future directions but limited in placing the
work in context of previous related work, or bringing up possible unexpected findings.
-The distinctions as made in figure panels on the types of approaches proposed in the field could be re-stated to summarize the
context also in this section
-The suitability to 10X data is supported by data presented. Was it surprising that Smart-seq protocols gave different results?
-Batch effects: this is left for future work - however, would their method remedy some aspects of the challenge e.g would
processing each sample within a batch with RECODE, followed by inclusion of existing batch normalization methods or inclusion
of batch in DEG statistical models downstream represent a viable practical solution?
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Dear Dr. Saitou, 
Thank you for submitting your manuscript entitled "Resolution of the curse of dimensionality in single-cell RNA sequencing data 

analysis" to Life Science Alliance. The manuscript was assessed by expert reviewers at another journal, and then revised by the 
authors accordingly. The revised manuscript has been then seen by the original reviewers and although overall positive, some 
important issues remained. The reviewer comments were assessed at LSA, and LSA editors deemed that the manuscript could 
be published at LSA provided the authors revise the manuscript and address all the final remaining comments.

To upload the revised version of your manuscript, please log in to your account: https://lsa.msubmit.net/cgi-bin/main.plex 

You will be guided to complete the submission of your revised manuscript and to fill in all necessary information. Please get in 
touch in case you do not know or remember your login name. 

While you are revising your manuscript, please also attend to the below editorial points to help expedite the publication of your 
manuscript. Please direct any editorial questions to the journal office. 

The typical timeframe for revisions is three months. Please note that papers are generally considered through only one revision 
cycle, so strong support from the referees on the revised version is needed for acceptance. 

When submitting the revision, please include a letter addressing the reviewers' comments point by point. 

Thank you for this interesting contribution to Life Science Alliance. We are looking forward to receiving your revised manuscript. 

Sincerely, 

Novella Guidi, PhD 
Scientific Editor 
Life Science Alliance 

--------------------------------------------------------------------------- 
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-- A letter addressing the reviewers' comments point by point. 

-- An editable version of the final text (.DOC or .DOCX) is needed for copyediting (no PDFs). 

-- High-resolution figure, supplementary figure and video files uploaded as individual files: See our detailed guidelines for 
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including spaces). This text is used in conjunction with the titles of papers, hence should be informative and complementary to 
the title and running title. It should describe the context and significance of the findings for a general readership; it should be 
written in the present tense and refer to the work in the third person. Author names should not be mentioned. 

-- By submitting a revision, you attest that you are aware of our payment policies found here: https://www.life-science-
alliance.org/copyright-license-fee 

B. MANUSCRIPT ORGANIZATION AND FORMATTING:

Full guidelines are available on our Instructions for Authors page, https://www.life-science-alliance.org/authors 



We encourage our authors to provide original source data, particularly uncropped/-processed electrophoretic blots and
spreadsheets for the main figures of the manuscript. If you would like to add source data, we would welcome one PDF/Excel-file
per figure for this information. These files will be linked online as supplementary "Source Data" files. 

***IMPORTANT: It is Life Science Alliance policy that if requested, original data images must be made available. Failure to
provide original images upon request will result in unavoidable delays in publication. Please ensure that you have access to all
original microscopy and blot data images before submitting your revision.*** 

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



1st Authors' Response to Reviewers        July 13, 2022  

Rebuttal: LSA-2022-01591-T 
We would like to sincerely thank the Reviewers for their evaluation.  We have closely 
followed the Reviewers’ comments in our revision.  We hope you find the revised 
manuscript suitable for publication in Life Science Alliance. 

Reviewers' comments: 
Reviewer #1: 
In my opinion, the authors have improved the manuscript, but it is still lacking a suitable 
orthogonal experimental validation.  

Response 1. We thank the Reviewer for acknowledging the improvements made in our 
revised manuscript.  We would like the Reviewer to note that we have provided 
comprehensive validations of the performance of RECODE using diverse scRNA-seq 
datasets complemented with other measurements, such as RNA-FISH (Drop-seq data) 
[Fig EV4D, I (Fig 7 in the revised manuscript)] (Torre et al., 2018); protein expression 
(human PBMC CITE-seq and hPGCLC induction data) [Figs 5, 6, EV4B, E–H (Figs 5, 
6, S9B, E–H in the revised manuscript)] (10X genomics demo data: 10k PBMCs from a 
Healthy Donor - Gene Expression with a Panel of TotalSeq™-B Antibodies) (Chen et al., 
2019); bulk RNA-seq (CellBench and hiPSC/hPGCLC mixture data) [Figs 7, EV4A–C 
(Figs 8, S9A–C in the revised manuscript)] (Tian et al., 2019) (data generated for this 
study, GSE175525); and numerous in situ hybridization data [Fig 9 (Fig 10 in the revised 
manuscript)] (mouse gastrula scRNA-seq data) (Pijuan-Sala et al., 2019).  Please also 
see Response 2 below and Fig 7 in the revised manuscript for a quantitative, orthogonal 
validation of the performance of RECODE. 

Here are my comments: 
1) The authors argue that RNA-FISH does not represent a perfect ground truth and that
RNA-FISH still has a high dropout rate of 20%. However, scRNA-seq methods,
particularly the UMI- and microfluidics-based methods on which the authors focus have
dropout rates of 90-95%. So surely RNA-FISH is giving a more accurate picture of the
true transcript abundance distribution than scRNA-seq. Indeed, it is frequently used for
in situ validation of findings from scRNA-seq. In any case, the authors now show a panel
with some smFISH analysis (Figure EV4I). However, as far as I can tell, this analysis is
not described or discussed in the text. Furthermore, it only compares unprocessed scRNA-
seq and RECODE-processed scRNA-seq to smFISH, but does not provide any information 
on how well RECODE performs in this comparison vs. alternative imputation methods.

2) While the authors dispute the utility of RNA-FISH is a comparator for scRNA-seq, they
use CITE-seq/FACS-based comparisons more extensively. Of course, these methods are
measuring surface protein abundance (not even total protein abundance) rather than
mRNA abundance, and so I would argue that this is an even more problematic comparison
than RNA-FISH. While I think this analysis is still somewhat valuable, the presentation
should be more quantitative. For example, the authors point out that the RECODE results
in the biaxial plots in Fig. 6E look more similar to the protein-level analysis than
alternative methods. However, none of the scRNA-seq results really look highly similar to



the protein-level results, and so some quantification of similarity should be done. For 
example, do the RECODE data provide similar cell frequencies for the ~3 major cell 
populations shown in the protein-level analysis in comparison to alternative methods? 
Or is there some way of quantifying the 2D distributions shown in the biaxial plots? 

Response 2. Since these two comments are related, we have combined our responses. 
First, we would like to apologize to the Reviewer for the confusion that our prior response 
might have caused.  We would like the Reviewer to note that we did not “dispute” the 
utility of RNA-FISH data; we simply pointed out the difficulty in defining the “true 
expression values” in single-cell gene expression even with RNA-FISH [e.g., see (Cao et 
al., 2021)].  It is known that RNA-FISH involves a significant degree of transcript 
dropouts, and the detection rate by RNA-FISH depends on many variables, such as the 
probe sequence, hybridization efficiency, higher-order structure of target RNAs, and 
detection limit by microscopy (Shah et al., 2016) (Response 3 to Reviewer #1 in the last 
round of communication).  Indeed, the median expression level of Gapdh in the RNA-
FISH data recommended by the Reviewer was ~360 copies/cell (Torre et al., 2018), which 
is around one-tenth of the known Gapdh level in typical single cells (Nakamura et al., 
2015).  Moreover, while the RNA-FISH data examined the expression of 26 probes 
(genes) in total, the combinations of the probes used were somewhat variable in different 
sets of experiments (Torre et al., 2018), and the data were not suitable for comprehensive 
comparisons with the scRNA-seq data, such as comparisons involving clustering and 
UMAP.  Also, since the RNA-FISH data and the scRNA-seq data were generated from 
different single cells (Torre et al., 2018), strict comparisons were not possible. 

We therefore used the human PBMC CITE-seq data (10X genomics demo data: 10k 
PBMCs from a Healthy Donor - Gene Expression with a Panel of TotalSeq™-B 
Antibodies), which has a complexity level typical of in vivo human cell diversity, and the 
corresponding RNA- and protein-expression data obtained from the same single cells, to 
perform wider kinds of verifications (Figs 2, 5, and 6); indeed, such verifications were 
made at the request of the Reviewers in the initial set of reviews (General Response 3 in 
the last round of communication). 

Second, as kindly acknowledged by the Reviewer, we indeed applied RECODE to the 
RNA-FISH data as part of the verification of the RECODE performance, demonstrating 
that the RECODE-modified data distribution was much better than the non-preprocessed 
data distribution and was highly similar to the RNA-FISH data distribution.  (Please see 
Fig EV4I (Fig S9I in the revised manuscript) in the previous manuscript: we sincerely 
apologize for having provided a statement on this result only in the legend to this figure 
panel.  We expanded the description on the data in Fig S9 in the revised manuscript.) 
In addition, in response to the Reviewer’s comment, we have provided a further 
comparison of the performance of RECODE, SAVER, and MAGIC on the same RNA-
FISH data.  As a result, we found that, unlike in the RECODE-preprocessed data, both 
the SAVER- and MAGIC-preprocessed data show somewhat over-aggregated 



distributions (Fig 7A in the revised manuscript).  To gain quantitative insight into this 
aspect, we computed relative errors from the 2nd- to 6th-order moments of their 
distributions (the 2nd-order moment is the variance), which revealed lower error rates by 
RECODE than by SAVER and MAGIC in a majority of moments for these genes (Fig 7B 
in the revised manuscript).  These findings unequivocally demonstrate that the 
quantitative performance of RECODE is better than those of SAVER and MAGIC. 

Regarding the human PBMC CITE-seq data, in response to the Reviewer’s comment, we 
have examined the frequencies of the CD3D+/CD19−, CD3D−/CD19+, and CD3D−/CD19− 

populations in the scRNA-seq data without preprocessing and with preprocessing with 
RECODE, SAVER, and MAGIC, and have compared them with those of the CD3/CD19 
protein expressions [Fig 6E (Fig 6F in the revised manuscript)].  Without preprocessing, 
the ratios of CD3D+/CD19− and CD3D−/CD19+ were lower—while that of 
CD3D−/CD19− cells was higher—than those in the protein plot.  In contrast, 
preprocessing by RECODE, SAVER, and MAGIC all recovered the abundance ratios of 
three major populations, indicating that the suggested quantification does not distinguish 
the performance of the three methods.  On the other hand, as described in the manuscript, 
the distribution of the CD3D/CD19 expression levels by MAGIC appeared somewhat 
aggregated and that by SAVER was sparse with low expression levels (Fig 6F in the 
revised manuscript), and the same trend has been more clearly demonstrated for the 
detection of rare cell populations shown in Fig 7 (Fig 8 in the revised manuscript).  We 
have also shown the superiority of RECODE over SAVER and MAGIC in terms of the 
computational practicalities [Fig 8 (Fig 9 in the revised manuscript)]. 

We believe that, when taken together, the combined evidence (Figs 6F, 7, 8, and 9 in the 
revised manuscript) clearly demonstrates the superiority of RECODE over SAVER and 
MAGIC as a preprocessing method for scRNA-seq data.  We provided relevant data and 
discussion in the revised manuscript (2nd paragraph of the “Resolution of CODs in 
scRNA-seq data analysis by RECODE” section, Fig 6F, 7 and the 3rd and 4th paragraphs 
of the “Comparison of RECODE with imputation methods” section). 

Reviewer #2: 
This is a resubmission of the earlier version. The authors related the question of scRNA-
seq data preprocessing to the curse of dimensionality and utilized the corresponding 
theories to develop a computational method RECODE. RECODE performs variance 
stabilization and shrinkage based on estimated noise level and includes applicability tests. 
The authors demonstrated its utility in a practical setting in addressing the curses and in 
cell clustering. RECODE was compared against several other methods in questions like 
cell clustering and differential gene expression. 

This version is greatly improved and heavily revised from the last submission, especially 
in relating to the scRNA-seq preprocessing question, the comprehensiveness of 



evaluations, and better structuring. The applicability test focuses on the model 
assumption and is an advantage to most preprocessing methods. Still, the evaluations 
were primarily restricted to cell clustering and not many other preprocessing methods. 
Although a few major conclusions appear slightly overstated, they would become 
convincing after properly revising the claims. This manuscript provides helpful insights 
in decomposing variations in scRNA-seq data and in improving preprocessing. This could 
be beneficial for potential users of RECODE and statistical method developers for 
scRNA-seq. 

Response 1. We would like to sincerely thank the Reviewer for his/her overall positive 
comments on our manuscript. 

The Reviewer commented that “Still, the evaluations were primarily restricted to cell 
clustering and not many other preprocessing methods.”  However, we would like the 
Reviewer to note that, in addition to cell clustering, the previous manuscript included 
various other evaluations, such as analyses of the PC contribution rate [Figs 5B and EV4B 
(S9B in the revised manuscript)], Silhouette score [Figs 5C and EV4C (S9C in the revised 
manuscript)], independence of total UMI counts [Figs 5D and EV4D (S9D in the revised 
manuscript)], gene-expression profiles [Figs 5F–H, 6C–E, 9A, EV4E–H (Figs 5F–H, 6D–
F, 10A, S9E–H in the revised manuscript), and 7A in the revised manuscript], variance 
distribution [Fig 6B (Fig 6C in the revised manuscript)], detection of rare cell populations 
[Fig 7 (8 in the revised manuscript)], computational practicality [Fig 8 (9 in the revised 
manuscript)], and DEG [Figs 9C and E (Figs 10C and E in the revised manuscript)]. 
Please also see Response 2 to Reviewer #1 and Fig 7 in the revised manuscript for a 
quantitative, orthogonal validation of the superiority of RECODE. 

Please also note that the primary aim of our manuscript is to develop a methodology to 
resolve the curse of dimensionality (COD) associated with the analysis of noisy high 
dimensional data based on mathematical theories and not to compare RECODE with all 
other preprocessing methods.  Based on the evaluation of various imputation methods 
from previous publications (Andrews and Hemberg, 2018; Hou et al., 2020), we have 
selected six well-rated imputation methods from different categories (Lähnemann et al., 
2020) and one widely-used scRNA-seq data analysis platform based on dimension 
reduction (Seurat) for comparison, and demonstrated the superior performance of 
RECODE.  Finally, please note that we have also compared RECODE with Randomly 
as suggested by Reviewer #1 (Response 2 to Reviewer #1 and Figure for Reviewers, #1 
in the last round of communication).  We therefore believe that we have performed an 
appropriate and comprehensive comparison with other preprocessing methods. 

I still have several concerns for this manuscript. 

Major points 

1. Quite a few statements in this paper are not sufficiently objective or even correct. They



may appear evident or convincing to the authors but not conclusive, obvious, or 
sufficiently evidenced to the reader. A large proportion are newly added statements not in 
the last version. Several examples: 

"...RECODE extinguishes those noises and recovers the true expression values..." The 
evidence is insufficient for fully extinguishing those noises or for completely recovering 
true expression values. In Response 4, the authors provided evidences in several figures. 
However, they can only reflect reduction in total variance, not the variance contribution 
specifically from one noise type. These figures do not provide evidence for complete 
removal of the noise either. 

Response 2. Considering the difficulty/impossibility in knowing “true expression values” 
in single-cell gene expression [e.g., see (Cao et al., 2021)], we agree with the Reviewer 
that this is an overstatement. We have revised the statement as follows:  

“…RECODE significantly reduces those noises and recovers the gene-expression values, 
even for lowly expressed genes,…” (1st paragraph of the Discussion section). 

Likewise, defining “true noise values” is also impossible.  We have therefore used the 
reduction of expression-level variances of housekeeping genes, which are expected to 
consist mainly of experimental noise, as an indicator of noise reduction.  We hope this 
approach meets the approval of the Reviewer. 

"RECODE does not involve dimension reduction..." PCA projection is an essential step 
in Fig 3A. 

Response 3. This comment is based on a misunderstanding of RECODE by the Reviewer. 
Following the noise-variance-stabilizing normalization (NVSN), RECODE uses PCA to 
divide the normalized data into essential and noise parts for PC variance modification and 
elimination, respectively, and subsequently combines these two parts to preserve all gene 
information (all dimensions) for data output (Fig 3A and Materials and Methods). 
Thus, clearly, RECODE is not categorized as a dimension reduction method. 

RECODE shortens the legs of the dendrogram in UHC compared to those in the observed 
data and, accordingly, obtains more correct clustering." The consequential relation is not 
justified here. Correct clustering depends on groundtruth and cannot be determined with 
leg length alone. 

Response 4. We would like to thank the Reviewer for pointing out that this statement was 
somewhat misleading.  Indeed, we did not intend to suggest that the length of the “legs” 
of clustering reflects the accuracy of clustering.  We meant to state that RECODE not 
only shortens the legs of the UHC dendrograms, but also successfully recovers the true 
cell clustering, as shown in the upper color bar under the dendrogram in Fig 3B.  We 
have revised the statements as follows in the revised manuscript: 



“RECODE shortens the legs of the dendrogram in UHC compared to those in the 
observed data and at the same time, achieves more correct clustering (Fig 3B)” [The 2nd 
paragraph of the section “Resolution of the curse of dimensionality (RECODE)”]. 

The authors should fully review the manuscript to ensure every claim is appropriate to 
the level of evidence provided, and consider inviting independent feedbacks from friends. 

Response 5. In response to the Reviewer’s comment, we conducted a comprehensive 
review of all claims in the manuscript, including the solicitation of input from colleagues. 

2. Related to point 1. The authors should specify what "a general strategy for
preprocessing" indicates, multiple purposes or applicability to different datasets? For the
earlier, utility in more than one type of application is needed. Despite the extensive
evaluation in clustering, differential expression needs more comprehensive evaluations
such as in logFC and p-values, and with more methods.

Response 6. We thank the Reviewer for this comment.  We would like to point out that 
we have provided relevant data in the Supplementary text, along with the following 
statement in the last paragraph of the Discussion: “Importantly, RECODE does not 
impose any assumptions on the data types for their application; that is, RECODE is 
applicable to other sequencing data created by a similar platform.  For example, with an 
appropriate preprocessing, the spatial gene expression and scATAC-seq data with 10X 
Chromium are also categorized as Class A (strongly applicable) (Sections 5.3 and 5.4 in 
the Supplementary text)”. 

We have shown various drawbacks of the imputation methods, including worse clustering 
performance (ENHANCE, scImpute, DrImpute; Fig 6A), worse Silhouette score 
(scImpute, DrImpute; Fig 6B in the revised manuscript), failure to mitigate the variance 
of housekeeping genes [scImpute, DrImpute, ALRA; Fig 6B (6C in the revised 
manuscript)], inferior recovery of the gene-to-gene relationships (SAVER, MAGIC; Fig 
7 in the revised manuscript) (please see Response 2 to Reviewer #1 for more details), 
loss of the properties of rare cell populations [SAVER, MAGIC; Fig 7 (8 in the revised 
manuscript)], and higher computational cost/inferior scalability [SAVER, MAGIC: Fig 8 
(9 in the revised manuscript)].  We therefore decided to evaluate the performance of 
RECODE for the detection of differentially expressed genes (DEGs) as compared to that 
of preprocessing in Seurat, one of the most widely used scRNA-seq data analysis 
platforms based on dimension reduction (Hao et al., 2021; Satija et al., 2015).  As a 
result, we found that many previously reported DEGs were successfully captured in 
RECODE-preprocessed but not Seurat-preprocessed data.  These results are shown in 
Fig 9 (10 in the revised manuscript) 

Taking all these data into account and the Reviewer’s suggestion that the term “general” 
may be too strong, we changed the word “general” to “powerful” in the revised 



manuscript (Abstract, the 4th paragraph of the Introduction, the 6th paragraph of the 
Discussion). 

3. Related to Response 6. Silhouette score has been used in Fig 5C. Can the authors
provide Silhouette score or other quantitative metrics for Fig 5E and 6A?

Response 7. In response to the Reviewer’s comment, we have provided the Silhouette 
scores for human PBMC CITE-seq data without preprocessing and with preprocessing 
with RECODE and the other imputation methods in Fig 6B of the revised manuscript. 
The scores with RECODE, SAVER, MAGIC, ENHANCE, and ALRA were improved 
over those with no preprocessing, and the scores with MAGIC and ENHANCE were even 
higher than those by the other methods, which might have been due to the aggregation of 
expression values with these methods, as shown in Figs 6A (for ENHANCE), 6F, 7, and 
8 (for MAGIC) in the revised manuscript.  We have provided relevant statements in the 
revised manuscript (2nd paragraph of the “Comparison of RECODE with imputation 
methods” section). 

4. Related to point 1. Although Fig 5FG are helpful in demonstrating RECODE's
performance, they are insufficient to show the exact recovery of true expression values.
True expression would require comparability between cells and between genes, and
accurate absolute levels. Since only comparability between cells is demonstrated here,
the author should consider rephrasing the claim. Also, what is relative expression?

Response 8. Please note that the biaxial plots of CD3/CD3D versus CD19/CD19 in Figs 
5H and 6E (6F in the revised manuscript), ITGA /ITGA6 versus EPCAM/EPCAM in Fig 
EV4H (Fig S9H in the revised manuscript), and BABAM1 versus LMNA in Fig EV4I (Fig 
7A in the revised manuscript) indicate the recovery of the comparability between genes. 
Please also see Responses 2 and 5, and Response 2 to Reviewer #1. 

The “relative expression” means the expression level when the maximum log2-
transformed expression value in the data is set as 1.  We provided an explanation of this 
point in the legends to Figs 5G, 6E, and EV4G (S9G in the revised manuscript) in the 
revised manuscript. 

5. The fairness of the comparison in Fig 6A remains unclear to me. Other methods do not
include a prior dimension reduction step like PCA, but RECODE acts partly like a PCA
dimension reduction. However all methods should have their expected up/downstream
steps for best performance. How do other methods perform if a standard PCA step is
placed between preprocessing and UMAP?

Response 9. This comment is based on a misunderstanding of RECODE by the Reviewer. 
Please see Response 3.  



Minor points 

6. The methods of RECODE have symbol errors and mixups, such as in the definition of
t_j. The authors should double check all the symbols and equations in methods.

Response 10 
We would like to thank the Reviewers for pointing out this error, which we have corrected 
in the revised manuscript.  We have double-checked the notations and definitions and 
have not been able to find any other essential symbol errors or mixups in the revised 
manuscript. 

7. The classification of genes is actually derived from the assumption
Var_i(x_{ij}^{true})<<Var_i(x_{ij}). However only x_{ij}^{true} is constant is mentioned,
and the relation between gene classification and this assumption is not clear in the paper.
Clarifying these two in methods would make RECODE's applicability more
understandable.

Response 11. We have not assumed “Var_i(x_{ij}^{true})<<Var_i(x_{ij})” for the gene 
classification. The gene classification is introduced to explain the applicability of 
RECODE, and we assume nothing in the definition of gene classification.  The 
assumption of the RECODE applicability is only “that most genes are not directly related 
to cell identifications” (“Applicability of RECODE” in the Methods and Materials), and 
we have clearly mentioned the relation between this assumption and our settings in the 
same section. 

8. Related to point 1. "...the current scRNA-seq data analysis may not capture the true
gene-to-gene relations..." I suppose the authors meant scRNA-seq data analysis without
preprocessing?

Response 12. The reviewer is correct; we were referring to the data without preprocessing. 
We clarified this in the revised manuscript (2nd paragraph in the “Resolution of CODs in 
scRNA-seq data analysis by RECODE” section). 

Reviewer #3: 
The authors have carefully considered feedback received and done major improvements 
in the clarity of explaining their method and in inclusion of additional experiments and 
benchmarks to support the validity of conclusions drawn. 

The revised manuscript clearly demonstrates caveats in current best practices. The 
evaluation with simulated and real data is supporting key conclusions drawn regarding 
benefits of the proposed RECODE method against existing solutions. The method and its 
implementation is shared with the community. This work will contribute significantly 
conceptually and in the methodology available to analyze the single cell genomics that is 



now widely adopted in the field of biomedicine. 

Response 1. We would like to sincerely thank the Reviewer for his/her encouraging 
comments on our manuscript. 

Minor comments: 
The current Discussion is focused on additional elaboration of presented results and 
future directions but limited in placing the work in context of previous related work, or 
bringing up possible unexpected findings. 
-The distinctions as made in figure panels on the types of approaches proposed in the field
could be re-stated to summarize the context also in this section.

Response 2. In response to the Reviewer’s comment, we have provided a discussion on 
the classification of the imputation methods and the approaches used in the RECODE in 
the 5th paragraph of the Discussion section in the revised manuscript. 

-The suitability to 10X data is supported by data presented. Was it surprising that Smart-
seq protocols gave different results?

Response 3. We would like to thank the Reviewer for this constructive comment. 
Smart-seq2 does not use UMIs, and therefore, the noise derived from PCR amplification 
is not canceled.  On the other hand, Smart-seq3 involves UMI in the cDNA synthesis 
step, but was evaluated as weakly applicable to RECODE (Fig 4).  In contrast to typical 
methods—such as scRNA-seq on the 10X chromium platform—that incorporate UMIs 
in the 3’ ends of mRNAs at the beginning of cDNA synthesis, the Smart-seq3 method 
provides UMIs at the 5’ ends of full-length cDNAs after the cDNA synthesis (Hagemann-
Jensen et al., 2020).  This would create additional noise, since the cDNA synthesis 
reaction often stops in the middle of mRNAs and full-length cDNA synthesis depends on 
various variables, such as mRNA length and nucleotide compositions (Nakamura et al., 
2015).  We reason that such (potential) sources of additional noise make Smart-seq2 and 
Smart-seq3 only weakly applicable to RECODE.  We have provided a relevant 
discussion in the revised manuscript (2nd paragraph of the “Discussion” section). 

-Batch effects: this is left for future work - however, would their method remedy some
aspects of the challenge e.g would processing each sample within a batch with RECODE,
followed by inclusion of existing batch normalization methods or inclusion of batch in
DEG statistical models downstream represent a viable practical solution?

Response 4. Indeed, we are currently aiming to develop a method to eliminate the 
technical noise and batch effect simultaneously by combining RECODE with an existing 
batch normalization method, which we would like to present in a separate manuscript.   
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Dear Dr. Saitou, 

Thank you for submitting your revised manuscript entitled "Resolution of the curse of dimensionality in single-cell RNA
sequencing data analysis". We would be happy to publish your paper in Life Science Alliance pending final revisions necessary
to meet our formatting guidelines. 

Along with points mentioned below, please tend to the following: 

-please add ORCID ID for secondary corresponding author - you should have received instructions on how to do so
-please consult our manuscript preparation guidelines https://www.life-science-alliance.org/manuscript-prep and make sure your
manuscript sections are in the correct order

If you are planning a press release on your work, please inform us immediately to allow informing our production team and
scheduling a release date. 

LSA now encourages authors to provide a 30-60 second video where the study is briefly explained. We will use these videos on
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https://twitter.com/LSAjournal/timelines/1437405065917124608). Corresponding or first-authors are welcome to submit the
video. Please submit only one video per manuscript. The video can be emailed to contact@life-science-alliance.org 

To upload the final version of your manuscript, please log in to your account: https://lsa.msubmit.net/cgi-bin/main.plex 
You will be guided to complete the submission of your revised manuscript and to fill in all necessary information. Please get in
touch in case you do not know or remember your login name. 

To avoid unnecessary delays in the acceptance and publication of your paper, please read the following information carefully. 

A. FINAL FILES:

These items are required for acceptance. 

-- An editable version of the final text (.DOC or .DOCX) is needed for copyediting (no PDFs). 

-- High-resolution figure, supplementary figure and video files uploaded as individual files: See our detailed guidelines for
preparing your production-ready images, https://www.life-science-alliance.org/authors 

-- Summary blurb (enter in submission system): A short text summarizing in a single sentence the study (max. 200 characters
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present tense and refer to the work in the third person. Author names should not be mentioned. 

B. MANUSCRIPT ORGANIZATION AND FORMATTING:

Full guidelines are available on our Instructions for Authors page, https://www.life-science-alliance.org/authors 

We encourage our authors to provide original source data, particularly uncropped/-processed electrophoretic blots and
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per figure for this information. These files will be linked online as supplementary "Source Data" files. 
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manuscript.** 



**It is Life Science Alliance policy that if requested, original data images must be made available to the editors. Failure to provide
original images upon request will result in unavoidable delays in publication. Please ensure that you have access to all original
data images prior to final submission.** 

**The license to publish form must be signed before your manuscript can be sent to production. A link to the electronic license to
publish form will be sent to the corresponding author only. Please take a moment to check your funder requirements.** 

**Reviews, decision letters, and point-by-point responses associated with peer-review at Life Science Alliance will be published
online, alongside the manuscript. If you do want to opt out of having the reviewer reports and your point-by-point responses
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Thank you for your attention to these final processing requirements. Please revise and format the manuscript and upload
materials within 7 days. 

Thank you for this interesting contribution, we look forward to publishing your paper in Life Science Alliance. 
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Novella Guidi, PhD 
Scientific Editor 
Life Science Alliance 
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Dear Dr. Saitou, 

Thank you for submitting your Research Article entitled "Resolution of the curse of dimensionality in single-cell RNA sequencing
data analysis". It is a pleasure to let you know that your manuscript is now accepted for publication in Life Science Alliance.
Congratulations on this interesting work. 

The final published version of your manuscript will be deposited by us to PubMed Central upon online publication. 

Your manuscript will now progress through copyediting and proofing. It is journal policy that authors provide original data upon
request. 

Reviews, decision letters, and point-by-point responses associated with peer-review at Life Science Alliance will be published
online, alongside the manuscript. If you do want to opt out of having the reviewer reports and your point-by-point responses
displayed, please let us know immediately. 

***IMPORTANT: If you will be unreachable at any time, please provide us with the email address of an alternate author. Failure
to respond to routine queries may lead to unavoidable delays in publication.*** 

Scheduling details will be available from our production department. You will receive proofs shortly before the publication date.
Only essential corrections can be made at the proof stage so if there are any minor final changes you wish to make to the
manuscript, please let the journal office know now. 

DISTRIBUTION OF MATERIALS: 
Authors are required to distribute freely any materials used in experiments published in Life Science Alliance. Authors are
encouraged to deposit materials used in their studies to the appropriate repositories for distribution to researchers. 

You can contact the journal office with any questions, contact@life-science-alliance.org 

Again, congratulations on a very nice paper. I hope you found the review process to be constructive and are pleased with how
the manuscript was handled editorially. We look forward to future exciting submissions from your lab. 

Sincerely, 

Novella Guidi, PhD 
Scientific Editor 
Life Science Alliance 
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