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Referees' comments: 

Referee #1 (Remarks to the Author): 

Sepp and colleagues describe a developmental census of cellular diversity in the cerebellum of 
human, mouse, and opossum using expression profiles from ~400,000 single nucleus RNA-seq 
datasets. They report a high degree of conservation of cell types and states, relative proportions, 
and expression developmental trajectories including a core transcription factor cascade that 
presumably drives cell fate. This short list of TFs provides a clear path for future experimental 
work to unravel the molecular mechanisms underlying cell differentiation and maturation. 
Conserved cell type markers will facilitation the generation of genetic tools to target specific 
populations for functional studies. Moreover, defining cell type homologies across species enables 
predictions of spatial distributions and developmental origins of types in human cerebellum based 
on data from mouse. 

The authors also highlight human-specific differences, including an expanded pool of Purkinje 
neurons in the first trimester, altered expression trajectories, and de novo gene expression in the 
human or great ape lineages. Some human-specific genes are associated with cerebellar diseases, 
and the authors provide a companion paper that leverages these reference cell types to associated 
pediatric tumors with different cerebellar cell populations. Altogether, this manuscript provides 
insight into the evolution of an understudied region that contains the largest number of neurons in 
the human brain and provides a resource that will be of broad interest, particularly in genomics, 
neuroscience, and translational medicine. 

While the manuscript is quite comprehensive, there are some additional analyses that would be 
helpful to include. First, the authors comment on conserved TFs but say little about the other 
conserved genes that define the core identity of cell types. What are the key ion channels, 
receptors, or cell adhesion molecules that may be contributing to known cellular properties? 
Second, do disease genes that show human-specific expression participate in different gene 
coexpression networks than mouse? Or are they coexpressed with similar genes and expressed in 
different cell types? Third, the most striking finding is the expansion of Purkinje neurons yet 
reduced diversity in human (2 vs. 4 subtypes in mouse and opossum). Please comment more on 
this species difference. If it is driven by differences in sampling, why is this the only cell population 
that is so dramatically affected? If you integrate data across species, do you see overlap of the 
human LB and EB cells with the 4 populations in the other species? Or are they only partially 
overlapping? Do markers of the 4 types have patterned expression in the human Purkinje UMAP? 

Other comments: 

- Please discuss why there are missing types before 17pcw in human where there should be less 
chance of sampling bias. 

- Human and mouse gains could be inflated based on lower detection of genes in opossum using 
10x v2 data (i.e. these should be human or mouse losses not gains). Since you have some v3 
opossum data, what is the effect of using v2 vs. v3 on classifying expression changes? 



- Fig. 3d - Please comment on why there is a gap between differentiating and mature GCs not 
Purkinje cells? 

- Fig. 3h - Do genes with human-specific trajectories show greater phenotypic constraint vs. genes 
divergent in mouse or opossum? 

Referee #3 (Remarks to the Author): 

Manuscript by Sepp et al seeks to reconstruct cerebellar development from embryonic to adult 
stages with a specific emphasis on evolutionary differences between opossum, mouse, and 
humans. 

Towards this goal, the authors generate almost 400,000 single cells from the developing human, 
mouse and opossum cerebellum across a wide range of ages. Cross-species alignment of 
developmental trajectories is the main focus of the analysis. Both data generation and 
bioinformatic analyses are well executed using well-established methods. 

The manuscript is well written and easy to follow, and the dataset is likely to be useful for the 
community. 

My main reservation relates to the issue of novelty. Prior study by Aldinger et al has already 
performed a very similar analysis in mouse and human. It is true that manuscript by Sepp et al 
further extends this data by adding additional time points and another species, but the conceptual 
value added by the analyses seems more incremental due in part to the overall lack of novel 
biological insights, lessening my enthusiasm for the current study. 

Major comments 

1. The novelty of the developmental trajectory is particularly lacking based on recent findings in 
the human and mouse cerebellum development from scRNA-seq and spatial analysis (Aldinger et 
al.) which is recapitulated here especially in Fig. 2 on the rhombic lip and the divergence of 
Purkinje cells. 

2. Because many of the analyses of cell states are derived from single cell data alone, it will be 
important to validate some of the newly discovered cell states with FISH/IHC in human tissue. 

3. It seems that while the authors include data from postnatal/adult stages, but the anaysis is 
relatively underdeveloped, and lacks biological insights. 

4. There is a significant amount of usage of abundance estimates here with the scRNA-seq data 
which should be treated with caution. Especially considering library imbalance therefore the text 
should be revised as such with the analysis like in Fig. 1d,e Extended Data Fig7, etc. Statistical 
methods to support such claims would also be needed, and emerging tools are beginning to enable 
this for scRNA-seq data. 

5. The evolutionary analysis on Fig 4 is highly underdeveloped. It would be interesting to 
functionalize in-silico the gene divergences between the species. Specifically in Fig, 4b, the human 
specific genes could be analyzed with GSEA or even simpler with GO. This can also be done for Fig 
4g in the context for both mouse and human. In Fig4e, how many of those genes are specific to 
the cell types? If not, the chart should ideally represent cell-type specific genes with significant 
expression that are gained in different phylogenetic branches. Candidate genes with divergent 
expression would have to be validated using in situ hybridization at the very least. 



Minor Comments 

1. Extended Data Fig. 1e doesn’t have a legend. 

2. In Extended Data Fig. 2 the pipeline shows fastMNN using 100 dimensions for correction. Why is 
the dimension set so high, especially when this is done across species so the number of 
orthologous genes is less than what batch correction takes into account? 

3. Were there any functional categories from the GO analysis within the trajectory analysis with 
divergence between the species (in regards to Fig. 3f and Extended Data Fig. 9g)? 

4. Fig. 1c is extremely large with the UMAP taking up a lot of space for each individual species, is 
there an issue with integrating the entire dataset? The major cell types should still be 
recapitulated? 

5. In Extended Data Fig. 8a,b what are the genes loaded into the first 2 PC since those seem to be 
contributing to the most of the variance? Otherwise a,b, and c aren’t helpful in showing anything. 
This comment also applies to Fig 3a. 

6. In Extended Data Fig. 8g were the TF for the cell types generated using a specific analyses 
method such as SCENIC? If not, why wasn’t it used (or any other published TF activity methods)? 

7. In Extended Data Fig. 10 passing some of gene groups found such as the Human gained gene 
group though GO would help interpret the findings. 

Referee #4 (Remarks to the Author): 

In this manuscript, Sepp, Leiss, and coauthors present a multispecies single-cell RNA sequencing 
dataset from developing cerebellum, extracted from three different species: human, mouse, and 
opossum. The aim of the study is to describe the differences and similarities in the process of 
cerebellar development across species. 

The authors analyze the dataset and provide a classification of cell types present at the different 
stages of development in the three species. First, the authors approach the problem of 
determining a correspondence between the cerebellar development of these species to an 
unprecedented level of granularity. The annotation of the different cell populations across different 
species is performed carefully and with attention to the literature returning proportions that seem 
reasonably in line with the cell type composition for mouse and developing human cerebellum 
established in other studies. While missing a few intermediate states, the dataset can be 
considered comprehensive for most practical purposes. 

The manuscript provides knowledge at a different level of granularity, maybe not all immediately 
digestible at a first read but useful to consultation (i.e. there are many interesting summary 
visualization worth consulting in the supplementary figures). Overall, the resource has a 
tremendous value for understanding cerebellum evolution. The data per se has a high potential to 
be re-used for other metanalyses. The analyses performed by the authors are of a high standard, 
the work of annotation and curation is excellent, and several details of the analysis are innovative 
and exemplar for the field. 

The authors, first, approach the developmental population dynamic of different cell types. Purkinje 
cells in humans are identified to have a unique mode of expansion, while other cell types' 
developmental trajectories are revealed as non-conserved. Then, the authors propose a gene-



centric evolutionary analysis of the trajectories. They identify several disease-associated genes 
that behave differently in human cerebellar development than mouse and opossum. This leads to 
the impactful conclusion that mouse models might not be as relevant for studying disruptions of 
cerebellar development as they are believed. 

A web resource accompanies the paper; while not perfect (e.g., integrated UMAP of the species is 
missing), it succeeds in making the data more available for the public. 

The only general worry I have about the manuscript is that it is not always clear which of the 
several points proved is an entirely unprecedented discovery or rather just a 
systematization/validation of something already known. For example, to my knowledge, the fact 
that Purkinje cells progenitors in humans go through secondary expansion in the subventricular 
zone (SVZ), akin to cortical neurons in the human cortex, is well-known in the field. Since my 
primary expertise is not in cerebellar cell type development, I suggest that an expert with 
complete knowledge of the literature be consulted to evaluate these aspects. 

Overall, given the quality of data, well-delineated analyses, care in the annotation and coherence 
of the story, I believe the work is of great importance for the developmental neuroscience 
community, and I can forecast its impact going beyond its core-specific field and constitute a 
landmark study. Therefore, I am highly supportive of the publication of this work in Nature after 
appropriate revision. 

MAJOR POINTS 

The authors identify the correspondence between different stages of cerebellar development based 
on transcription data and claim that there is no major heterochrony. While overall the approach is 
reasonable, it would be stronger if supported by morphological data: it would be useful to provide 
histological micrographs for the cerebellum in all three species and indicating homologous 
subdomains on different developmental timepoints, in particular for opossum where not much is 
available. 

The time correspondences proposed do not always match the correspondence between different 
developmental stages identified in previous publications by the same approach. For example, in 
"Gene expression across mammalian organ development" (by the same collective of authors), 
mouse developmental stages e13.5 and e14.5 are shown to be the most transcriptionally similar to 
the opossum P2 stage, while in the current manuscript, the same stages correspond to P4-P5 
stage in the opossum. Similarly, a human embryo on 7wpc was shown to have the highest 
transcriptional correlation with e12.5-e14.5 mouse embryo in the previous work, while in the 
current work 7wpc human cerebellum corresponds to e11.5 mouse cerebellum. While the 
differences seem to be minor, there are rapid changes in the mouse embryo with every day of 
development; therefore, identifying the wrong correspondence might be detrimental for further 
comparative analysis. This aspect should be at least discussed. 

Related to the previous point: looking at the correlation maps between homologous cell types 
coming from different species (e.g., Extended data fig. 3c, extended data fig. 5e), it is evident that 
the mature cell types and the progenitors at the beginning of the developmental process have 
more correlation across species than intermediate progenitors. It would be useful if the author 
could specify how this should be interpreted. E.g., is this the effect of the incomplete 
sampling/imperfect matching of the intermediate stages of development between species, or are 
the intermediate stage progenitors less conserved in evolution? 

Related to the sampling strategy: the authors claim to identify certain cell types (e.g., 
GC_diff2_KCNIP4 in extended data fig. 5, cell type isth_N_SLC5A7 in extended data fig. 4) that 
are present in mouse and opossum, but not in human. For granule cells cluster, the explanation 



could be in the sampling strategy (as authors indicate themselves); however, to make the study 
stronger in that sense; we think other datasets of cerebellar human development should be taken 
into consideration. E.g., are those cell types possible to find in the recently published dataset on 
human cerebellar development ("Spatial and cell type transcriptional landscape of human 
cerebellar development" Aldinger et al.)? 

Similarly, there are some populations that authors find in human developing cerebellum but not in 
mice/opossum ones. For example, populations 7 and 8 (glutamatergic deep nuclei maturing and 
mature neurons) in extended data fig.4 are present only in human data, while glutamatergic 
defined (population 6) neurons are present in all three species. What's the author's explanation for 
the observation? The authors should provide a pseudotime analysis of human populations to see if 
clusters 7 and 8 neurons are more mature than cluster 6 neurons. The generation of an integrated 
UMAP for deep nuclei cells across three species could help determine if populations 7 and 8 are 
mappings to other populations in mouse/opossum developing cerebellum. 

We find the claim that the authors make about evolutionarily conserved trajectories of different 
cell types development (except for Purkinje cells) to be partially misleading. The authors base this 
conclusion on the results of the hierarchical Bayesian modeling of different cell types' 
developmental dynamics. They find a significant difference (comparing across species) to be 
present only for Purkinje cells; however, this is not in line with the current state of the knowledge 
in the field. Their model indicates the secondary expansion that Purkinje cells progenitors undergo 
in cerebellar SVZ; however, granule cells are known to undergo the same process later in the 
development. If this is not possible to model because of the sampled time points/parts of the 
tissue, the claim of "conserved evolutionary trajectories for cell types except for Purkinje cells" 
should be made with caution. 

Moreover, oligodendrocytes in humans have intracerebellar origin in contrast to oligodendrocytes 
in mice and opossum. In that light, the fact that the models for oligodendrocytes developmental 
dynamics are similar between humans and the other two species is surprising. Based on the 
UMAPs dedicated to glial development (extended data fig.6d), the difference in oligodendrocytes 
developmental trajectory between species should be striking. 
Could the authors reanalyze this part of the data with this in mind? At least the result hierarchical 
Bayesian model for granule cells and oligodendrocytes should be visualized. Are there may be 
differences in migration markers? Finally, It would be interesting to come up with a proxy to 
estimate whether glial development is more or less evolutionarily conserved than neuronal 
development. 

While the authors use a well-recognized tool for integration (LIGER) between pairs of datasets, the 
batch effect is clearly still present on integrated UMAPs shown on extended data fig. 2b. Did the 
authors try other integration algorithms (e.g., Harmony, Seurat integration)? A mini benchmark of 
this in the supplementary could be of great technical help to the field of evolutionary single-cell 
analyses. 

The authors claim to identify many target genes with unique expression patterns in humans. This 
is an interesting broad result that should be qualified more to be a relevant finding. What are the 
genes that are "lost" in humans? It would be extremely helpful to perform a gene ontology or gene 
set enrichment analysis to understand whether some biological process or pathway is 
overrepresented in this set. 

Finally, regarding all these claims about genes specific or lost in one species. It would be important 
to have internal positive controls to support these statements. A control would serve the purpose 
of avoidings false negatives: genes that are close to the detection sensitivity of scRNA-seq and are 
"dropping out" in the species where they are expressed the least. Moreover, because of 
evolutionary divergences of sequence at the 3'UTR (note: 10X chromium is a 3' method), some 
genes might be more or less efficiently reverse-transcribed and amplified for one species 



generating false negatives. Therefore, convincing proof a gene is lost in a lineage would have to 
include a positive controls that are detectable in another cell type in the same species. In addition, 
at least one of these two further corroborations should be presented: (i) the average abundance 
distribution of the "lost genes" is not significantly different from the distribution of other, similarly 
variable genes. (ii) checking that changes sequence and/or exon structure comparison of the 3' 
part of the gene model between the species cannot explain the "lost genes" (this can be done with 
a Generalized Linear Model with predictors summary statistics from the 3' part analysis: say GC 
content, length,... ). 

MINOR COMMENT 

On extended data fig. 5b, the numbers on the UMAP do not correspond to the numbers assigned to 
the clusters on extended data fig. 5a subplot. 
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Reviewer Reports on the First Revision: 

Referees' comments: 

Referee #1 (Remarks to the Author): 

The authors have addressed my comments, and I support publication. 

Referee #3 (Remarks to the Author): 

Manuscript by Sepp et al has been submitted to Nature after revision. The authors have been 
responsive to prior critiques, and their efforts to validate profiles of gene expression using spatial 
transcriptomics and candidate gene in situ hybridization in an attempt to reaffirm their conclusions 
about cellular abundance and gene expression changes in the developing cerebellum. 

While the manuscript has been substantially revised, and while additional datasets and analyses 
have been incorporated, I have lingering concerns about the novelty presented in this manuscript. 
I also have concerns about the validity of the claims made by the authors throughput the 
manuscript, and concerns about several of the conceptual approaches taken. The manuscript still 
reads as a piecemeal of different vignettes and loosely tied analysis, and currently does not 
provide major new insights into human cerebellum development, neurodevelopmental disorders, 
or evolution. 

Major comments: 

First, the authors state that they identify 25 cell types divided into 43 cell states, and that 12 
states can be subdivided into 48 subtypes. This means that their analysis identifies 79 cell states, 
but neither Fig 1b,c nor Extended Data Fig. 2c helps me understand what those states are, where 
they are on the /UMAP, which samples, replicates or species are they found in, and the smFISH 
experiment only tests for more than 70 marker genes, it is hard to know how many exactly. This 
means that there are some cell states that are not captured. In Figure 1d, they only highlight 8. 
The incompleteness of the data and lack of clarity in the presentation is very difficult to follow or 
understand what the main findings are. The lack of transparency is a major point of concern as it 
pertains to the significance of the dataset. 

Many steps of the analysis are very opaque in the manuscript. For example, description of the 
approach for comparing gene expression profiles across species is virtually non existent in the 
main text, and the way the analysis is conducted is conceptually flawed. The integrative analysis 
and consensus classification is generated based on expression of orthologous genes only, and that 
draws the investigators to conclude that cell types are highly conserved. But if they never consider 
what the contribution of non-orthologous genes, non-conserved isoforms, segmental duplications, 
or even inconsistencies in transcript annotation might be, they simply don’t test the hypothesis. 
Therefore, I have serious reservations about the very fundamental aspects of data analysis in this 
manuscript, which undermine my confidence in the study and the claims made by the authors. 

The authors say that they haven’t been able to reliably distinguish ependymal cells in human 
specimens, indicating that what is being presented as a comprehensive atlas is in fact highly 
incomplete, with no explanation provided. 

The authors propose differences in the dynamics of Purkinje neuron production represent major 
evolutionary difference, but there are several problems with this analysis. One, they acknowledge 
that dissection artifacts could contribute to unexpected differences in cell abundance estimates. 
Two, estimates of cell proportions from single cell RNA seq are classically known to be problematic. 



The only way to resolve this problem would be by conducting a more rigorous quantification of 
these cell types in primary tissue. Moreover, on a conceptual level it is well known that the timing 
of genesis of various cell types differs across species, and therefore the proportional abundance of 
Purkinje neurons are a particular stage of development may not be particularly surprising. The 
overall profiles of cell type emergence based on Figure 1e seem very similar, and I do not believe 
Bayesian modeling is suitable for this kind of problem given the limited number of biological 
replicates at these various time points. 

As far as I can tell, the in situ hybridization was conducted in a single biological specimen, and in a 
single species. While this provides some additional information not present in the original 
manuscript, I am not convinced that it provides robust or substantially novel insights. 

Minor comments: 
“Across the three species, we identified 25 cell types divided into 43 cell states, and for 12 cell 
states, we further split the cells into 48 subtypes” – it is unclear what these interpretations are 
based on. What defines cell type versus state and subtype. The authors should explain this further 
or use a different terminology. 
Data quality of at least some of the RNAseq data seems low. If the number of UMIs is on average 
2354 UMI per cell, that is lower than most high quality studies. 
TNC expressing progenitors have been shown to be neurogenic in other parts of the CNS. Why 
TNC expression is linked to gliogenic progenitor identity by the authors is unclear. 
The authors claim to have identified progenitor cells in the prospective white matter based on RNA 
localization of SOX2, NOTCH1, and PAX3. To my knowledge these transcripts are also found in 
astrocytes, therefore, to support their claims, the authors should provide more direct evidence that 
these cells are indeed progenitors. 
Analysis of transcription factor enrichment is based on a single model from SCENIC, and predicted 
differences in transcription factor activity across species are neither discussed nor validated. The 
interpretative value of the figure seems highly limited to a limited set experts. 
Analysis of genes with low LOEUF score in Figure 3 seems completely disconnected from the rest 
often paper and of unclear significance. Are the authors implying that the selective pressure is 
higher on genes enriched in developing cerebellum. It is formally possible that loss of function of 
those genes leads to deleterious effects in other developmental processes outside the cerebellum 
and would still show the enrichment. Significance of this analysis, which furthermore seems to be 
limited to select few cell types of interest, is completely unclear. 
The authors claim that MAML2 “evolved the strongest changes in expression trajectories”. How 
they distinguished evolved changes from drift with no selective pressure is unclear, and represents 
yet another clear example of the highly flawed reasoning behind this study. 
Claims pertaining to the more recent evolution of CPLX4 and ZP2 are potentially interesting but 
underdeveloped. The authors primarily rely on analysis of bulk expression data, but provide no 
evidence that these gene expression differences are adaptive, contrary to what they claim in the 
manuscript. 

Referee #4 (Remarks to the Author): 

General part 

- The web resource has been improved. While the exact change I asked for was not made, I think 
the current visualization clarifies the matter. 
- The authors clarify in a more nuanced way the exact discovery in the context of Purkinje cell 
expansion, while also admitting no experimental evidence is provided, which is acceptable 
considering the difficulty of such endeavor. 



Major comment 1 

- Excellent response, the histological visualization improves the confidence in the matching and 
overall clarity of the correspondence model to a wider audience. I appreciate the different images 
are shown with the right scaling, but maybe some of the smaller ones could benefit from having 
more room on the page to be more easily interpretable. 

Major comment 2 
- Extended figure 2k is very informative and transparent and allows us to track the different 
conclusions that can be drawn from different data (as one expects inevitably in research). Also, 
the corresponding clarification in the text improves the tone and sets a good precedent for the 
community on how to make this sort of claim. 

Major comment 3 

- Partially satisfactory but ok. The statement is a bit hidden in the method, but considering the 
compactness of the final manuscript, this might be ok. 

Major comment 4 

- Very good and complete response, which however, is particularly difficult to follow because one 
needs to be very accustomed to these population names, which is a bit of a learning curve. I 
followed most of the threads and lines of reasoning, but it is quite complex and overwhelming 
overall. The part on Purkinje that was the most important seems addressed. 
Note: I am not a fan of Reviewer Figures (See Reviewer Fig. 4.1-3), I think each figure 
contributing to the final acceptance should be part of a display item of the original paper if none of 
the derived described in the main text (but I understand the journal policy might be difference) 

Major comment 5 

- Again here is a Reviewer Figure, for which I have the opinion stated above. 
Overall this is a satisfactory answer 

Major comment 6 

- The authors claim in the response that proportion analysis is inherently difficult, and it is true. 
However, there are very smart approaches to control for that, many of such cool ideas are used in 
the Cocoa analysis tool from the Kharchenko lab, I think it could increase confidence with the 
differential proportion analysis. 
The other aspects of the response are satisfactory. 

Major comment 7 

- Convincing response. 

Major comment 8 

- This comment is not super deeply tackled, but maybe this is acceptable considering the amount 
of care for the other points. I am not particularly worried here. 

Major comment 9 

- Succinct but to the point answer. Satisfactory. 



Major comment 10 

- The response is thoughtful and while I do not agree on all points, overall, I accept it. 
I think some parts Reviewer figure 4.7 should be promoted to an Extended data figure, I was not 
able to find all panels. 




























