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Distance and correlation measures between predicted and observed expression
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Extended DataFig. 3| Comparison of the ability of each method to predict

the expression of genes across conditions for 13 datasets. The panels show
different distance and correlation measures comparing the predicted expression
incondition Bfor cells from condition A against the observed expression of cells in
condition Band viceversa. The L, distance and the correleation where calculated

using the mean of the predictions and observations over all cells or per cell type.
As the distances varied by two orders of magnitude between datasets, we divided
each distance by the mean per dataset. The red points show the mean per method.
The arrows next to the metricindicateif larger or smaller values indicate better
performance. S.D.: standard deviation, MMD: maximum mean discrepancy.
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(A) FDR control for all methods
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(B) Average power for all methods at FDR = 10%
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Extended Data Fig. 4| FDR control and power for all methods across eleven
datasets where we average across the ten replicates per dataset. (A) Line plot
ofthe nominal FDR against the observed false discovery proportion. The FDR is
the expectation of the false discovery proportion over many samples. The blue
line shows the average. (B) Scatter plot of the relative TPR at an FDR =10% for

05

2.0 25
each method across eleven datasets standardized by the mean per dataset. The
point range shows the mean and standard error. If the average observed FDR

islarger than10% the pointis greyed out. FDR: false discovery rate, TPR: true
discovery rate.
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(A) Glioblastoma cell type assignment
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Extended DataFig. 5| Glioblastoma cell type assignment and multi-condition
biplots. (A) Marker gene and (B) chromosome-aggregated expression levels
foreach cell type. The the tumor cells are known to bear an amplification of
chromosome 7 and a deletion of chromosome 10%°, so we identified the tumor
cluster using the ratio of average gene expression on chromosome 7, resp.

Marker genes projected on Z

(B) Aneuploidie

Chr. 10 Ratio Chr. 7 Ratio

/Tumor cells

No. cells
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Expression ratio vs chr. 1-5
Three other cell types

Gene with large expression change projected on Z

CD14
HIST3H2A
Z space

10, over the average expression on chromosomes 1-5 (C) Multi-condition biplots
showing (left) the first two dimensions of the LEMUR latent space (Z) for all cells
overlayed with arrows representing (middle) three cell type marker genes from
Panel A and (right) a gene with large expression change specifically in myeloid
cells (HIST3H2A, more details in Extended Data Fig. 6).
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(A) Expression pattern of selected genes under panobinostat treatment
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(B) Predicted differential expression pattern (A = YPan _ yetrl)
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(C) Pseudobulked differential expression
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Extended DataFig. 6 | Differential expression patterns for seven genes with expression change per cell. The cells are separated depending if they are inside
the neighborhoods inferred by LEMUR. (A) UMAPs colored by gene expression oroutside the neighborhood. (C) Scatter plot of the pseudobulked expression
(log-normalized counts). The black line encircles 80% of the cells inside the gene- values per condition, neighborhood status and sample. ctrl: control, neighb.:
specific differential expression neighborhood. (B) UMAPs colored by predicted neighborhood, pan: Panobinostat, expr: expression.
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(A) Zebrafish: tissue labels plus zoom in on cell types in central nervous system and periderm
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Extended DataFig. 7| Cell type annotation for zebrafish. (A) Left panel: UMAP systemand peridermalso from Saunders et al.?*. (B) Gene expression of krt8in the
of the full timecourse data with cells colored by tissue type as annotated in periderm over time. (C) Gene expression of nrxn2ain the central nervous system

Saunders et al.”*. Middle and right panel: Cell type annotations for centralnervous  over time. The overlayed points are the synthetic cells from Fig. 5B.
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(A) Alzheimer’s disease mouse model cell type details
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Extended Data Fig. 8| Cell type annotation for mouse brain datasets.

(A) UMAP of the Alzheimer’s disease mouse model dataset colored and split by
cell type annotation provided by Yao et al.”. The dashed shape is the 97% density
contour of the cells inside the neighborhood. (B) Scatter plot with smoothing

fit of the pseudobulked gene expression of Jun against the binned amyloid-8

plaque density. Each dot is the pseudobulked expression per mouse, cell type,
plaque density bin, and neighborhood status. The text at the top of the graph lists
the number of cells from that cell type which were inside and outside of the Jun
neighborhood.
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Extended Data Table 1| Overview of the patients from whom the glioblastoma biopsies originated

Patient ID Age Gender Tumor location Condition # Cells
PWO030 65 M right parietal vehicle (DMSO) 17,384
0.2 uM panobinostat 5,686
PWO032 61 M left frontal vehicle (DMSO) 5,003
0.2 uM panobinostat 738
PWO034 68 F left parieto-occipital vehicle (DMSO) 12,375
0.2 UM panobinostat 1,761
PW036 56 M right temporal vehicle (DMSO) 10,292
0.2 uM panobinostat 2,558
PWO040 69 M right temporal vehicle (DMSO) 8,901
0.2 uM panobinostat 1,257
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0 000F

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection

Data analysis The complete code necessary to reproduce the results and analysis is available on https://github.com/const-ae/lemur-Paper (permanently
stored with Zenodo (https://zenodo.org/doi/10.5281/zen0do.12726369)).

The software implementation of the proposed new method, LEMUR, is available open source, easy-to-install and well-documented at https://
www.bioconductor.org/packages/lemur/ (doi: 10.18129/B9.bioc.lemur) as an R package and on https://pypi.org/project/pyLemur as a Python
package.

We used LEMUR version 1.1.5, scVI version 1.1.2, CPA version 0.8.3, Harmony version 1.1.0, and miloDE version 0.0.9000 (hash: 8803302d).
The version of all additional software dependencies can be found in the benchmark/renv.lock and benchmark/conda_env_info files.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All datasets used in this manuscript are publicly available.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We did not consider effects of sex or gender in the analysis of the glioblastoma data. There were too few individuals to draw
any conclusions. Also, we have no reason to think that such effects, if they existed, would be relevant to the analysis we
present.

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We chose publicy available datasets whose experimental designs, incl. sample size, were appropriate as a test case for the proposed method /
underlying scientific question..

Data exclusions  Across analyses, standard quality control filters were applied to set aside poor quality cells from the single-cell analysis.

Replication We make all code available to make it easy to reproduce our analysis by third parties. We did not independently replicate the analysis
ourselves.




Randomization  Not applicable. We present a complete combinatorial matrix of benchmarks of multiple computational methods each applied to multiple
datasets and thus could observe each software in all conditions and did not need to randomize software to condition assignment.

Blinding The analysts were not blinded while evaluating the benchmark.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XX XXX XX 5
Ooodoog

Plants

Plants

Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A






