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            Abstract
DNA methylation profiling offers unique insights into human development and diseases. Often the analysis of complex tissues and cell mixtures is the only feasible option to study methylation changes across large patient cohorts. Since DNA methylomes are highly cell type specific, deconvolution methods can be used to recover cell type–specific information in the form of latent methylation components (LMCs) from such ‘bulk’ samples. Reference-free deconvolution methods retrieve these components without the need for DNA methylation profiles of purified cell types. Currently no integrated and guided procedure is available for data preparation and subsequent interpretation of deconvolution results. Here, we describe a three-stage protocol for reference-free deconvolution of DNA methylation data comprising: (i) data preprocessing, confounder adjustment using independent component analysis (ICA) and feature selection using DecompPipeline, (ii) deconvolution with multiple parameters using MeDeCom, RefFreeCellMix or EDec and (iii) guided biological inference and validation of deconvolution results with the R/Shiny graphical user interface FactorViz. Our protocol simplifies the analysis and guides the initial interpretation of DNA methylation data derived from complex samples. The harmonized approach is particularly useful to dissect and evaluate cell heterogeneity in complex systems such as tumors. We apply the protocol to lung cancer methylomes from The Cancer Genome Atlas (TCGA) and show that our approach identifies the proportions of stromal cells and tumor-infiltrating immune cells, as well as associations of the detected components with clinical parameters. The protocol takes slightly >3 d to complete and requires basic R skills.
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                    Fig. 1: Overview of the proposed deconvolution protocol.[image: ]


Fig. 2: Evaluation of ICA on the TCGA LUAD dataset.[image: ]


Fig. 3: Interpreting MeDeCom results with FactorViz.[image: ]
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                Data availability

              
              The results shown here are wholly or partially based upon data generated by the TCGA (TCGA-LUAD dataset) Research Network: https://www.cancer.gov/tcga. The Ewing sarcoma dataset is available from the Gene Expression Omnibus GEO, accession number GSE88826.

            

Code availability

              
              All R packages are available from public code repositories:

              DecompPipeline: https://github.com/CompEpigen/DecompPipeline

              MeDeCom: https://github.com/lutsik/MeDeCom

              FactorViz: https://github.com/CompEpigen/FactorViz

              consensusICA: https://gitlab.com/biomodlih/consica.

              The pipeline behind our protocol is available as R source packages under open-source licenses (DecompPiepline, MeDeCom, FactorViz: GPLv3; consensusICA: Standard MIT license) and is also implemented as a Docker container available from DockerHub: https://hub.docker.com/r/mscherer/medecom. Supplementary resources and R scripts used to generate the figures are available from http://epigenomics.dkfz.de/DecompProtocol/. The code in this paper has been peer-reviewed.
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Extended data

Extended Data Fig. 1 Quality control of TCGA data.
a Boxplot for hybridization control probes for the green and the red channel, respectively. Boxplot lines represent the median, the 25th- and 75th- percentiles, and 1.5 times the inter-quartile range. b Sex prediction based on the intensities of the probes on the sex chromosomes. A logistic regression classifier was employed to differentiate between female and male samples. c Outline of the CpG filtering procedure. The sites on the 450k array are filtered according to quality scores (coverage, overall intensity), genomic sequence context (SNPs, sex chromosomes), and cross-reactive sites are discarded.


Extended Data Fig. 2 Selecting the number of components and the regularization parameter for MeDeCom.
a Cross-validation error plotted against the number of latent components K for different values of the regularization parameter λ. Differences across the values of K mask the differences between the five λ values. b Objective value and cross-validation error for different values of λ after fixing the number of components to 7. c Multidimensional scaling of the LMC data matrix after fixing the number of components to 7 and the regularization parameter to 0.001. Shown are the first two multidimensional components. d Violin plots of the LMC methylation matrix for the selected parameters. Boxplot lines represent the median, the 25th- and 75th- percentiles, and 1.5 times the inter-quartile range.


Extended Data Fig. 3 Interpreting RefFreeCellMix results with FactorViz.
a Heatmap of LMC proportions in TCGA-LUAD cohort samples (K=7 components). The samples were hierarchically clustered according to the Euclidean distance between the proportions using complete linkage. We annotated samples using disease status and with the sample-specific LUMP estimate. b Associations between the phenotypic traits and proportions. For quantitative traits, the Pearson correlations are shown as ellipses that are directed to the upper right for positive and to the lower right for negative correlations, respectively. For qualitative traits, the absolute difference of the proportions in the two groups (for example, female vs. male) is shown. P values (two-sided correlation test for quantitative and two-sided t-test for categorical variables) less than 0.01 are indicated by bold borders. LOLA (c) and GO (d) enrichment analysis of the LMC-specific hypomethylated sites for components 1, 2 and 4. No significant GO enrichment was found for components 1 and 4. Sites were defined as LMC-specific hypomethylated if the difference between the value of the methylation component and the median of all other components was less than 0.5. P values have been adjusted for multiple testing with the Benjamini-Hochberg method. e Scatterplots between proportions per sample and known marker gene expression of different lung cell types. The gene expression was measured using counts per million (CPM).


Extended Data Fig. 4 Survival analysis using the survival R-package52 comparing different levels of LMC proportions.
Shown are Kaplan-Meier curves, while samples were stratified according to the LMC proportions into two groups according to the median (high vs. low proportions). P values were computed using the Cox proportional hazards model with the LMC proportions as input, and age, sex, and tumor stage as covariates.


Extended Data Fig. 5 Interpreting MeDeCom results on the Ewing sarcoma RRBS data set69 with FactorViz.
a Heatmap of LMC proportions in the Ewing sarcoma samples (K=6 components, λ=0.001). The samples were hierarchically clustered according to the Euclidean distance between the proportions using complete linkage. We annotated samples using the tumor location and with the sample-specific LUMP estimate. b Associations between the phenotypic traits and proportions. For quantitative traits, the Pearson correlations are shown as ellipses that are directed to the upper right for positive and to the lower right for negative correlations, respectively. For qualitative traits, the absolute difference of the proportions in the two groups (for example mutation vs. wildtype) is shown. P values (two-sided correlation test for quantitative and two-sided t-test for categorical variables) less than 0.01 are indicated by bold borders. GO (c) and LOLA (d) enrichment analysis of the LMC6-specific hypomethylated sites. No significant LOLA and GO enrichments were found for the remaining LMCs. Sites were defined as LMC-specific hypomethylated if the difference between the value of the LMC and the median of all other components was less than 0.5. P values have been adjusted for multiple testing with the Benjamini-Hochberg method. No matched gene-expression values were available for this data set.
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