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Figure 1: Evaluation of hyper-parameters in scOpen using simulated dataset. a
Boxplot showing the evaluation of imputation/denoising methods for recovering true peaks. The
y-axis indicates the area under precision-recall curve (AUPR). Methods are ranked by the mean
AUPR. Asterisks denote statistical significance at confident level of 0.95 by comparing rank=8
to other values (** p < 0.01, Wilcoxon Rank Sum test, two-tailed) (n = 2,600 cells). b Bar plot
showing ARI metric for clustering evaluation. Error bars represent the standard deviation of
ARI and the center represents the mean value of ARI. Asterisks denote statistical significance
at confident level of 0.95 by comparing rank=8 to other values (** p < 0.01, Wilcoxon Rank
Sum test, two-tailed) (n = 8 independent clustering experiments). c Boxplot showing the
evaluation of imputation/denoising methods for recovering true peaks. The y-axis indicates the
area under precision-recall curve (AUPR). Methods are ranked by the mean AUPR. Asterisks
denote statistical significance at confident level of 0.95 by comparing λ = 1 to other values (**
p < 0.01 and * p < 0.05, Wilcoxon Rank Sum test, two-tailed) (n = 2,600 cells). d Same as c for
ARI metric (clustering evaluation). Error bars represent the standard deviation of AUPR and
the center represents the mean value of AUPR. We compared between λ = 1 and other values
(** p < 0.01 and * p < 0.05 with Wilcoxon Rank Sum test, two-tailed) (n = 8 independent
clustering experiments). The box plots in a and c represent the median (central line), first
and third quartiles (box bounds). The whiskers present the 1.5 interquartile range (IQR) and
external dots represents outliers (data greater than or smaller than 1.5IQR). Data in b and d
are presented as mean ± SD.
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Supplementary Fig. 2. Evaluation of imputation methods. a Experimental design for
benchmarking competing methods. b Ranking of imputation methods in terms of average AUPR
for each benchmarking dataset. Methods are ordered by median value of ranks. Wilcoxon Rank
Sum test (one-sided, paired) was used to compare scOpen with SCALE and MAGIC (n = 4
independent datasets). c Scatter plot associating the average AUPR and number of cells for
each cell type in all benchmarking datasets. Each dot represents a cell type and color refers
to method. The x-axis represents the number of cells for each cell type. The trend line was
fitted for each method. d Ranking of imputation methods using silhouette score as metric for
each dataset. Wilcoxon Rank Sum test (one-sided, paired) was used to compare scOpen with
cisTopic and MAGIC (n = 4 independent datasets). e Ranking of methods using ARI as metric
for benchmarking datasets. Wilcoxon Rank Sum test (one-sided, paired) was used to compare
scOpen with cisTopic and MAGIC (n = 4 independent datasets). The box plots in b, d, and e
represent the median (central line), first and third quartiles (box bounds). The whiskers present
the 1.5IQR and external dots represents outliers (data greater than or smaller than 1.5IQR).
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Figure 6: Benchmarking of Cicero predicted links. a Barplots showing AUPR of the
predicted peak-peak co-accessibility links using either raw or imputed matrix with H1-ESC
single cell ATAC-seq data. Analysis was executed with Cicero. Left, links are evaluated using
ChIA-PET data as true labels. Right, links are evaluated using Hi-C data as true labels. b
Odds ratio (y-axis) of Cicero predicted co-accessible sites (n = 3853260) also supported by
pol-II ChIA-PET (left) and PC Hi-C (right) vs. distance between sites (x-axis). Error bars
indicate 95% confidence intervals calculated using Fisher’s exact test and the center of error
bars represent the mean odds ratio. Odds ratio superior than 1 indicates a positive relationship.
c Precision-recall curves showing the evaluation of the predicted links on GM12878 cells using
the raw and imputed matrix as input after down-sampling to 50% (left) or 25% (right). Related
to Fig. 2e-f. d Visualization of co-accessibility scores (y-axis) of Cicero predicted with raw and
scOpen estimated matrices contrasted with scores based on RNA pol-II ChIA-PET (purple) and
promoter capture Hi-C (green) around the CD79A locus (x-axis). We highlighted more links.
Related to Fig. 2g. e Scatter plots showing single cell accessibility scores from raw data or
estimated by imputation methods for peak1-to-peak2 link as shown in c. f Same as e for link
peak1-to-peak3. g Same as e for link peak1-to-peak4. h Same as e for link peak1-to-peak4.
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Supplementary Fig. 7. Quality control and benchmarking of UUO scATAC-seq a
Scatter plot showing number of unique fragments vs. TSS enrichment of UUO scATAC-seq
for each sample. Each dot represents a cell and the dash lines represent cut-off used for cell
filtering. The number of cells that pass filtering is shown on right-upper corner. b Heatmap
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duction/clustering pipelines. Wilcoxon Rank Sum test (one-sided, paired) was used to compare
scOpen with SnapATAC and Cusanovich2018 (n = 4 independent experiments). d Barplot show-
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Supplementary Fig. 9. Visualization of UUO annotation a Violin plot showing cluster-
specific (y-axis) gene accessibility score associated to known marker genes for kidney cells (x-
axis). b Scatter plots showing condition-specific UMAP visualization of UUO scATAC-seq data
for each day. c Visualization of data quality for b. Colors refer to number of fragments per cell
(log10). d Bar plots showing proportion of each cell type across different days.
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Supplementary Fig. 10. Identification of TFs driving the differentiation of fibrob-
lasts to myofibroblasts a Diffusion map embedding of fibroblast showing gene activity score
for Scara5 (fibroblast), Cspg4 (pericytes), Postn (myofibroblasts), Col1a1 (myofibroblasts),
Twist2, Runx1 and Tgfbr1. b Visualization of data quality for a. Colors refer to number
of fragments (log10) per cell. c Visualization of trajectory from fibroblast to myofibroblasts.
Colors refer to pseudo-time during of the trajectory. d Correlation of gene activity score and
motif deviation (associated to Fig. 4c) along the trajectory for selected TFs. Each dot represent
a TF and TFs are sorted by their correlation. Runx1 has the highest correlation, followed by
ETS1 and Twist2. Of these, Runx1 and Twist2 have an increase in gene scores and TF activity
.
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Supplementary Fig. 11. Validation of Runx1 a Expression of Runx1 by qPCR after retro-
viral Runx1 overexpression in a human kidney PDGRFb+ cell line. Error bars represent the
SD of the intensity. Data are presented as mean ± SD. Statistical significance was assessed
by a two-tailed Student’s t-test with p < 0.05 being considered statistically significant (n=3).
b Immuno-fluorescence (IF) staining of Runx1 in human kidney PDGFRb+ cells retrovirally
transduced with either empty vector (EV) or an Runx1 overexpression construct (Runx1). Scale
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tistical significance was assessed by a two-tailed Student’s t-test with p < 0.05 being considered
statistically significant (n=3). d Volcano plot showing differential expression analysis between
Runx1 overexpression vs. control. Each dot represents a gene and dashed lines represent the
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Supplementary Fig. 12. Visualization and validation of Runx1 target genes a Violin
plot showing predicted Peak-to-Gene (P2G) links using raw or imputed matrix from scOpen,
cisTopic, SCALE and MAGIC. Methods are sorted by average absolute value. b Average abso-
lute value of correlation of P2G links. c AUPR of predicted Runx1 target genes using from raw,
scOpen, SCALE or cisTopic matrix. Related to Fig. 4h. d Scatter plot showing gene activity
of Tgfbr1 and linked peak accessibility from raw (upper) or scOpen estimated matrix (lower) for
peaks B1 indicated in Fig. 4i of the main manuscript. Each dot represents a single cell and the
color refers to pseudo-time. The correlation is shown on left-upper corner. Both gene activity
score and peak accessibility are z-score normalized. e Same as d for Peak-to-Gene link B2. f
Same as d for Peak-to-Gene link B3. g Peak-to-Gene links of Twist2 in fibroblast cells. Each
loop refers to a link and height of loop represent the significance (dash line represents threshold
of FDR= 0.001). ATAC-seq tracks were generated from pseudo-bulk profiles of cell along the
pseudo-time. Peaks with binding sites of Runx1 supported by ATAC-seq footprints are high-
lighted (B1-B2). h Scatter plot showing gene activity of Twist2 and B1 peak accessibility from
raw (upper) or scOpen estimated matrix (lower). i Same as h for the Peak-to-Gene B2.
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Supplementary Fig. 13. Statistics of peak-to-gene links a Scatter plot showing the peak-
to-gene correlation and the distance of ATAC-seq peaks to TSS. A line is fitted to show the
pattern. b Boxplot showing the peak-to-gene correlation distribution. Peaks were annotated
as distal, exonic, intronic, and promoter. The Wilcoxon Rank Sum test (two-sided) was used
to compare the correlation between different type of peaks (n = 1,196 peaks for Distal, n =
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as b. Peaks were classified as (active) enhancers if overlapping with H3k27Ac and H3K4me1
ChIP-seq peaks from mouse kidneys, otherwise, non-enhancers if only H3K27ac is present. We
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