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Figure S1. The results of the pseudobulk differentially expressed gene analysis are
consistent between the AIDA and Japanese datasets, related to Figure 1.

A, UMAP of the Japanese dataset. B, The relationship between the number of cells (x-axis)
and the number of the significant DEGs (FDR < 0.05; y-axis) for the AIDA (left) and Japanese
(right) datasets. The colors indicate the cell types. C, The ratios of the X-linked genes among



all genes (circle) and DEGs (rhombus) are indicated for the AIDA (left) and Japanese (right)
datasets. The colors indicate the cell types. D, Spearman correlations between the effect
sizes in the DEG analysis for the AIDA (y-axis) and Japanese (x-axis) datasets for DEGs
(AIDA dataset) in the major cell types. E, Scatter plots represent the effect sizes of the
significant DEGs detected in the AIDA dataset in the DEG analysis for the AIDA (x-axis) and
Japanese (y-axis) datasets. The colors of the points represent whether the genes are
significant DEGs in the Japanese dataset. F, Box plots represent log2 fold-changes of the
gene expression between sexes for each cell type in the AIDA daatset. Genes are grouped
according to the XCI status annotated in the previous study. The boxplot indicates the median
values (center lines) and IQRs (box edges), with the whiskers extending to the most extreme
points within the range between (lower quantile - [1.5 x IQR]) and (upper quantile + [1.5 x
IQR]). G, A box plot represents log2 fold-changes of the gene expression between sexes in
the Japanese dataset. Genes are grouped according to the XCI status annotated in the
previous study. The boxplot indicates the median values (center lines) and IQRs (box edges),
with the whiskers extending to the most extreme points within the range between (lower
quantile —-[1.5 x IQR]) and (upper quantile + [1.5 x IQR]). H, A box plot represents log2
fold-changes of the escapee gene expression between sexes across cell types in the
Japanese dataset. The boxplot indicates the median values (center lines) and IQRs (box
edges), with the whiskers extending to the most extreme points within the range between
(lower quantile —[1.5 x IQR]) and (upper quantile + [1.5 x IQR]). I, Scatter plots represent
pairwise comparisons of the log2 fold-changes of the escapee gene expression between
sexes in the Japanese dataset. The y-axes represent the log2 fold-changes in monocytes
and the x-axes represent the log2 fold-changes in lymphocytes. The dashed lines represent
x =0, x=y,and y = 0. DEG, differentially expressed genes; AIDA, Asian Immune Diversity
Atlas; FC, fold-changes; FDR, false discovery ratio; IQR, interquartile range; PAR,
pseudoautosomal region; PBMC, peripheral blood mononuclear cells; scRNA-seq, single-cell
RNA-seq; UMAP, Uniform manifold approximation and projection; XCI, X chromosome
inactivation.
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Figure S2. The results of the single-cell level differentially expressed gene analysis are
consistent between the AIDA and Japanese datasets, related to Figure 1.

A, Abox plot represents P-values for the sex term (AIDA dataset), sex x cell state term (AIDA
dataset), sex term (Japanese dataset), and sex x cell state (Japanese dataset) in the single-
cell level DEG analysis. Genes are grouped according to the XCI status annotated in the
previous study. The boxplot indicates the median values (center lines) and IQRs (box edges),
with the whiskers extending to the most extreme points within the range between (lower
quantile - [1.5 x IQR]) and (upper quantile + [1.5 x IQR]). B, Ratio of significant tests under
cell state permutation in the AIDA and Japanese datasets. Each dot represents the ratio of
the significant tests (y-axis) at the given alpha threshold (x-axis). C, Q-Q plots for the P-
values for the sex x cell state term of escapee genes (left, AIDA dataset; right, Japanese
dataset). The color of the dots represents whether the test is performed for the actual data or
under cell state permutation. D, A scatter plot represents the relationship between the x2
statistics for the sex x cell state term in the AIDA (x-axis) and Japanese dataset (y-axis). The
colors of the points represent the XCI status annotated in the previous study. AIDA, Asian
Immune Diversity Atlas; DEG, differentially expressed genes; IQR, interquartile range; PAR,
pseudoautosomal region; scRNA-seq, single-cell RNA-seq; XCI, X chromosome inactivation.
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Figure S3. Quantification of escape from XCI by scLinaX, related to Figure 2.

A, The relationships between the ratio of the ALT allele counts (y-axis) and the total allele
counts (x-axis) for each SNP for each dataset. The points represent the pairs of sample and
SNP, and the colors of the points represent the density of the neighboring points. The red
dashed lines indicate the thresholds for QC. B, The relationships between the -log1o (P-value)
(y-axis) and correlation coefficients (x-axis) of the Spearman correlation tests for the
pseudobulk ASE profiles generated during scLinaX workflow. The points represent the pairs
of two pseudobulk profiles, and the colors of the points represent the density of the
neighboring points. The dashed lines indicate the thresholds for QC. C,D, The boxplots
represent the number of valid cells (c) and the ratio of the used cells (cells for which any of
the reference SNPs are detected; d) for each sample. The boxplot indicates the median
values (center lines) and IQRs (box edges), with the whiskers extending to the most extreme
points within the range between (lower quantile - [1.5 x IQR]) and (upper quantile + [1.5 x
IQRY]). E,F, The histograms represent the number of genes detected in 23 individuals (E) and
transcribed SNPs with 210 UMI coverages per sample-gene pair (F) G, The relationship
between the original number of the cells (x-axis) and the ratio of the used cells (y-axis). The
points represent samples. The red dashed lines indicate the mean ratio of the used cells
across samples. H, Number of the genes evaluated in the scLinaX analysis of the AIDA
dataset with the SNP data based on the SNP array (x-axis) and called from scRNA-seq data
(y-axis) in PBMC. I, A bar plot represents the ratio of the cells that different X chromosomes
are inactivated or are removed from the analysis due to the bi-allelic expression of the
reference SNPs. The colors of the dots represent the XCI status annotated in the previous
study. J, Plots represent the ratio of the expression from Xi in the AIDA dataset calculated
from the SNP data derived from SNP array data (x-axis) and scRNA-seq data (y-axis) in all
of the cell types. Genes are grouped according to the XCI status annotated in the previous
study. K, A Venn diagram represents SNPs detected across all samples in the AIDA dataset.
The red area indicates the SNPs called only in the scRNA-seq data-based analysis. The blue
area indicates the SNPs detected commonly in the methods with SNP array data and only
with scRNA-seq data. The red and blue histograms indicate the imputation quality (R?) of the
SNPs included in the red and blue areas, respectively. L, A Venn diagram represents SNP-
sample pairs included in the analysis with the AIDA dataset. The red area indicates the
heterozygous SNP-sample pairs detected only in the scRNA-seq data-based analysis. The
blue area indicates the SNP-sample pairs detected both in the methods with SNP array data
and only with scRNA-seq data. The pie chart represents the SNP array-based genotype of
the heterozygous SNP-sample pairs detected only in the scRNA-seq data-based analysis.
The red and blue histograms indicate the imputation quality (R?) of the SNPs included in the
red and blue areas, respectively. M, Plots represent the relationship between the mean log2
CPM across all, female, or male samples (x-axis) and the ratio of the expression from Xi (y-



axis) in the AIDA dataset. Genes that are annotated as escape genes or shows evidence of
escape in the scLinaX analysis (SEPTING) are indicated. N, A box plot represents the
estimated ratio of the expression from Xi in the Japanese dataset. Genes are grouped
according to the XCI status annotated in the previous study. The boxplot indicates the median
values (center lines) and IQRs (box edges), with the whiskers extending to the most extreme
points within the range between (lower quantile - [1.5 x IQR]) and (upper quantile + [1.5 x
IQR]). AIDA, Asian Immune Diversity Atlas; ALT, alternative allele; ASE, allele-specific
expression; Cl, confidence interval; CPM, counts per million; DEG, differentially expressed
genes; FC, fold-changes; FDR, false discovery ratio; IQR, interquartile range; PAR,
pseudoautosomal region; QC, quality control; REF, reference allele; SNP, single nucleotide
polymorphism; Xa, active X chromosome; XCI, X chromosome inactivation; Xi, inactive X
chromosome.
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Figure S4. Evaluation of the performance of scLinaX, related to Figure 2.

A,B, Boxplots (A) and heatmap (B) indicate the number of cells that are mapped with the
inactivated X chromosome in the scLinaX analysis with different cell numbers and UMI counts.
The same set of 22 AIDA samples with a sufficient number of cells and UMI counts are utilized
across conditions. Boxplots indicate the median values (center lines) and IQRs (box edges),
with the whiskers extending to the most extreme points within the range between (lower



quantile —[1.5 x IQR]) and (upper quantile + [1.5 x IQR]). The color of the heatmap
indicates the mean across the samples. C,D, Boxplots (C) and heatmap (D) indicate the
number of genes that are evaluated in the scLinaX analysis with different cell numbers and
UMI counts. The same set of 22 AIDA samples with a sufficient number of cells and UMI
counts are utilized across conditions. Boxplots indicate the median values (center lines) and
IQRs (box edges), with the whiskers extending to the most extreme points within the range
between (lower quantile —[1.5 x IQR]) and (upper quantile + [1.5 x IQR]). The color of the
heatmap indicates the mean across the samples. E, A heatmap indicates the Spearman's
correlation of the scLinaX estimates of the genes between the full dataset and down-sampled
dataset. The indicated numbers represent the number of genes used for the correlation tests.
The color of the heatmap indicates the Spearman's correlation. F, A heatmap indicates the
effect sizes in the regression analysis with the following linear mixed model; scLinaX
estimates in the original data (per individual) ~ scLinaX estimates in the down-sampled data
(per individual) + (1 | individual). The indicated numbers represent the number of gene-
sample pairs used for the regression analysis. The color of the heatmap indicates the effect
sizes of the scLinaX estimates in the down-sampled data (per individual). G, Scatter plots
indicate the relationship between the scLinaX estimates in the original data (x-axis) and the
down-sampled data (y-axis) in the four representative conditions colored in (F). Different
colors of dots represent gene-sample pairs derived from different individuals. The dashed
lines indicate y = x. H, Comparison of the phase information between scLinaX and imputed
SNP array data (SHAPEIT4 + Minimac4) in the Japanese dataset. The x-axis indicates each
sample and y-axis indicates distance between the pair of SNPs. The color of the tiles
indicates the ratio of the SNP pairs which have concordant phase information. The indicated
numbers represent the number of the SNP pairs. I, A bar plot indicates the ratio of the pairs
of SNPs that have concordant phase information between scLinaX and imputed-SNP array
data. Pairs of SNPs are stratified according to the distances between the SNPs. J,
Comparison of the phase information inferred from scLinaX and physical phasing with long-
read sequencing in the Japanese dataset. Each dot indicates pairs of SNPs that are phased
with both scLinaX and long-read sequencing. Phase information was concordant for all of the
pairs of SNPs. AIDA, Asian Immune Diversity Atlas; IQR, interquartile range; UMI, Unique
Molecular Identifier.
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Figure S5. Quantification of escape from XCI by scLinaX, related to Figure 2.

A, A plot represents the relationship between the log2 fold-changes in the DEG analysis (x-
axis) and the ratio of the expression from Xi (y-axis) in the Japanese dataset. Genes that are
annotated as escape genes or shows evidence of escape in the scLinaX analysis (SEPTING)
are indicated. The curved line indicates the theoretical relationship under the assumption that
differential gene expression between sexes is solely due to the expression from Xi and total
gene expression in males and Xa-derived gene expression in females are at the same level.
Pearson's correlation = 0.86 with a 95% confidence interval of 0.70-0.94. B, Plots represent
the relationship between the log2 fold-changes in the DEG analysis (x-axis) and the ratio of
the expression from Xi (y-axis) in the AIDA dataset for genes with different XClI statuses. The
curved line indicates the theoretical relationship under the assumption that differential gene
expression between sexes is solely due to the expression from Xi and total gene expression
in males and Xa-derived gene expression in females are at the same level. Genes that
showed relatively strong deviation from the theoretical relationship are labeled. C, Plots
represent the ratio of the expression from Xa and Xi at an individual level for the CD40LG
and ITM2A gene. The dashed horizontal line represents the mean ratio of the expression
from Xi across samples. Since SNPs on the ITM2A gene were included in the initial analysis
of the Japanese dataset, scLinaX analysis removing reference SNPs on the ITM2A genes
was specifically performed for making the plot (right).
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Figure S6. The scLinaX-based quantification of escape from XCI across immune cell
types and escape QTL analysis, related to Figure 3.
A, Bar plots represent ratio (top) and number (bottom) of genes evaluated by scLinaX among
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the expressing genes for AIDA (left) and Japanese (right) datasets. The color of the bars
indicates the cell types. B, A box plot represents the estimated ratio of the expression from
Xi for escapee genes across cell types in the Japanese dataset. The boxplot indicates the
median values (center lines) and IQRs (box edges), with the whiskers extending to the most
extreme points within the range between (lower quantile - [1.5 x |IQR]) and (upper quantile
+ [1.5 x IQRY]). C, Scatter plots represent pairwise comparisons of the ratio of the expression
from Xi for escapee genes in the Japanese dataset. The y-axes represent the ratio of the
expression from Xi in monocytes and the x-axes represent the ratio of the expression from
Xi in lymphocytes. The dashed lines represent x =0, x = y, and y = 0. D, Dot plots represent
the mean and SD of the ratio of the expression from Xi across cell types (y-axis) for escapee
genes (x-axis). The color of the dots represents the mean or SD of the ratio of the expression
from Xi. The size of the dots represents the number of the evaluated samples. Results for
the AIDA (top) and Japanese (bottom) datasets are indicated. E, UMAPs of the Japanese
dataset colored according to the ratio of the expression from Xi estimated for each cell type.
Examples of genes that show a higher ratio of expression from Xi in lymphocytes than
monocytes are indicated. Cell types whose ratio of the expression from Xi could not be
estimated are colored grey. F, Plot represents the ratio of the expression from Xa and Xi at
an individual level for each cell type in the Japanese dataset. Examples of genes that show
a higher ratio of expression from Xi in lymphocytes than monocytes, DDX3X and EIF2S3
genes, are indicated. The dashed horizontal line represents the mean ratio of the expression
from Xi across samples for each cell type. G, A UMAP of the Japanese dataset colored
according to the ratio of the expression from Xi estimated for each cell type. The PRKX gene,
which shows a unique pattern of heterogeneity of escape across cell types, is indicated. Cell
types whose ratio of the expression from Xi could not be estimated are colored grey. H, Plot
represents the ratio of the expression from Xa and Xi at an individual level for each cell in the
Japanese dataset. The PRKX gene, which shows a unique pattern of heterogeneity of escape
across cell types, is indicated. The dashed horizontal line represents the mean ratio of the
expression from Xi across samples for each cell type. I,J, Q-Q plot (I) and Manhattan plot (J)
for the P-values of the escapee QTL analyses. The color of the dots represents the cell type
for which escape QTL is evaluated. The red dashed lines indicate the significance threshold
with Bonferroni correction (a = 0.05). IQR, interquartile range; QTL, quantitative trait locus;
UMAP, Uniform manifold approximation and projection; Xa, active X chromosome; XClI, X
chromosome inactivation; Xi, inactive X chromosome.
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Figure S7. Evaluation of escape in disease conditions, related to Figure 3.

a,b, The ratio of the expression from Xi in healthy subjects (x-axis) and disease patients (y-
axis; a, COVID-19; b, SLE). Each point represents a pair of genes and cell types. The colors
and sizes of the points indicate the cell type and P-values. The line represents x = y. ¢, The
ratio of the expression from Xi in a male sample with a karyotype of XXY is indicated as blue
rhombuses. A violin plot represents the ratio of the expression from Xi in the AIDA datasets.
AIDA, Asian Immune Diversity Atlas; COVID-19, coronavirus disease of 2019; HC, healthy
control; SLE, systemic lupus erythematosus; SNP, single nucleotide polymorphism; Xi,
inactive X chromosome.
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Figure S8. Application of scLinaX-multi to the 10X multiome dataset, related to Figure
4.

A, The relationships between the ratio of the ALT allele counts (y-axis) and the total allele
counts (x-axis) for each SNP for each modality. The points represent the pairs of sample and
SNP, and the colors of the points represent the density of the neighboring points. The red
dashed lines indicate the thresholds for QC. B, The relationships between the -log1o (P-value)
(y-axis) and correlation coefficients (x-axis) for the Spearman correlation tests for the
pseudobulk ASE profiles generated during scLinaX-multi workflow (left). The points represent
the pairs of two pseudobulk profiles, and the colors of the points represent the density of the
neighboring points. The dashed lines indicate the thresholds for QC. Histograms for the -
log1o(P-value) (middle) and correlation coefficients (right) of the Spearman correlation tests
are also indicated. C, A bar plot represents the number of the cells that are not used for the
analysis (black), different X chromosomes are inactivated (red/blue), or are removed from the
analysis due to the bi-allelic expression of the reference SNPs (grey). D, Abox plot represents
the estimated ratio of the expression from Xi for the gene expression data of the multiome
dataset. Genes are grouped according to the XCI status annotated in the previous study. The
boxplot indicates the median values (center lines) and IQRs (box edges), with the whiskers
extending to the most extreme points within the range between (lower quantile - [1.5 x IQR])
and (upper quantile + [1.5 x IQR]). E, A plot represents the concordance of the ratio of the
expression from Xi between the AIDA dataset (x-axis) and the multiome dataset (RNA; y-
axis). Genes that are annotated as escape genes or shows evidence of escape in the scLinaX
analysis (SEPTING) are indicated. The black line indicates x = y. F, A plot represents the
relationship between the ratio of the expression from Xi (multiome, RNA-level, x-axis) and
the ratio of the accessible chromatin derived from Xi (y-axis) for each peak—nearest gene pair.
Genes that are annotated as escape genes or shows evidence of escape in the scLinaX
analysis (SEPTING6) are indicated. The black line indicates x = y. G,H,l, The results of the
scLinaX-multi for peaks around the representative non-escapee genes, namely C1GALT1C1
(G), RBMX (H), and ZNF185 (). Normalized tag counts across cell types are indicated with
peak information (top). The ratio of the accessible chromatin derived from Xa and Xi across
cell types is indicated as bar plots (bottom) with information on which SNPs are used for the
analysis. AIDA, Asian Immune Diversity Atlas; ALT, alternative allele; ASE, allele-specific
expression; ATAC, Assay for Transposase-Accessible Chromatin; IQR, interquartile range;
PAR, pseudoautosomal region; QC, quality control; REF, reference allele; SNP, single
nucleotide polymorphism; Xa, active X chromosome; XCI, X chromosome inactivation; Xi,
inactive X chromosome.
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Figure S9. Application of scLinaX to the Tabula Sapiens dataset, related to Figure 5.

A, The relationships between the ratio of the ALT allele counts (y-axis) and the total allele
counts (x-axis) for each SNP. The points represent the pairs of sample and SNP, and the
colors of the points represent the density of the neighboring points. The red dashed lines
indicate the thresholds for QC. B, The relationships between the -log1o (P-value) (y-axis) and
correlation coefficients (x-axis) of the Spearman correlation tests for the pseudobulk ASE
profiles generated during scLinaX workflow. The points represent the pairs of two pseudobulk
profiles, and the colors of the points represent the density of the neighboring points. The
dashed lines indicate the thresholds for QC. C,D, The boxplots represent the number of valid
cells (c) and the ratio of the used cells (cells for which any of the reference SNPs are detected;
d) for each sample. The boxplot indicates the median values (center lines) and IQRs (box
edges), with the whiskers extending to the most extreme points within the range between
(lower quantile-[1.5 x IQR]) and (upper quantile + [1.5 x IQR]). E, The relationship
between the original number of the cells (x-axis) and the ratio of the used cells (y-axis). The
points represent samples. The red dashed lines indicate the mean ratio of the used cells
across samples. F, A bar plot represents the ratio of the cells that different X chromosomes
are inactivated or are removed from the analysis due to the bi-allelic expression of the
reference SNPs. G, A box plot represents the estimated ratio of the expression from Xi.
Genes are grouped according to the XCI status annotated in the previous study. The boxplot
indicates the median values (center lines) and IQRs (box edges), with the whiskers extending
to the most extreme points within the range between (lower quantile-[1.5 x IQR]) and
(upper quantile + [1.5 x IQR]). ALT, alternative allele; ASE, allele-specific expression; IQR,
interquartile range; PAR, pseudoautosomal region; QC, quality control; REF, reference allele;
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SNP, single nucleotide polymorphism; Xa, active X chromosome; XCI, X chromosome
inactivation; Xi, inactive X chromosome.
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Figure S10. Comparison of the eQTL effect sizes between sexes, related to Figure 6.
A, The relationship between the eQTL effect sizes between the AIDA dataset (x-axis) and
Japanese dataset (y-axis) for the significant eQTL signals detected in the AIDA dataset. The
color of the points represents the significance of the eQTL effects in the Japanese dataset (P
< 5 x 10%). The blue line indicates the regression line. B, Scatter plots represent the effect
sizes of the significant eQTL signals (P < 5 x 10-8; AIDA dataset) in the female-only (x-axis)
and male-only (y-axis) analyses with the Japanese dataset, separately for each XCI status.



The error bars indicate standard errors. The color of the plots indicates the cell type in which
the eQTL signals are identified. The oblique lines correspond to the female/male effect size
ratios described in the plots. The attached bar plots indicate the number of eQTL signals that
have larger effect sizes in females (left) and males (right). C, The scatter plots for escapee
genes (B, upper left) were colored according to the estimated female/male effect size ratio
based on the DEG analysis (top) and scLinaX analysis (bottom) with the AIDA dataset. Genes
that are not evaluated in the scLinaX analyses are colored grey. D, A schematic illustration
of the effect of the gene expression normalization method on the eQTL analysis of the
escapee genes. DEG, differentially expressed genes; eQTL, expression quantitative trait
locus; PAR, pseudoautosomal region; XCI, X chromosome inactivation.
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Figure S11. Comparison of the blood-related trait QTL analysis effect sizes between
sexes, related to Figure 6.

A, A Q-Q plot represents the association between the significant eQTL variants detected in
the AIDA dataset analysis and the blood-related traits in the BBJ cohort. The color of the dots
represents the blood-related phenotypes. The red dashed line represents the significance
threshold under a multiple-test correction. B, The comparisons of the blood-related trait QTL
analysis effect sizes between sexes in the BBJ (left) and UKB (right) cohort. The variant—
phenotype associations which satisfy the significance threshold in (A) are indicated. The color
of the plots represents the XCI status annotated in the previous study. The shapes of the
points in the right panel (UKB) indicate whether the significant variant—phenotype association
in BBJ is replicated with the UKB dataset. The error bars indicate standard errors. ¢, Scatter
plots represent the effect sizes of the two eQTL signals (rs6641874—PRKX and rs6641601—
PRKX) in the female-only (x-axis) and male-only (y-axis) analyses with the AIDA and
Japanese dataset. The error bars indicate standard errors. The color of the points indicates
the cell type in which the eQTL signals are identified. The size of the points indicates the P-
values in the eQTL analysis with all samples. BBJ, BioBank Japan; PAR, pseudoautosomal
region; QTL, quantitative trait locus; UKB, UK Biobank.
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Supplemental data

Data S1. Overview of the scLinaX method, related to Figure 2.

In Step 1, cells expressing each reference SNP are grouped, and pseudobulk allele-specific
expression (ASE) profiles are generated. scLinaX has the option to remove known escapee
genes from the pseudobulk ASE profiles (throughout this paper, this option was set as active).
The definitions of alleles 1 and 2 are different across cells depending on which allele of the
reference SNP is expressed by each cell. In Step 2, the correlation between pseudobulk ASE
profiles, which are tied to single reference SNPs, is evaluated. When allele 1 is defined as
expressing alleles of a reference SNP, the allele counts of other SNPs should be biased
toward allele 1 if the reference allele of the SNPs is on the same X chromosome as the
reference allele of the reference SNP. For SNPs with the reference allele on a different X
chromosome from the reference allele of the reference SNP, the allele count should be
biased toward allele 2. Therefore, positive and negative correlation means that the reference
alleles of the reference SNPs are on the same strand and different strands, respectively.
Based on the results of the correlation analysis, alleles of the reference SNPs are grouped
based on which X chromosome these alleles are on. In Step 3, cells are grouped based on
which groups of the reference SNPs are expressed. In Step 4, pseudobulk ASE profiles from
cells expressing any of the reference SNPs are generated. The definition of alleles 1 and 2
are different across cells depending on which group of the reference SNP allele is expressed
by each cell. The ratio of the expression from Xi is defined as the ratio of allele counts from

the alleles with a lower allele count.

Data S2. Accuracy of genotype calling from scRNA-seq data, related to Figure 2.
We compared genotype information derived from SNP array and scRNA-seq data with that
obtained solely from scRNA-seq data. We examined SNPs in heterozygous status in at least

one sample across the AIDA dataset (Figure S3K) or sample-SNP pairs (Figure S3L).
20



Consequently, when ASE analysis was conducted solely on the scRNA-seq data, 127
additional QC-passed SNPs and 2,738 sample-SNP pairs remained compared to when SNP
array data was also utilized. Most of these SNPs and sample-SNP pairs were either
undetected or had low imputation quality in the SNP array data, while some exhibited
relatively high imputation quality (R2 > 0.7), suggesting that genotype calls from scRNA-seq
data were generally accurate but might contain occasional errors. To conservatively and
accurately create a catalog of escape for each cell type, we prioritized analyses using both
SNP array data and scRNA-seq data when genotype data were available throughout this
study. However, genotype calls from scRNA-seq were usually accurate, and scLinaX analysis
solely based on scRNA-seq data yielded consistent results compared to analyses based on
both scRNA-seq and SNP array data (Figure S3A-J). These results suggested that scLinaX

can be applied to various datasets even when they do not have paired genotype dataset.

Data S3. Case-control comparison of escape, related to Figure 3.

Although no significant association was detected in the current analysis, there were some
potentially interesting results. For example, escape of TMSB4X in B cells was stronger in
SLE patients than in healthy controls (scLinaX estimates were 0.094 and 0.138, respectively
for HC and SLE; P = 0.052; Table S7). TMSB4X was located near the TLR7 whose escape
had been extensively studied in the context of SLESS2, Since escape can sometimes happen
in clusters of neighboring genesS3, increase of escape of TMSB4X may potentially suggest

the aberrant escape of TLR7 in SLE, while further analysis would be warranted.

Data S4. Overview of the scLinaX-multi method, related to Figure 4.
The input of the scLinaX-multi is single-cell multiome ATAC + Gene Expression data. In Step
1, cells are grouped based on which X chromosome is inactivated by applying scLinaX to the

gene expression information of the 10x multiome data. In Step 2, pseudobulk allele-specific
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chromatin accessibility profiles are generated by summing up the allele-specific chromatin
accessibility data of each single cell. The definition of alleles 1 and 2 is different across cells
dependent on which X chromosome is inactivated in each cell. The ratio of the Xi-derived
accessible chromatin is defined as a ratio of allele counts from the alleles with a lower allele

count.
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Asian Immune Diversity Atlas (AIDA) Network

Atlas assembly authors are arranged by area of contribution and ordered alphabetically by
last name.
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