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Two themes connected by optimal transport as the tool

[Zhao, Larschan, S., Singh]
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(Supplementary Fig. 8), confirming the previously reported link 
between differential promoter methylation and gene expression 
of this key stem cell factor15.

Analysis of the single-cell gene expression data following 
dimensionality reduction using t-SNE revealed a continuous 
trajectory of transcriptional changes (Fig. 2a) that reflected the 
stages of reprogramming. A bifurcation event was observed in the 
day 16 and day 24 cells whereby the TRA-1-60+ cells followed a 
productive trajectory toward an increasingly ES-like gene expres-
sion profile, while the TRA-1-60− cells followed an alternative 
path away from both the fibroblast and ES-like gene expression 
profiles. A subpopulation of TRA-1-60+ cells was closer to ES cells 
in gene expression profile, indicating that they were in the later 
stages of reprogramming. On the other hand, t-SNE analysis of 
single-cell DNA methylation data divided cells into the unrepro-
grammed cell cluster (containing BJ, day 8 and TRA-1-60− cells) 
and the reprogrammed cell cluster (containing iPS and ES cells; 
Fig. 2b). TRA-1-60+ cells connected these two clusters at various 
stages of reprogramming.

Analysis of the temporal dynamics of gene expression revealed 
a marked increase in the proportion of TRA-1-60+ late pluripotent 
cells in day 24 compared with day 16 cells (Fig. 2c), highlighting  
the changes in cell-stage distributions that take place during 
reprogramming. We observed de novo methylation changes in 
the day 16 late-pluripotent population (Fig. 2d). In contrast, 
demethylating loci underwent a later and more gradual change 
in the day 24 late-pluripotent population, suggesting a different 
timing for activation of the molecular mechanisms governing  
de novo methylation and demethylation.

To demonstrate the utility of sc-GEM in dissecting complex 
tissues, we used it to profile primary lung adenocarcinomas 
(LUADs), in which aberrant DNA methylation is common. 
Primary tumors typically consist of many different cell types 
and can be genetically mosaic, but little is known about their 
epigenetic heterogeneity. We sought to identify the cellular  
subpopulation of LUAD tumors in which aberrant methylation 
occurs by simultaneously assaying the expression, genotype, and 
DNA methylation state of a panel of genes reported to be aber-
rantly methylated in LUAD16–18. Mutations in EGFR, ALK and 
ROS1 are commonly tested in clinics to stratify patients for dif-
ferent treatments19. As our patient samples were found to harbor 
mutations in EGFR but not in ALK or ROS1 in bulk genotyping 
assays, we screened for EGFR mutations in exons 18, 19, 20 and 
21 in our single-cell genotyping assay.

Hierarchical clustering of DNA methylation profiles from 
125 single cells isolated from three LUAD tumors (patient IDs: 
LUAD1, LUAD2 and LUAD3) and 32 single cells from one nontu-
mor lung (NTL) tissue (patient ID: NTL2; Supplementary Fig. 9)  

resulted in two clusters with different methylation profiles 
(Supplementary Fig. 10). While cells from the tumor samples 
were found in both clusters (53/125 in cluster 1 and 72/125 in 
cluster 2), most cells from the NTL sample (30/32) grouped into 
cluster 1. This suggested that the DNA methylation profile in 
cluster 2 was specific to a subpopulation of cells found only in 
the tumor samples. Consistent with this and corroborated in  
t-SNE analysis (Supplementary Fig. 11a,b), we found that most 
tumor cells in cluster 1 had wild-type EGFR status (51/53), while 
a high proportion of the tumor-derived cells within cluster 2 had 
EGFR mutations (63/72). These data reflected both the genetic 
and epigenetic heterogeneity of the cells in the tumor tissue and 
also revealed a distinctive DNA methylation pattern of the EGFR 
mutant subpopulation within the tumors.

The segregation of EGFR mutant and wild-type tumor-derived 
single cells into two distinct DNA methylation clusters suggested 
that these two populations might represent different cell types or 
cell stages. On a tumor sample assayed with an optimized panel of 
cell-type marker genes, we found that gene expression data indeed 
divided cells into two clusters, consistent with our hypothesis 
(Fig. 3a and Supplementary Fig. 12). For this tumor sample, 
most EGFR wild-type cells (15/19) were found in cluster 1, while 
most EGFR mutant cells (39/41) were found in cluster 2. Cells in 
cluster 2 expressed high levels of alveolar type II epithelial cell 
markers (e.g., SFTPC, MUC1, LAMP3, KRT19 and KRT7), reflect-
ing the common tissue-specific origin for LUAD. Cells in cluster 
1 were notably lacking in epithelial marker expression and were 
instead enriched for multiple stromal markers such as CD33 and 
CD14 (lymphoid and myeloid cells), ITGB2 and PTPRC (immune 
cells), PECAM1 (endothelial cells) and VIM (mesenchymal cells). 
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Figure 1 | sc-GEM analysis of human cellular reprogramming.  
(a) Cell collection schedule during the reprogramming process.  
Cells sorted for the TRA-1-60 pluripotency marker and additional  
reference cell lines are shown. (b) Dynamics of single-cell gene  
expression (top) and DNA methylation (bottom) during reprogramming. 
Single cells (columns) are grouped according to time of collection.  
Loci are arranged into pluripotent, intermediate and somatic groups  
based on gene expression pattern (top) and are grouped according to 
whether they undergo de novo methylation or demethylation during 
reprogramming (bottom). Gray boxes represent methylated loci, and  
white boxes represent unmethylated loci.
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Quantifying patterns and 
tracing bifurcation curves

[Zhao, Maffa, S.]

surrounded by tightly packed blue cells (Fig. 1cxi). Conversely, at
stronger orange–orange adhesion (0.03 < JOO) and weak
blue–blue adhesion (JBB ≈ 0), clusters again consisted of blue cells
dispersed in a hexagonal configuration, surrounded by orange
cells. (Fig. 1dviii). When orange–orange adhesion was comparable
to blue–orange adhesion (JOO ≈ JBO= 0.25) with weaker blue–blue
adhesion (JBB= 0.15), clusters were observed with finger-like
patterns of orange and blue cells (Fig. 1dxii).
When blue–blue adhesion and orange–orange adhesion were

roughly comparable (JBB ≈ JOO ≈ 0.13), clusters consisted of tightly
packed orange cells dispersed in a hexagonal configuration,
surrounded by tightly packed blue cells (Fig. 1dx). When all three
adhesions were comparable (JBO ≈ JBB ≈ JOO= 0.25), clusters were
observed with intermixed orange and blue cells (Fig. 1dv). Next,
we performed unsupervised classification on the multicellular
patterns for varying adhesion parameters (Fig. 1) using persistence
images (Supplementary Fig. 11), normalized persistence curves

(Supplementary Fig. 12), and order parameters (Supplementary
Fig. 13).

Unsupervised classification of two nonproliferating cell types
with varying adhesion
Unsupervised classification of multicellular patterns using PCA,
PHATE, AE, and UMAP was compared based on our ground truth
labeling, and also colored by increasing values of JBO, JOO, and JBB
(Fig. 2). Ground truth labels (12 in total, denoted i-xii) were
assigned based on manual inspection of particle configurations at
the end of the simulation. For ease of visualization, axes were
plotted so that the spatial configurations are more qualitatively
consistent, as noted in the figure. In general, patterns with
individually dispersed cells (e.g., i, ii, iii) were classified farther
away from other patterns where both cell types were clustered
(Fig. 2). Further, for the crescent-like grouping of the remaining
clustered cell patterns, JBO increased from bottom to top, JOO
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Fig. 1 Comparison of cluster and stripe patterning for two cell types (orange and blue) at constant population size with systematically
varying blue–blue adhesion (JBB), orange–orange adhesion (JOO), and blue–orange adhesion (JBO), respectively. Representative slices with
JBB vs JOO for a JBO= 0.0, b JBO= 0.05, c JBO= 0.13, and d JBO= 0.25.
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Infer gene-regulatory networks from single-cell data

Inference: Infer gene-regulatory networks from time-stamped single-cell count matrices
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(Supplementary Fig. 8), confirming the previously reported link 
between differential promoter methylation and gene expression 
of this key stem cell factor15.

Analysis of the single-cell gene expression data following 
dimensionality reduction using t-SNE revealed a continuous 
trajectory of transcriptional changes (Fig. 2a) that reflected the 
stages of reprogramming. A bifurcation event was observed in the 
day 16 and day 24 cells whereby the TRA-1-60+ cells followed a 
productive trajectory toward an increasingly ES-like gene expres-
sion profile, while the TRA-1-60− cells followed an alternative 
path away from both the fibroblast and ES-like gene expression 
profiles. A subpopulation of TRA-1-60+ cells was closer to ES cells 
in gene expression profile, indicating that they were in the later 
stages of reprogramming. On the other hand, t-SNE analysis of 
single-cell DNA methylation data divided cells into the unrepro-
grammed cell cluster (containing BJ, day 8 and TRA-1-60− cells) 
and the reprogrammed cell cluster (containing iPS and ES cells; 
Fig. 2b). TRA-1-60+ cells connected these two clusters at various 
stages of reprogramming.

Analysis of the temporal dynamics of gene expression revealed 
a marked increase in the proportion of TRA-1-60+ late pluripotent 
cells in day 24 compared with day 16 cells (Fig. 2c), highlighting  
the changes in cell-stage distributions that take place during 
reprogramming. We observed de novo methylation changes in 
the day 16 late-pluripotent population (Fig. 2d). In contrast, 
demethylating loci underwent a later and more gradual change 
in the day 24 late-pluripotent population, suggesting a different 
timing for activation of the molecular mechanisms governing  
de novo methylation and demethylation.

To demonstrate the utility of sc-GEM in dissecting complex 
tissues, we used it to profile primary lung adenocarcinomas 
(LUADs), in which aberrant DNA methylation is common. 
Primary tumors typically consist of many different cell types 
and can be genetically mosaic, but little is known about their 
epigenetic heterogeneity. We sought to identify the cellular  
subpopulation of LUAD tumors in which aberrant methylation 
occurs by simultaneously assaying the expression, genotype, and 
DNA methylation state of a panel of genes reported to be aber-
rantly methylated in LUAD16–18. Mutations in EGFR, ALK and 
ROS1 are commonly tested in clinics to stratify patients for dif-
ferent treatments19. As our patient samples were found to harbor 
mutations in EGFR but not in ALK or ROS1 in bulk genotyping 
assays, we screened for EGFR mutations in exons 18, 19, 20 and 
21 in our single-cell genotyping assay.

Hierarchical clustering of DNA methylation profiles from 
125 single cells isolated from three LUAD tumors (patient IDs: 
LUAD1, LUAD2 and LUAD3) and 32 single cells from one nontu-
mor lung (NTL) tissue (patient ID: NTL2; Supplementary Fig. 9)  

resulted in two clusters with different methylation profiles 
(Supplementary Fig. 10). While cells from the tumor samples 
were found in both clusters (53/125 in cluster 1 and 72/125 in 
cluster 2), most cells from the NTL sample (30/32) grouped into 
cluster 1. This suggested that the DNA methylation profile in 
cluster 2 was specific to a subpopulation of cells found only in 
the tumor samples. Consistent with this and corroborated in  
t-SNE analysis (Supplementary Fig. 11a,b), we found that most 
tumor cells in cluster 1 had wild-type EGFR status (51/53), while 
a high proportion of the tumor-derived cells within cluster 2 had 
EGFR mutations (63/72). These data reflected both the genetic 
and epigenetic heterogeneity of the cells in the tumor tissue and 
also revealed a distinctive DNA methylation pattern of the EGFR 
mutant subpopulation within the tumors.

The segregation of EGFR mutant and wild-type tumor-derived 
single cells into two distinct DNA methylation clusters suggested 
that these two populations might represent different cell types or 
cell stages. On a tumor sample assayed with an optimized panel of 
cell-type marker genes, we found that gene expression data indeed 
divided cells into two clusters, consistent with our hypothesis 
(Fig. 3a and Supplementary Fig. 12). For this tumor sample, 
most EGFR wild-type cells (15/19) were found in cluster 1, while 
most EGFR mutant cells (39/41) were found in cluster 2. Cells in 
cluster 2 expressed high levels of alveolar type II epithelial cell 
markers (e.g., SFTPC, MUC1, LAMP3, KRT19 and KRT7), reflect-
ing the common tissue-specific origin for LUAD. Cells in cluster 
1 were notably lacking in epithelial marker expression and were 
instead enriched for multiple stromal markers such as CD33 and 
CD14 (lymphoid and myeloid cells), ITGB2 and PTPRC (immune 
cells), PECAM1 (endothelial cells) and VIM (mesenchymal cells). 
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Figure 1 | sc-GEM analysis of human cellular reprogramming.  
(a) Cell collection schedule during the reprogramming process.  
Cells sorted for the TRA-1-60 pluripotency marker and additional  
reference cell lines are shown. (b) Dynamics of single-cell gene  
expression (top) and DNA methylation (bottom) during reprogramming. 
Single cells (columns) are grouped according to time of collection.  
Loci are arranged into pluripotent, intermediate and somatic groups  
based on gene expression pattern (top) and are grouped according to 
whether they undergo de novo methylation or demethylation during 
reprogramming (bottom). Gray boxes represent methylated loci, and  
white boxes represent unmethylated loci.
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(Supplementary Fig. 8), confirming the previously reported link 
between differential promoter methylation and gene expression 
of this key stem cell factor15.

Analysis of the single-cell gene expression data following 
dimensionality reduction using t-SNE revealed a continuous 
trajectory of transcriptional changes (Fig. 2a) that reflected the 
stages of reprogramming. A bifurcation event was observed in the 
day 16 and day 24 cells whereby the TRA-1-60+ cells followed a 
productive trajectory toward an increasingly ES-like gene expres-
sion profile, while the TRA-1-60− cells followed an alternative 
path away from both the fibroblast and ES-like gene expression 
profiles. A subpopulation of TRA-1-60+ cells was closer to ES cells 
in gene expression profile, indicating that they were in the later 
stages of reprogramming. On the other hand, t-SNE analysis of 
single-cell DNA methylation data divided cells into the unrepro-
grammed cell cluster (containing BJ, day 8 and TRA-1-60− cells) 
and the reprogrammed cell cluster (containing iPS and ES cells; 
Fig. 2b). TRA-1-60+ cells connected these two clusters at various 
stages of reprogramming.

Analysis of the temporal dynamics of gene expression revealed 
a marked increase in the proportion of TRA-1-60+ late pluripotent 
cells in day 24 compared with day 16 cells (Fig. 2c), highlighting  
the changes in cell-stage distributions that take place during 
reprogramming. We observed de novo methylation changes in 
the day 16 late-pluripotent population (Fig. 2d). In contrast, 
demethylating loci underwent a later and more gradual change 
in the day 24 late-pluripotent population, suggesting a different 
timing for activation of the molecular mechanisms governing  
de novo methylation and demethylation.

To demonstrate the utility of sc-GEM in dissecting complex 
tissues, we used it to profile primary lung adenocarcinomas 
(LUADs), in which aberrant DNA methylation is common. 
Primary tumors typically consist of many different cell types 
and can be genetically mosaic, but little is known about their 
epigenetic heterogeneity. We sought to identify the cellular  
subpopulation of LUAD tumors in which aberrant methylation 
occurs by simultaneously assaying the expression, genotype, and 
DNA methylation state of a panel of genes reported to be aber-
rantly methylated in LUAD16–18. Mutations in EGFR, ALK and 
ROS1 are commonly tested in clinics to stratify patients for dif-
ferent treatments19. As our patient samples were found to harbor 
mutations in EGFR but not in ALK or ROS1 in bulk genotyping 
assays, we screened for EGFR mutations in exons 18, 19, 20 and 
21 in our single-cell genotyping assay.

Hierarchical clustering of DNA methylation profiles from 
125 single cells isolated from three LUAD tumors (patient IDs: 
LUAD1, LUAD2 and LUAD3) and 32 single cells from one nontu-
mor lung (NTL) tissue (patient ID: NTL2; Supplementary Fig. 9)  

resulted in two clusters with different methylation profiles 
(Supplementary Fig. 10). While cells from the tumor samples 
were found in both clusters (53/125 in cluster 1 and 72/125 in 
cluster 2), most cells from the NTL sample (30/32) grouped into 
cluster 1. This suggested that the DNA methylation profile in 
cluster 2 was specific to a subpopulation of cells found only in 
the tumor samples. Consistent with this and corroborated in  
t-SNE analysis (Supplementary Fig. 11a,b), we found that most 
tumor cells in cluster 1 had wild-type EGFR status (51/53), while 
a high proportion of the tumor-derived cells within cluster 2 had 
EGFR mutations (63/72). These data reflected both the genetic 
and epigenetic heterogeneity of the cells in the tumor tissue and 
also revealed a distinctive DNA methylation pattern of the EGFR 
mutant subpopulation within the tumors.

The segregation of EGFR mutant and wild-type tumor-derived 
single cells into two distinct DNA methylation clusters suggested 
that these two populations might represent different cell types or 
cell stages. On a tumor sample assayed with an optimized panel of 
cell-type marker genes, we found that gene expression data indeed 
divided cells into two clusters, consistent with our hypothesis 
(Fig. 3a and Supplementary Fig. 12). For this tumor sample, 
most EGFR wild-type cells (15/19) were found in cluster 1, while 
most EGFR mutant cells (39/41) were found in cluster 2. Cells in 
cluster 2 expressed high levels of alveolar type II epithelial cell 
markers (e.g., SFTPC, MUC1, LAMP3, KRT19 and KRT7), reflect-
ing the common tissue-specific origin for LUAD. Cells in cluster 
1 were notably lacking in epithelial marker expression and were 
instead enriched for multiple stromal markers such as CD33 and 
CD14 (lymphoid and myeloid cells), ITGB2 and PTPRC (immune 
cells), PECAM1 (endothelial cells) and VIM (mesenchymal cells). 
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Figure 1 | sc-GEM analysis of human cellular reprogramming.  
(a) Cell collection schedule during the reprogramming process.  
Cells sorted for the TRA-1-60 pluripotency marker and additional  
reference cell lines are shown. (b) Dynamics of single-cell gene  
expression (top) and DNA methylation (bottom) during reprogramming. 
Single cells (columns) are grouped according to time of collection.  
Loci are arranged into pluripotent, intermediate and somatic groups  
based on gene expression pattern (top) and are grouped according to 
whether they undergo de novo methylation or demethylation during 
reprogramming (bottom). Gray boxes represent methylated loci, and  
white boxes represent unmethylated loci.
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(Supplementary Fig. 8), confirming the previously reported link 
between differential promoter methylation and gene expression 
of this key stem cell factor15.

Analysis of the single-cell gene expression data following 
dimensionality reduction using t-SNE revealed a continuous 
trajectory of transcriptional changes (Fig. 2a) that reflected the 
stages of reprogramming. A bifurcation event was observed in the 
day 16 and day 24 cells whereby the TRA-1-60+ cells followed a 
productive trajectory toward an increasingly ES-like gene expres-
sion profile, while the TRA-1-60− cells followed an alternative 
path away from both the fibroblast and ES-like gene expression 
profiles. A subpopulation of TRA-1-60+ cells was closer to ES cells 
in gene expression profile, indicating that they were in the later 
stages of reprogramming. On the other hand, t-SNE analysis of 
single-cell DNA methylation data divided cells into the unrepro-
grammed cell cluster (containing BJ, day 8 and TRA-1-60− cells) 
and the reprogrammed cell cluster (containing iPS and ES cells; 
Fig. 2b). TRA-1-60+ cells connected these two clusters at various 
stages of reprogramming.

Analysis of the temporal dynamics of gene expression revealed 
a marked increase in the proportion of TRA-1-60+ late pluripotent 
cells in day 24 compared with day 16 cells (Fig. 2c), highlighting  
the changes in cell-stage distributions that take place during 
reprogramming. We observed de novo methylation changes in 
the day 16 late-pluripotent population (Fig. 2d). In contrast, 
demethylating loci underwent a later and more gradual change 
in the day 24 late-pluripotent population, suggesting a different 
timing for activation of the molecular mechanisms governing  
de novo methylation and demethylation.

To demonstrate the utility of sc-GEM in dissecting complex 
tissues, we used it to profile primary lung adenocarcinomas 
(LUADs), in which aberrant DNA methylation is common. 
Primary tumors typically consist of many different cell types 
and can be genetically mosaic, but little is known about their 
epigenetic heterogeneity. We sought to identify the cellular  
subpopulation of LUAD tumors in which aberrant methylation 
occurs by simultaneously assaying the expression, genotype, and 
DNA methylation state of a panel of genes reported to be aber-
rantly methylated in LUAD16–18. Mutations in EGFR, ALK and 
ROS1 are commonly tested in clinics to stratify patients for dif-
ferent treatments19. As our patient samples were found to harbor 
mutations in EGFR but not in ALK or ROS1 in bulk genotyping 
assays, we screened for EGFR mutations in exons 18, 19, 20 and 
21 in our single-cell genotyping assay.

Hierarchical clustering of DNA methylation profiles from 
125 single cells isolated from three LUAD tumors (patient IDs: 
LUAD1, LUAD2 and LUAD3) and 32 single cells from one nontu-
mor lung (NTL) tissue (patient ID: NTL2; Supplementary Fig. 9)  

resulted in two clusters with different methylation profiles 
(Supplementary Fig. 10). While cells from the tumor samples 
were found in both clusters (53/125 in cluster 1 and 72/125 in 
cluster 2), most cells from the NTL sample (30/32) grouped into 
cluster 1. This suggested that the DNA methylation profile in 
cluster 2 was specific to a subpopulation of cells found only in 
the tumor samples. Consistent with this and corroborated in  
t-SNE analysis (Supplementary Fig. 11a,b), we found that most 
tumor cells in cluster 1 had wild-type EGFR status (51/53), while 
a high proportion of the tumor-derived cells within cluster 2 had 
EGFR mutations (63/72). These data reflected both the genetic 
and epigenetic heterogeneity of the cells in the tumor tissue and 
also revealed a distinctive DNA methylation pattern of the EGFR 
mutant subpopulation within the tumors.

The segregation of EGFR mutant and wild-type tumor-derived 
single cells into two distinct DNA methylation clusters suggested 
that these two populations might represent different cell types or 
cell stages. On a tumor sample assayed with an optimized panel of 
cell-type marker genes, we found that gene expression data indeed 
divided cells into two clusters, consistent with our hypothesis 
(Fig. 3a and Supplementary Fig. 12). For this tumor sample, 
most EGFR wild-type cells (15/19) were found in cluster 1, while 
most EGFR mutant cells (39/41) were found in cluster 2. Cells in 
cluster 2 expressed high levels of alveolar type II epithelial cell 
markers (e.g., SFTPC, MUC1, LAMP3, KRT19 and KRT7), reflect-
ing the common tissue-specific origin for LUAD. Cells in cluster 
1 were notably lacking in epithelial marker expression and were 
instead enriched for multiple stromal markers such as CD33 and 
CD14 (lymphoid and myeloid cells), ITGB2 and PTPRC (immune 
cells), PECAM1 (endothelial cells) and VIM (mesenchymal cells). 

MYC
NESTIN
JARID2
CDX2
DAZL
NKX2−5
AFP
DNMT3L
TGFBR2
LUM
FOSL1
TBX3
TFAP2A
HAND1
IGF2
CER1
ZSCAN18
OCT4
WNT10B
LEFTY
FGF4
MMP9
TFCP2L1
DNMT3B
PRDM14
CDH1
BMP7
SOX2
NANOG
SALL4
OTX2
ZFP42
KCNQ2
ZIC3

1550 20 25

Expression (log2)

AK123759
EPHB3
TFAP2A
PLEKHH3
NFATC1
LY86−AS1
COL23A1
NFIX
ADAM33
HLX−AS1
FOXD2
CYBRD1
PIWIL1
LTBR
ZNF662
SULT1A1
UNC45A
ALDH3A1 
STON2P1
CHL1
TNNI3
COL20A1
TMEM173
DPPA3
NXRA8
KCNQ2
CDH22

BJ d8 d16– d16+ d24– d24+ iPS ES

Pluripotency

Intermediate

Somatic

De novo
methylation

Demethylation

Human BJ
fibroblast

Human
iPS cell line 

8

16

16

24

24

d

d

Human
ES cell line

Start OSKM

TRA-1-60–

TRA-1-60+

10

a

b

Figure 1 | sc-GEM analysis of human cellular reprogramming.  
(a) Cell collection schedule during the reprogramming process.  
Cells sorted for the TRA-1-60 pluripotency marker and additional  
reference cell lines are shown. (b) Dynamics of single-cell gene  
expression (top) and DNA methylation (bottom) during reprogramming. 
Single cells (columns) are grouped according to time of collection.  
Loci are arranged into pluripotent, intermediate and somatic groups  
based on gene expression pattern (top) and are grouped according to 
whether they undergo de novo methylation or demethylation during 
reprogramming (bottom). Gray boxes represent methylated loci, and  
white boxes represent unmethylated loci.
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(Supplementary Fig. 8), confirming the previously reported link 
between differential promoter methylation and gene expression 
of this key stem cell factor15.

Analysis of the single-cell gene expression data following 
dimensionality reduction using t-SNE revealed a continuous 
trajectory of transcriptional changes (Fig. 2a) that reflected the 
stages of reprogramming. A bifurcation event was observed in the 
day 16 and day 24 cells whereby the TRA-1-60+ cells followed a 
productive trajectory toward an increasingly ES-like gene expres-
sion profile, while the TRA-1-60− cells followed an alternative 
path away from both the fibroblast and ES-like gene expression 
profiles. A subpopulation of TRA-1-60+ cells was closer to ES cells 
in gene expression profile, indicating that they were in the later 
stages of reprogramming. On the other hand, t-SNE analysis of 
single-cell DNA methylation data divided cells into the unrepro-
grammed cell cluster (containing BJ, day 8 and TRA-1-60− cells) 
and the reprogrammed cell cluster (containing iPS and ES cells; 
Fig. 2b). TRA-1-60+ cells connected these two clusters at various 
stages of reprogramming.

Analysis of the temporal dynamics of gene expression revealed 
a marked increase in the proportion of TRA-1-60+ late pluripotent 
cells in day 24 compared with day 16 cells (Fig. 2c), highlighting  
the changes in cell-stage distributions that take place during 
reprogramming. We observed de novo methylation changes in 
the day 16 late-pluripotent population (Fig. 2d). In contrast, 
demethylating loci underwent a later and more gradual change 
in the day 24 late-pluripotent population, suggesting a different 
timing for activation of the molecular mechanisms governing  
de novo methylation and demethylation.

To demonstrate the utility of sc-GEM in dissecting complex 
tissues, we used it to profile primary lung adenocarcinomas 
(LUADs), in which aberrant DNA methylation is common. 
Primary tumors typically consist of many different cell types 
and can be genetically mosaic, but little is known about their 
epigenetic heterogeneity. We sought to identify the cellular  
subpopulation of LUAD tumors in which aberrant methylation 
occurs by simultaneously assaying the expression, genotype, and 
DNA methylation state of a panel of genes reported to be aber-
rantly methylated in LUAD16–18. Mutations in EGFR, ALK and 
ROS1 are commonly tested in clinics to stratify patients for dif-
ferent treatments19. As our patient samples were found to harbor 
mutations in EGFR but not in ALK or ROS1 in bulk genotyping 
assays, we screened for EGFR mutations in exons 18, 19, 20 and 
21 in our single-cell genotyping assay.

Hierarchical clustering of DNA methylation profiles from 
125 single cells isolated from three LUAD tumors (patient IDs: 
LUAD1, LUAD2 and LUAD3) and 32 single cells from one nontu-
mor lung (NTL) tissue (patient ID: NTL2; Supplementary Fig. 9)  

resulted in two clusters with different methylation profiles 
(Supplementary Fig. 10). While cells from the tumor samples 
were found in both clusters (53/125 in cluster 1 and 72/125 in 
cluster 2), most cells from the NTL sample (30/32) grouped into 
cluster 1. This suggested that the DNA methylation profile in 
cluster 2 was specific to a subpopulation of cells found only in 
the tumor samples. Consistent with this and corroborated in  
t-SNE analysis (Supplementary Fig. 11a,b), we found that most 
tumor cells in cluster 1 had wild-type EGFR status (51/53), while 
a high proportion of the tumor-derived cells within cluster 2 had 
EGFR mutations (63/72). These data reflected both the genetic 
and epigenetic heterogeneity of the cells in the tumor tissue and 
also revealed a distinctive DNA methylation pattern of the EGFR 
mutant subpopulation within the tumors.

The segregation of EGFR mutant and wild-type tumor-derived 
single cells into two distinct DNA methylation clusters suggested 
that these two populations might represent different cell types or 
cell stages. On a tumor sample assayed with an optimized panel of 
cell-type marker genes, we found that gene expression data indeed 
divided cells into two clusters, consistent with our hypothesis 
(Fig. 3a and Supplementary Fig. 12). For this tumor sample, 
most EGFR wild-type cells (15/19) were found in cluster 1, while 
most EGFR mutant cells (39/41) were found in cluster 2. Cells in 
cluster 2 expressed high levels of alveolar type II epithelial cell 
markers (e.g., SFTPC, MUC1, LAMP3, KRT19 and KRT7), reflect-
ing the common tissue-specific origin for LUAD. Cells in cluster 
1 were notably lacking in epithelial marker expression and were 
instead enriched for multiple stromal markers such as CD33 and 
CD14 (lymphoid and myeloid cells), ITGB2 and PTPRC (immune 
cells), PECAM1 (endothelial cells) and VIM (mesenchymal cells). 
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Figure 1 | sc-GEM analysis of human cellular reprogramming.  
(a) Cell collection schedule during the reprogramming process.  
Cells sorted for the TRA-1-60 pluripotency marker and additional  
reference cell lines are shown. (b) Dynamics of single-cell gene  
expression (top) and DNA methylation (bottom) during reprogramming. 
Single cells (columns) are grouped according to time of collection.  
Loci are arranged into pluripotent, intermediate and somatic groups  
based on gene expression pattern (top) and are grouped according to 
whether they undergo de novo methylation or demethylation during 
reprogramming (bottom). Gray boxes represent methylated loci, and  
white boxes represent unmethylated loci.
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(Supplementary Fig. 8), confirming the previously reported link 
between differential promoter methylation and gene expression 
of this key stem cell factor15.

Analysis of the single-cell gene expression data following 
dimensionality reduction using t-SNE revealed a continuous 
trajectory of transcriptional changes (Fig. 2a) that reflected the 
stages of reprogramming. A bifurcation event was observed in the 
day 16 and day 24 cells whereby the TRA-1-60+ cells followed a 
productive trajectory toward an increasingly ES-like gene expres-
sion profile, while the TRA-1-60− cells followed an alternative 
path away from both the fibroblast and ES-like gene expression 
profiles. A subpopulation of TRA-1-60+ cells was closer to ES cells 
in gene expression profile, indicating that they were in the later 
stages of reprogramming. On the other hand, t-SNE analysis of 
single-cell DNA methylation data divided cells into the unrepro-
grammed cell cluster (containing BJ, day 8 and TRA-1-60− cells) 
and the reprogrammed cell cluster (containing iPS and ES cells; 
Fig. 2b). TRA-1-60+ cells connected these two clusters at various 
stages of reprogramming.

Analysis of the temporal dynamics of gene expression revealed 
a marked increase in the proportion of TRA-1-60+ late pluripotent 
cells in day 24 compared with day 16 cells (Fig. 2c), highlighting  
the changes in cell-stage distributions that take place during 
reprogramming. We observed de novo methylation changes in 
the day 16 late-pluripotent population (Fig. 2d). In contrast, 
demethylating loci underwent a later and more gradual change 
in the day 24 late-pluripotent population, suggesting a different 
timing for activation of the molecular mechanisms governing  
de novo methylation and demethylation.

To demonstrate the utility of sc-GEM in dissecting complex 
tissues, we used it to profile primary lung adenocarcinomas 
(LUADs), in which aberrant DNA methylation is common. 
Primary tumors typically consist of many different cell types 
and can be genetically mosaic, but little is known about their 
epigenetic heterogeneity. We sought to identify the cellular  
subpopulation of LUAD tumors in which aberrant methylation 
occurs by simultaneously assaying the expression, genotype, and 
DNA methylation state of a panel of genes reported to be aber-
rantly methylated in LUAD16–18. Mutations in EGFR, ALK and 
ROS1 are commonly tested in clinics to stratify patients for dif-
ferent treatments19. As our patient samples were found to harbor 
mutations in EGFR but not in ALK or ROS1 in bulk genotyping 
assays, we screened for EGFR mutations in exons 18, 19, 20 and 
21 in our single-cell genotyping assay.

Hierarchical clustering of DNA methylation profiles from 
125 single cells isolated from three LUAD tumors (patient IDs: 
LUAD1, LUAD2 and LUAD3) and 32 single cells from one nontu-
mor lung (NTL) tissue (patient ID: NTL2; Supplementary Fig. 9)  

resulted in two clusters with different methylation profiles 
(Supplementary Fig. 10). While cells from the tumor samples 
were found in both clusters (53/125 in cluster 1 and 72/125 in 
cluster 2), most cells from the NTL sample (30/32) grouped into 
cluster 1. This suggested that the DNA methylation profile in 
cluster 2 was specific to a subpopulation of cells found only in 
the tumor samples. Consistent with this and corroborated in  
t-SNE analysis (Supplementary Fig. 11a,b), we found that most 
tumor cells in cluster 1 had wild-type EGFR status (51/53), while 
a high proportion of the tumor-derived cells within cluster 2 had 
EGFR mutations (63/72). These data reflected both the genetic 
and epigenetic heterogeneity of the cells in the tumor tissue and 
also revealed a distinctive DNA methylation pattern of the EGFR 
mutant subpopulation within the tumors.

The segregation of EGFR mutant and wild-type tumor-derived 
single cells into two distinct DNA methylation clusters suggested 
that these two populations might represent different cell types or 
cell stages. On a tumor sample assayed with an optimized panel of 
cell-type marker genes, we found that gene expression data indeed 
divided cells into two clusters, consistent with our hypothesis 
(Fig. 3a and Supplementary Fig. 12). For this tumor sample, 
most EGFR wild-type cells (15/19) were found in cluster 1, while 
most EGFR mutant cells (39/41) were found in cluster 2. Cells in 
cluster 2 expressed high levels of alveolar type II epithelial cell 
markers (e.g., SFTPC, MUC1, LAMP3, KRT19 and KRT7), reflect-
ing the common tissue-specific origin for LUAD. Cells in cluster 
1 were notably lacking in epithelial marker expression and were 
instead enriched for multiple stromal markers such as CD33 and 
CD14 (lymphoid and myeloid cells), ITGB2 and PTPRC (immune 
cells), PECAM1 (endothelial cells) and VIM (mesenchymal cells). 
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Figure 1 | sc-GEM analysis of human cellular reprogramming.  
(a) Cell collection schedule during the reprogramming process.  
Cells sorted for the TRA-1-60 pluripotency marker and additional  
reference cell lines are shown. (b) Dynamics of single-cell gene  
expression (top) and DNA methylation (bottom) during reprogramming. 
Single cells (columns) are grouped according to time of collection.  
Loci are arranged into pluripotent, intermediate and somatic groups  
based on gene expression pattern (top) and are grouped according to 
whether they undergo de novo methylation or demethylation during 
reprogramming (bottom). Gray boxes represent methylated loci, and  
white boxes represent unmethylated loci.
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Results: Comparison with other algorithms

AUCPR ratio 
(undirected)

AUCPR ratio 
(directed)

Beeline datasets
[Pratapa et al.]
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Results: scGEM

Reprogramming human somatic cells to pluripotent stem cells [Cheow et al. (2016)]
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Results: Drosophila

Drosophila embryonic development: neuroectoderm [Calderon et al. 2022]

neural 
progenitors

immature 
neurons

epidermis

mature 
neurons

sensory 
progenitors ventral 

midline
tim

e

In-out degree ratio

deg(g) =
∑g̃≠g Cg̃,g

∑g̃≠g Cg,g̃

Upstream genes ( )deg(g) < 1 Downstream genes ( )deg(g) > 1



Two themes connected by optimal transport as the tool

[Zhao, Larschan, S., Singh]
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(Supplementary Fig. 8), confirming the previously reported link 
between differential promoter methylation and gene expression 
of this key stem cell factor15.

Analysis of the single-cell gene expression data following 
dimensionality reduction using t-SNE revealed a continuous 
trajectory of transcriptional changes (Fig. 2a) that reflected the 
stages of reprogramming. A bifurcation event was observed in the 
day 16 and day 24 cells whereby the TRA-1-60+ cells followed a 
productive trajectory toward an increasingly ES-like gene expres-
sion profile, while the TRA-1-60− cells followed an alternative 
path away from both the fibroblast and ES-like gene expression 
profiles. A subpopulation of TRA-1-60+ cells was closer to ES cells 
in gene expression profile, indicating that they were in the later 
stages of reprogramming. On the other hand, t-SNE analysis of 
single-cell DNA methylation data divided cells into the unrepro-
grammed cell cluster (containing BJ, day 8 and TRA-1-60− cells) 
and the reprogrammed cell cluster (containing iPS and ES cells; 
Fig. 2b). TRA-1-60+ cells connected these two clusters at various 
stages of reprogramming.

Analysis of the temporal dynamics of gene expression revealed 
a marked increase in the proportion of TRA-1-60+ late pluripotent 
cells in day 24 compared with day 16 cells (Fig. 2c), highlighting  
the changes in cell-stage distributions that take place during 
reprogramming. We observed de novo methylation changes in 
the day 16 late-pluripotent population (Fig. 2d). In contrast, 
demethylating loci underwent a later and more gradual change 
in the day 24 late-pluripotent population, suggesting a different 
timing for activation of the molecular mechanisms governing  
de novo methylation and demethylation.

To demonstrate the utility of sc-GEM in dissecting complex 
tissues, we used it to profile primary lung adenocarcinomas 
(LUADs), in which aberrant DNA methylation is common. 
Primary tumors typically consist of many different cell types 
and can be genetically mosaic, but little is known about their 
epigenetic heterogeneity. We sought to identify the cellular  
subpopulation of LUAD tumors in which aberrant methylation 
occurs by simultaneously assaying the expression, genotype, and 
DNA methylation state of a panel of genes reported to be aber-
rantly methylated in LUAD16–18. Mutations in EGFR, ALK and 
ROS1 are commonly tested in clinics to stratify patients for dif-
ferent treatments19. As our patient samples were found to harbor 
mutations in EGFR but not in ALK or ROS1 in bulk genotyping 
assays, we screened for EGFR mutations in exons 18, 19, 20 and 
21 in our single-cell genotyping assay.

Hierarchical clustering of DNA methylation profiles from 
125 single cells isolated from three LUAD tumors (patient IDs: 
LUAD1, LUAD2 and LUAD3) and 32 single cells from one nontu-
mor lung (NTL) tissue (patient ID: NTL2; Supplementary Fig. 9)  

resulted in two clusters with different methylation profiles 
(Supplementary Fig. 10). While cells from the tumor samples 
were found in both clusters (53/125 in cluster 1 and 72/125 in 
cluster 2), most cells from the NTL sample (30/32) grouped into 
cluster 1. This suggested that the DNA methylation profile in 
cluster 2 was specific to a subpopulation of cells found only in 
the tumor samples. Consistent with this and corroborated in  
t-SNE analysis (Supplementary Fig. 11a,b), we found that most 
tumor cells in cluster 1 had wild-type EGFR status (51/53), while 
a high proportion of the tumor-derived cells within cluster 2 had 
EGFR mutations (63/72). These data reflected both the genetic 
and epigenetic heterogeneity of the cells in the tumor tissue and 
also revealed a distinctive DNA methylation pattern of the EGFR 
mutant subpopulation within the tumors.

The segregation of EGFR mutant and wild-type tumor-derived 
single cells into two distinct DNA methylation clusters suggested 
that these two populations might represent different cell types or 
cell stages. On a tumor sample assayed with an optimized panel of 
cell-type marker genes, we found that gene expression data indeed 
divided cells into two clusters, consistent with our hypothesis 
(Fig. 3a and Supplementary Fig. 12). For this tumor sample, 
most EGFR wild-type cells (15/19) were found in cluster 1, while 
most EGFR mutant cells (39/41) were found in cluster 2. Cells in 
cluster 2 expressed high levels of alveolar type II epithelial cell 
markers (e.g., SFTPC, MUC1, LAMP3, KRT19 and KRT7), reflect-
ing the common tissue-specific origin for LUAD. Cells in cluster 
1 were notably lacking in epithelial marker expression and were 
instead enriched for multiple stromal markers such as CD33 and 
CD14 (lymphoid and myeloid cells), ITGB2 and PTPRC (immune 
cells), PECAM1 (endothelial cells) and VIM (mesenchymal cells). 
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Figure 1 | sc-GEM analysis of human cellular reprogramming.  
(a) Cell collection schedule during the reprogramming process.  
Cells sorted for the TRA-1-60 pluripotency marker and additional  
reference cell lines are shown. (b) Dynamics of single-cell gene  
expression (top) and DNA methylation (bottom) during reprogramming. 
Single cells (columns) are grouped according to time of collection.  
Loci are arranged into pluripotent, intermediate and somatic groups  
based on gene expression pattern (top) and are grouped according to 
whether they undergo de novo methylation or demethylation during 
reprogramming (bottom). Gray boxes represent methylated loci, and  
white boxes represent unmethylated loci.
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Quantifying patterns and 
tracing bifurcation curves

[Zhao, Maffa, S.]

surrounded by tightly packed blue cells (Fig. 1cxi). Conversely, at
stronger orange–orange adhesion (0.03 < JOO) and weak
blue–blue adhesion (JBB ≈ 0), clusters again consisted of blue cells
dispersed in a hexagonal configuration, surrounded by orange
cells. (Fig. 1dviii). When orange–orange adhesion was comparable
to blue–orange adhesion (JOO ≈ JBO= 0.25) with weaker blue–blue
adhesion (JBB= 0.15), clusters were observed with finger-like
patterns of orange and blue cells (Fig. 1dxii).
When blue–blue adhesion and orange–orange adhesion were

roughly comparable (JBB ≈ JOO ≈ 0.13), clusters consisted of tightly
packed orange cells dispersed in a hexagonal configuration,
surrounded by tightly packed blue cells (Fig. 1dx). When all three
adhesions were comparable (JBO ≈ JBB ≈ JOO= 0.25), clusters were
observed with intermixed orange and blue cells (Fig. 1dv). Next,
we performed unsupervised classification on the multicellular
patterns for varying adhesion parameters (Fig. 1) using persistence
images (Supplementary Fig. 11), normalized persistence curves

(Supplementary Fig. 12), and order parameters (Supplementary
Fig. 13).

Unsupervised classification of two nonproliferating cell types
with varying adhesion
Unsupervised classification of multicellular patterns using PCA,
PHATE, AE, and UMAP was compared based on our ground truth
labeling, and also colored by increasing values of JBO, JOO, and JBB
(Fig. 2). Ground truth labels (12 in total, denoted i-xii) were
assigned based on manual inspection of particle configurations at
the end of the simulation. For ease of visualization, axes were
plotted so that the spatial configurations are more qualitatively
consistent, as noted in the figure. In general, patterns with
individually dispersed cells (e.g., i, ii, iii) were classified farther
away from other patterns where both cell types were clustered
(Fig. 2). Further, for the crescent-like grouping of the remaining
clustered cell patterns, JBO increased from bottom to top, JOO
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Fig. 1 Comparison of cluster and stripe patterning for two cell types (orange and blue) at constant population size with systematically
varying blue–blue adhesion (JBB), orange–orange adhesion (JOO), and blue–orange adhesion (JBO), respectively. Representative slices with
JBB vs JOO for a JBO= 0.0, b JBO= 0.05, c JBO= 0.13, and d JBO= 0.25.
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(Supplementary Fig. 8), confirming the previously reported link 
between differential promoter methylation and gene expression 
of this key stem cell factor15.

Analysis of the single-cell gene expression data following 
dimensionality reduction using t-SNE revealed a continuous 
trajectory of transcriptional changes (Fig. 2a) that reflected the 
stages of reprogramming. A bifurcation event was observed in the 
day 16 and day 24 cells whereby the TRA-1-60+ cells followed a 
productive trajectory toward an increasingly ES-like gene expres-
sion profile, while the TRA-1-60− cells followed an alternative 
path away from both the fibroblast and ES-like gene expression 
profiles. A subpopulation of TRA-1-60+ cells was closer to ES cells 
in gene expression profile, indicating that they were in the later 
stages of reprogramming. On the other hand, t-SNE analysis of 
single-cell DNA methylation data divided cells into the unrepro-
grammed cell cluster (containing BJ, day 8 and TRA-1-60− cells) 
and the reprogrammed cell cluster (containing iPS and ES cells; 
Fig. 2b). TRA-1-60+ cells connected these two clusters at various 
stages of reprogramming.

Analysis of the temporal dynamics of gene expression revealed 
a marked increase in the proportion of TRA-1-60+ late pluripotent 
cells in day 24 compared with day 16 cells (Fig. 2c), highlighting  
the changes in cell-stage distributions that take place during 
reprogramming. We observed de novo methylation changes in 
the day 16 late-pluripotent population (Fig. 2d). In contrast, 
demethylating loci underwent a later and more gradual change 
in the day 24 late-pluripotent population, suggesting a different 
timing for activation of the molecular mechanisms governing  
de novo methylation and demethylation.

To demonstrate the utility of sc-GEM in dissecting complex 
tissues, we used it to profile primary lung adenocarcinomas 
(LUADs), in which aberrant DNA methylation is common. 
Primary tumors typically consist of many different cell types 
and can be genetically mosaic, but little is known about their 
epigenetic heterogeneity. We sought to identify the cellular  
subpopulation of LUAD tumors in which aberrant methylation 
occurs by simultaneously assaying the expression, genotype, and 
DNA methylation state of a panel of genes reported to be aber-
rantly methylated in LUAD16–18. Mutations in EGFR, ALK and 
ROS1 are commonly tested in clinics to stratify patients for dif-
ferent treatments19. As our patient samples were found to harbor 
mutations in EGFR but not in ALK or ROS1 in bulk genotyping 
assays, we screened for EGFR mutations in exons 18, 19, 20 and 
21 in our single-cell genotyping assay.

Hierarchical clustering of DNA methylation profiles from 
125 single cells isolated from three LUAD tumors (patient IDs: 
LUAD1, LUAD2 and LUAD3) and 32 single cells from one nontu-
mor lung (NTL) tissue (patient ID: NTL2; Supplementary Fig. 9)  

resulted in two clusters with different methylation profiles 
(Supplementary Fig. 10). While cells from the tumor samples 
were found in both clusters (53/125 in cluster 1 and 72/125 in 
cluster 2), most cells from the NTL sample (30/32) grouped into 
cluster 1. This suggested that the DNA methylation profile in 
cluster 2 was specific to a subpopulation of cells found only in 
the tumor samples. Consistent with this and corroborated in  
t-SNE analysis (Supplementary Fig. 11a,b), we found that most 
tumor cells in cluster 1 had wild-type EGFR status (51/53), while 
a high proportion of the tumor-derived cells within cluster 2 had 
EGFR mutations (63/72). These data reflected both the genetic 
and epigenetic heterogeneity of the cells in the tumor tissue and 
also revealed a distinctive DNA methylation pattern of the EGFR 
mutant subpopulation within the tumors.

The segregation of EGFR mutant and wild-type tumor-derived 
single cells into two distinct DNA methylation clusters suggested 
that these two populations might represent different cell types or 
cell stages. On a tumor sample assayed with an optimized panel of 
cell-type marker genes, we found that gene expression data indeed 
divided cells into two clusters, consistent with our hypothesis 
(Fig. 3a and Supplementary Fig. 12). For this tumor sample, 
most EGFR wild-type cells (15/19) were found in cluster 1, while 
most EGFR mutant cells (39/41) were found in cluster 2. Cells in 
cluster 2 expressed high levels of alveolar type II epithelial cell 
markers (e.g., SFTPC, MUC1, LAMP3, KRT19 and KRT7), reflect-
ing the common tissue-specific origin for LUAD. Cells in cluster 
1 were notably lacking in epithelial marker expression and were 
instead enriched for multiple stromal markers such as CD33 and 
CD14 (lymphoid and myeloid cells), ITGB2 and PTPRC (immune 
cells), PECAM1 (endothelial cells) and VIM (mesenchymal cells). 
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Figure 1 | sc-GEM analysis of human cellular reprogramming.  
(a) Cell collection schedule during the reprogramming process.  
Cells sorted for the TRA-1-60 pluripotency marker and additional  
reference cell lines are shown. (b) Dynamics of single-cell gene  
expression (top) and DNA methylation (bottom) during reprogramming. 
Single cells (columns) are grouped according to time of collection.  
Loci are arranged into pluripotent, intermediate and somatic groups  
based on gene expression pattern (top) and are grouped according to 
whether they undergo de novo methylation or demethylation during 
reprogramming (bottom). Gray boxes represent methylated loci, and  
white boxes represent unmethylated loci.
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