
Extended Data Fig. 1
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Extended Data Fig. 2
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Extended Data Fig. 3
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Extended Data Fig. 5
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Extended Data Fig. 7

B
DM

G
01

DM
G

02
DM

G
03

DM
G

04
DM

G
05

HG
G

01
HG

G
03

AC
01

AC
02

AC
03

AC
04

AC
05

AC
06

AC
08

AC
10

AC
11

AC
12

EP
N0

1
EP

N0
2

EP
N0

6
M

B0
1

M
B0

4
M

B0
5

M
B0

6
M

B1
1

0

2000

4000

6000

8000

10000

N
um

be
r o

f M
ut

at
io

ns

Tumor
Macrophage
Microglia
Lymphocyte
Oligodendrocyte

RNA splicing, via transesterification reactions

positive regulation of transcription by RNA polymerase I

stress granule assembly

regulation of alternative mRNA splicing, via spliceosome

positive regulation of DNA−templated transcription

mRNA splicing, via spliceosome

chromatin organization

chromatin remodeling

mRNA processing

RNA splicing

0 5 10 15
−log10(FDR)

regulation of alternative mRNA splicing, via spliceosome

positive regulation of DNA−templated transcription

DNA damage response

DNA repair

protein import into nucleus

mRNA splicing, via spliceosome

chromatin organization

chromatin remodeling

mRNA processing

RNA splicing

0 10 20
−log10(FDR)

protein folding

positive regulation of epithelial cell migration

DNA repair

DNA damage response

positive regulation of transcription by RNA polymerase II

mRNA transport

chromatin organization

chromatin remodeling

mRNA processing

RNA splicing

0 2 4 6
−log10(FDR)

regulation of RNA splicing

mRNA splicing, via spliceosome

response to endoplasmic reticulum stress

positive regulation of transcription by RNA polymerase II

mRNA transport

negative regulation of transcription by RNA polymerase II

chromatin remodeling

chromatin organization

RNA splicing

mRNA processing

0 5 10 15
−log10(FDR)

DM
G

01
DM

G
02

DM
G

03
DM

G
04

DM
G

05
HG

G
01

HG
G

03
AC

01
AC

02
AC

03
AC

04
AC

05
AC

06
AC

08
AC

10
AC

11
AC

12
EP

N0
1

EP
N0

2
EP

N0
6

M
B0

1
M

B0
4

M
B0

5
M

B0
6

M
B1

1

0

50

100

150

200

250

300

N
um

be
r o

f M
ut

at
io

ns

Mutation not in CREs
Mutation in CREs

DHGGCLGG

EPN MB

F

Gene-linked Non-gene-linked

0

5000

10000

15000

20000

sc
A

TA
C

-s
eq

 C
ou

nt
s

n.s.

0%

25%

50%

75%

100%

AC
01

AC
02

AC
03

AC
04

AC
05

AC
06

AC
08

AC
10

AC
11

AC
12

DM
G

01
DM

G
02

DM
G

03
DM

G
04

DM
G

05
EP

N0
1

EP
N0

2
EP

N0
6

HG
G

01
HG

G
03

M
B0

1
M

B0
4

M
B0

5
M

B0
6

M
B1

1

pe
rc

en
ta

ge
 o

f m
ut

at
io

n

downstream
exonic
exonic;splicing
intergenic
intronic
ncRNA_exonic
ncRNA_exonic;splicing
ncRNA_intronic
ncRNA_splicing
splicing
upstream
upstream;downstream
UTR3
UTR5
UTR5;UTR3

0%

25%

50%

75%

100%
AC

01
AC

02
AC

03
AC

04
AC

05
AC

06
AC

08
AC

11
AC

12
DM

G
01

DM
G

02
DM

G
03

DM
G

04
DM

G
05

EP
N0

1
EP

N0
2

EP
N0

6
HG

G
01

HG
G

03
M

B0
1

M
B0

4
M

B0
5

M
B0

6
M

B1
1

0%

25%

50%

75%

100%

AC
01

AC
02

AC
03

AC
04

AC
05

AC
06

AC
08

AC
11

AC
12

DM
G

01
DM

G
02

DM
G

03
DM

G
04

DM
G

05
EP

N0
1

EP
N0

2
EP

N0
6

HG
G

01
HG

G
03

M
B0

1
M

B0
4

M
B0

5
M

B0
6

M
B1

1

.

Deleterious
Tolerant

0%

25%

50%

75%

100%

AC
01

AC
02

AC
03

AC
04

AC
05

AC
06

AC
08

AC
10

AC
11

AC
12

DM
G

01
DM

G
02

DM
G

03
DM

G
04

DM
G

05
EP

N0
1

EP
N0

2
EP

N0
6

HG
G

01
HG

G
03

M
B0

1
M

B0
4

M
B0

5
M

B0
6

M
B1

1
pe

rc
en

ta
ge

 o
f m

ut
at

io
n

pe
rc

en
ta

ge
 o

f m
ut

at
io

n

pe
rc

en
ta

ge
 o

f m
ut

at
io

n uncoding region

C
tumor non−tumor

tumor non−tumorD

E



Ly
m

ph
oc

yt
e

M
ac

ro
ph

ag
e_

01
_C

D
44

M
ac

ro
ph

ag
e_

02
_F

LT
1

M
ac

ro
ph

ag
e_

03
_F

Y
N

M
ic

ro
gl

ia
_0

1_
P

2R
Y

12

M
ic

ro
gl

ia
_0

2_
D

N
A

JB
1

M
ic

ro
gl

ia
_0

3_
IG

F2
R

M
ic

ro
gl

ia
_0

4_
IT

G
A

X
M

ic
ro

gl
ia

_0
5_

K
LF

2

M
ic

ro
gl

ia
_0

6_
IL

1B

M
ic

ro
gl

ia
_0

7_
M

K
I6

7

30 50 70 90

Fraction of cells
in group (%)

2 4

Mean expression
in group

C
D

24
7

E
TS

1
C

D
44 V
IM

D
N

M
B

P
FL

T1
FY

N C
3

C
S

F1
R

P
2R

Y
12

C
X

3C
R

1
D

N
A

JB
1

B
A

G
3

A
B

C
G

1
IG

F2
R

IT
G

A
X

P
E

R
1

K
LF

2
IL

1B
P

D
G

FB
M

K
I6

7
C

IT

Lymphocyte
Macrophage_01_CD44
Macrophage_02_FLT1
Macrophage_03_FYN
Microglia_01_P2RY12
Microglia_02_DNAJB1

Microglia_03_IGF2R
Microglia_04_ITGAX

Microglia_05_KLF2
Microglia_06_IL1B

Microglia_07_MKI67

A

Extended Data Fig. 8

B

Lymphocyte
Macrophage_01_CD44
Macrophage_02_FLT1
Macrophage_03_FYN
Microglia_01_P2RY12
Microglia_02_DNAJB1
Microglia_03_IGF2R
Microglia_04_ITGAX
Microglia_05_KLF2
Microglia_06_IL1B
Microglia_07_MKI67

Cell type

NFKB1

0

1

2

3

4

5

C

F

D

E

Ex vivo activation

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0
Homeostasis

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00
Pro-inflammatory

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

M1 score M2 score

-0.5

0.0

0.5

1.0

1.5

Angiogenesis Phagocytosis

UMAP 1

U
M

AP
 2

UMAP 1

U
M

AP
 2

UMAP 1

U
M

AP
 2

UMAP 1

U
M

AP
 2

UMAP 1

U
M

AP
 2



Ly
m

ph
oc

yt
e-

S
H

H
M

ac
ro

ph
ag

e_
01

_C
D

44
-S

H
H

M
ac

ro
ph

ag
e_

02
_F

LT
1-

S
H

H
M

ac
ro

ph
ag

e_
03

_F
Y

N
-S

H
H

M
ic

ro
gl

ia
_0

1_
P

2R
Y

12
-S

H
H

M
ic

ro
gl

ia
_0

2_
D

N
A

JB
1-

S
H

H
M

ic
ro

gl
ia

_0
3_

IG
F2

R
-S

H
H

M
ic

ro
gl

ia
_0

4_
IT

G
A

X
-S

H
H

M
ic

ro
gl

ia
_0

5_
K

LF
2-

S
H

H
M

ic
ro

gl
ia

_0
6_

IL
1B

-S
H

H
M

ic
ro

gl
ia

_0
7_

M
K

I6
7-

S
H

H
S

H
H

-L
ym

ph
oc

yt
e

S
H

H
-M

ac
ro

ph
ag

e_
01

_C
D

44
S

H
H

-M
ac

ro
ph

ag
e_

02
_F

LT
1

S
H

H
-M

ac
ro

ph
ag

e_
03

_F
Y

N
S

H
H

-M
ic

ro
gl

ia
_0

1_
P

2R
Y

12
S

H
H

-M
ic

ro
gl

ia
_0

2_
D

N
A

JB
1

S
H

H
-M

ic
ro

gl
ia

_0
3_

IG
F2

R
S

H
H

-M
ic

ro
gl

ia
_0

4_
IT

G
A

X
S

H
H

-M
ic

ro
gl

ia
_0

5_
K

LF
2

S
H

H
-M

ic
ro

gl
ia

_0
6_

IL
1B

S
H

H
-M

ic
ro

gl
ia

_0
7_

M
K

I6
7

IGF1-IGF1R

SEMA7A-PLXNC1

WNT5A-ROR2

FO
X

P
2_

+

JU
N

_+

LE
F1

_+

N
FI

A
_+

N
FI

B
_+

R
B

P
J_

+

PLXNC1
IGF1R
ROR2

0.0
0.2
0.4
0.6

Correlation

MB SHH

Hypoxia
Pancreas beta cells

Wnt beta catenin signaling
Hedgehog signaling

Myogenesis
Uv response up

Tnfa signaling via nfkb
Uv response dn

Glycolysis

Scaled
means

0.25

0.50

0.75

1

1
0.75
0.50
0.25

significant

Scaled
means

FO
X

P
2_

+

JU
N

_+

LE
F1

_+

N
FI

A
_+

N
FI

B
_+

R
B

P
J_

+

0.000

1.301

3.000

-log10 (Adjusted 
P-value)

G
ro

up
3-

Ly
m

ph
oc

yt
e

G
ro

up
3-

M
ac

ro
ph

ag
e_

01
_C

D
44

G
ro

up
3-

M
ac

ro
ph

ag
e_

02
_F

LT
1

G
ro

up
3-

M
ac

ro
ph

ag
e_

03
_F

Y
N

G
ro

up
3-

M
ic

ro
gl

ia
_0

1_
P

2R
Y

12
G

ro
up

3-
M

ic
ro

gl
ia

_0
2_

D
N

A
JB

1
G

ro
up

3-
M

ic
ro

gl
ia

_0
3_

IG
F2

R
G

ro
up

3-
M

ic
ro

gl
ia

_0
4_

IT
G

A
X

G
ro

up
3-

M
ic

ro
gl

ia
_0

5_
K

LF
2

G
ro

up
3-

M
ic

ro
gl

ia
_0

6_
IL

1B
G

ro
up

3-
M

ic
ro

gl
ia

_0
7_

M
K

I6
7

Ly
m

ph
oc

yt
e-

G
ro

up
3

M
ac

ro
ph

ag
e_

01
_C

D
44

-G
ro

up
3

M
ac

ro
ph

ag
e_

02
_F

LT
1-

G
ro

up
3

M
ac

ro
ph

ag
e_

03
_F

Y
N

-G
ro

up
3

M
ic

ro
gl

ia
_0

1_
P

2R
Y

12
-G

ro
up

3
M

ic
ro

gl
ia

_0
2_

D
N

A
JB

1-
G

ro
up

3
M

ic
ro

gl
ia

_0
3_

IG
F2

R
-G

ro
up

3
M

ic
ro

gl
ia

_0
4_

IT
G

A
X

-G
ro

up
3

M
ic

ro
gl

ia
_0

5_
K

LF
2-

G
ro

up
3

M
ic

ro
gl

ia
_0

6_
IL

1B
-G

ro
up

3
M

ic
ro

gl
ia

_0
7_

M
K

I6
7-

G
ro

up
3

APLP2-PLXNA4
APP-PLXNA4
AREG-EGFR
EREG-EGFR

EREG-ERBB4
HBEGF-EGFR

HBEGF-ERBB4
NRXN1-ADGRL1
NRXN1-CLSTN1
NRXN1-CLSTN3
NRXN1-NLGN4Y

PPIA-BSG
TGFA-EGFR

TYROBP-CD44
WNT5A-ROR2

C
R

X
_+

E
O

M
E

S
_+

E
PA

S
1_

+

O
TX

2_
+

P
LA

G
1_

+

TB
R

1_
+

TB
X

20
_+

ZB
TB

20
_+

ROR2

BSG

ERBB4

EGFR

PLXNA4

NRXN1

CD44

0.0
0.2
0.4
0.6

MB Group 3
CorrelationScaled

means

0.25

0.50

0.75

1 1

0.75
0.50
0.25

significant

Scaled
means

Complement
Coagulation

Hypoxia
Epithelial mesenchymal transition

UV response dn
Androgen response

Inflammatory response
Apical surface
Apical junction

0.000

1.301

3.000

-log10 (Adjusted 
P-value)

C
R

X
_+

E
O

M
E

S
_+

E
PA

S
1_

+

O
TX

2_
+

P
LA

G
1_

+

TB
R

1_
+

TB
X

20
_+

ZB
TB

20
_+

A B

C

Extended Data Fig. 9

Ligand Receptor TF Target

CLSTN1

CLSTN3

IGF1

NLGN4Y

SEMA7A

WNT5A

IGF1R

NRXN1

PLXNC1

ROR2

FOXP2

JUN

LEF1

NFIB

OTX2

RBPJ

APC2

C9orf129

CDC25B

CHST2

CYB5R3

DHDDS

DLG3

FAM184B

GSE1

IGFBP5

KCNIP3

MDFIC

MYH9

NEUROG1

NIN

NSG1

NT5DC4

PPP2R1B

SHTN1

SLC29A4

STK40

STX1B

TCF12

TNFRSF1B

ZIC2

ZNF608

Node
Ligand
Receptor

TF
Target

Edge
Group3
SHHMB



A
C

-li
ke

-L
ym

ph
oc

yt
e

A
C

-li
ke

-M
ac

ro
ph

ag
e_

01
_C

D
44

A
C

-li
ke

-M
ac

ro
ph

ag
e_

02
_F

LT
1

A
C

-li
ke

-M
ac

ro
ph

ag
e_

03
_F

Y
N

A
C

-li
ke

-M
ic

ro
gl

ia
_0

1_
P

2R
Y

12
A

C
-li

ke
-M

ic
ro

gl
ia

_0
2_

D
N

A
JB

1
A

C
-li

ke
-M

ic
ro

gl
ia

_0
3_

IG
F2

R
A

C
-li

ke
-M

ic
ro

gl
ia

_0
4_

IT
G

A
X

A
C

-li
ke

-M
ic

ro
gl

ia
_0

5_
K

LF
2

A
C

-li
ke

-M
ic

ro
gl

ia
_0

6_
IL

1B
A

C
-li

ke
-M

ic
ro

gl
ia

_0
7_

M
K

I6
7

Ly
m

ph
oc

yt
e-

A
C

-li
ke

M
ac

ro
ph

ag
e_

01
_C

D
44

-A
C

-li
ke

M
ac

ro
ph

ag
e_

02
_F

LT
1-

A
C

-li
ke

M
ac

ro
ph

ag
e_

03
_F

Y
N

-A
C

-li
ke

M
ic

ro
gl

ia
_0

1_
P

2R
Y

12
-A

C
-li

ke
M

ic
ro

gl
ia

_0
2_

D
N

A
JB

1-
A

C
-li

ke
M

ic
ro

gl
ia

_0
3_

IG
F2

R
-A

C
-li

ke
M

ic
ro

gl
ia

_0
4_

IT
G

A
X

-A
C

-li
ke

M
ic

ro
gl

ia
_0

5_
K

LF
2-

A
C

-li
ke

M
ic

ro
gl

ia
_0

6_
IL

1B
-A

C
-li

ke
M

ic
ro

gl
ia

_0
7_

M
K

I6
7-

A
C

-li
ke

EREG-ERBB4

HBEGF-ERBB4

LPAR1-ADGRE5

TYROBP-CD44

Ly
m

ph
oc

yt
e-

M
es

-li
ke

M
ac

ro
ph

ag
e_

01
_C

D
44

-M
es

-li
ke

M
ac

ro
ph

ag
e_

02
_F

LT
1-

M
es

-li
ke

M
ac

ro
ph

ag
e_

03
_F

Y
N

-M
es

-li
ke

M
es

-li
ke

-L
ym

ph
oc

yt
e

M
es

-li
ke

-M
ac

ro
ph

ag
e_

01
_C

D
44

M
es

-li
ke

-M
ac

ro
ph

ag
e_

02
_F

LT
1

M
es

-li
ke

-M
ac

ro
ph

ag
e_

03
_F

Y
N

M
es

-li
ke

-M
ic

ro
gl

ia
_0

1_
P

2R
Y

12
M

es
-li

ke
-M

ic
ro

gl
ia

_0
2_

D
N

A
JB

1
M

es
-li

ke
-M

ic
ro

gl
ia

_0
3_

IG
F2

R
M

es
-li

ke
-M

ic
ro

gl
ia

_0
4_

IT
G

A
X

M
es

-li
ke

-M
ic

ro
gl

ia
_0

5_
K

LF
2

M
es

-li
ke

-M
ic

ro
gl

ia
_0

6_
IL

1B
M

es
-li

ke
-M

ic
ro

gl
ia

_0
7_

M
K

I6
7

M
ic

ro
gl

ia
_0

1_
P

2R
Y

12
-M

es
-li

ke
M

ic
ro

gl
ia

_0
2_

D
N

A
JB

1-
M

es
-li

ke
M

ic
ro

gl
ia

_0
3_

IG
F2

R
-M

es
-li

ke
M

ic
ro

gl
ia

_0
4_

IT
G

A
X

-M
es

-li
ke

M
ic

ro
gl

ia
_0

5_
K

LF
2-

M
es

-li
ke

M
ic

ro
gl

ia
_0

6_
IL

1B
-M

es
-li

ke
M

ic
ro

gl
ia

_0
7_

M
K

I6
7-

M
es

-li
ke

APLP2-PLXNA4

APP-PLXNA4

IGF1-IGF1R

NRXN3-ADGRL1

NRXN3-CLSTN1

NRXN3-CLSTN2

NRXN3-CLSTN3

NRXN3-LRRTM2

NRXN3-LRRTM3

NRXN3-LRRTM4

NRXN3-NLGN1

NRXN3-NLGN4X

NRXN3-NLGN4Y

SEMA3A-NRP1

TYROBP-CD44

VEGFA-NRP1

VEGFB-NRP1

C
E

B
P

D
_+

E
S

R
2_

+

FO
S

_+

FO
S

L2
_+

FO
X

G
1_

+

JU
N

_+

JU
N

D
_+

N
FK

B
1_

+

S
O

X
9_

+

LPAR1
ERBB4

CD44

B
AC

H
1_

+
B

AC
H

2_
+

E
PA

S
1_

+
E

S
R

2_
+

FO
S

_+
FO

S
B

_+
FO

S
L2

_+
FO

X
G

1_
+

JU
N

B
_+

JU
N

D
_+

N
FE

2L
2_

+
S

O
X

9_
+

V
D

R
_+

NRP1
IGF1R

PLXNA4
CD44

NRXN3

Cholesterol homeostasis
Apical surface

Notch signaling
Inflammatory response

P53 pathway
Hypoxia

Epithelial mesenchymal transition
Tnfa signaling via nfkb

Il2 stat5 signaling
Uv response dn

Complement
Myogenesis

Uv response up

Il2 stat5 signaling
Inflammatory response

Apoptosis
P53 pathway

Epithelial mesenchymal transition
Hypoxia

Cholesterol homeostasis
Tnfa signaling via nfkb

Uv response up
Mitotic spindle

Mtorc1 signaling
Notch signaling

Reactive oxygen species pathway
Coagulation

Estrogen response late
Estrogen response early

Hedgehog signaling
Complement
Myogenesis

Uv response dn
Kras signaling up

Apical junction
Androgen response

Adipogenesis
Interferon gamma response

Il6 jak stat3 signaling
Oxidative phosphorylation
Interferon alpha response

C
E

B
P

D
_+

FO
X

G
1_

+

JU
N

_+

N
FK

B
1_

+

Scaled
means

0.25

0.50

0.75

1 1

0.75
0.50
0.25

significant

Scaled
means

0.0
0.2
0.4
0.6

Correlation

0.000

1.301

3.000

-log10 (Adjusted 
P-value)

B
AC

H
1_

+

B
AC

H
2_

+

E
PA

S
1_

+

E
S

R
2_

+

FO
S

B
_+

JU
N

B
_+

N
FE

2L
2_

+

S
O

X
9_

+

V
D

R
_+

Scaled
means

0.25

0.50

0.75

1 1

0.75
0.50
0.25

significant

Scaled
means

0.0
0.2
0.4
0.6

Correlation

0.000

1.301

3.000

-log10 (Adjusted 
P-value)

DHGG AC-like

DHGG Mes-like

A

B

Extended Data Fig. 10


