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Phase
Study

Age
Sequencing

CD19
CD22
NRAS
KRAS

CREBBP
TP53

NT5C2
JAK2

KMT2D
FLT3
PAX5
JAK3
IKZF1

PTPN11
SETD2
NR3C1

ETV6
PRPS1

DST
NIPBL
MLL2

DNAH5
DMD

ANK2
CTCF
ZEB2

KDM6A
FPGS
EZH2

USP9X
EP300

PCDH15
CRLF2

VPS13B
NF1

IL7R
ABL1

KMT2A
RUNX1

ARID1B
MSH6

SH2B3
TCF3

CDKN2A
ERG

JAK1
ARID5B

IKZF3
PBX1

RB1
PTK2B
RAG1

ZNF384
MEF2D
EPOR

NTRK3
TYK2

P2RY8
BCL9

HNRNPUL1
CEBPE

02468101214

Relapse

0 2 4 6 8 10 12 14 16 18

Diagnosis

Phase
CART−baseline
CART−relapse
Diagnosis
Relapse

Study
Our_P28
Our_P32
2014_Nature Communications 
2016_PNAS
2019_Scientific Reports 
2020_Blood
2020_Blood Cancer Discovery

Age
Adult
Pediatric

Sequencing
WGS/WES
RNA−seq
Target−seq

Mutation_Type
Missense
Nonsense
Small Indel
Splice_Site
Not available
WT

Fisher test
p<0.05
p<0.01
p<0.001

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

*

*

*

***

Relapse after chemotherapy(n=565) Diagnosis(n=335)

Recurrency(%)

*
**
***

Phase
Study

Age
Sequencing

CDKN2A/B
PAX5
IKZF1

RUNX1
ETV6
ERG

P2RY8
CEBPE

SS18
ARID1B
NR3C1

PDGFRA
EBF1
TCF3

TAF15
SYNRG

RB1
PIP4K2A

GATA3
MEF2D

ARID5B
17p13
ABL2

NT5C2
BCL9
PAR1

RERG
FOXJ2

DAZAP1
HDAC9
KRAS

CREBBP
PRAG1
SH2B3

ZNF384
SETD2
CSF1R

05101520253035

Relapse

0 5 10 15 20 25 30

Diagnosis

Phase
CART−baseline
CART−relapse
Diagnosis
Relapse

Study
Our_P28
Our_P32
2016_Blood
2016_PNAS
2019_Scientific Reports 
2020_Blood
2020_Blood Cancer Discovery

Age
Adult
Pediatric

Sequencing
WGS/WES
Target−seq

CNV_Type
Amplification
Deletion
Not available
WT

Fisher test
p<0.05
p<0.01
p<0.001

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

***

***

Relapse after chemotherapy(n=675) Diagnosis(n=226)

Recurrency(%)

*
**
***

Paired Domain Octapeptide Nuclear localization sequence Homeodomain Transactivation domain Inhibitory domain

0 50 100 150 200 250 300 350 391AA

I3
fs

Y7
C

G
18

A
V2

0f
s

Q
22

P
G

24
R

V2
6G F2
7I

R
31

W
P3

4L
/R

/Q

R
38

H
/C

D
53

V/
G

L5
8F

S6
1R

S6
6N

E3
 s

pl
ic

e

Y7
2H

T7
5A

/I/
K

P8
0f

s
Y8

3f
s

I9
9f

s

A1
00

P
F1

10
I

I1
14

fs

A1
20

de
l

N
12

6f
s

I1
35

T

I1
39

in
s

G
14

9T

G
17

6L
G

18
6S

D
19

3f
s

T1
94

fs
T1

94
P

R
19

7f
s

R
19

9f
s

E2
01

*
E2

01
K

P2
09

fs
S2

13
L

R
22

5Q

S2
47

*

Q
26

0 
sp

lic
e

A2
79

D

I3
01

T

G
30

4S

A3
08

E
V3

19
fs

P3
20

fs

Q
32

4R
G

33
4f

s
V3

36
fs

P3
37

 s
pl

ic
e

G
33

8W
Q

35
0f

s
S3

53
L

W
35

8f
s

E1
0 

sp
lic

e

R
37

7*

D
2H

Y7
*

T1
5f

s
V2

0G
N

21
fs

L2
3F

/P
/R

G
25

E
V2

6f
s

N
29

K/
I

P3
2S

/L
D

35
fs

L4
4I

/P
S5

5C
/T

R
59

G
 

C
64

F 
I6

8T
 

L6
9P

 
T7

5R

P8
0R

V8
2I

V9
5L

I9
9T

R
10

4C
W

11
2R

D
11

6f
s

N
12

6_
P1

30
de

lin
sR

A

S1
33

R
/T

I1
39

T
R

14
0L

/Q

V1
51

I/T

G
18

3S
/V

/A
G

18
4S

S1
89

fs
D

19
3d

el
K1

96
*

K1
98

fs
D

20
0f

s
E 2

01
fs

   
  

E2
05

*
G

21
1f

s

Q
22

3*

R
23

9H

S2
47

fs

E7
 s

pl
ic

e

P2
84

fs

T3
03

 s
pl

ic
e

A3
08

fs
D

31
5G

V3
19

I
A3

22
fs

T3
33

fs
M

33
5f

s

P3
37

fs
E9

 s
pl

ic
e

E3
40

fs
Y3

51
fs

Y3
54

*

W
35

8G

A3
76

T

G
37

8E

Missense Frameshift Splice site Inseration Nonsense Deletion Stop gainPAX5
NM_016734

(in
 P

32
)

(in
 P

28
)

a

b

c



Baseline Relapse

TP53 in P32

0

1

2

3

4

D
N

A
 c

op
ie

s

chr 17 chr 17

TP53 Del(subclonal)
TP53 p.R282fs(subclonal)
TP53 p.R282P(subclonal)

TP53 Del(clonal)
TP53 p.R282fs(clonal)

RelapseBaseline

TP53 in P28

0

1

2

3

4

D
N

A
 c

op
ie

s

chr 17 chr 17

TP53 WT TP53 WT

RelapseBaseline

CDKN2A/B in P32

0

1

2

3

4

D
N

A
 c

op
ie

s

chr 9 chr 9

CDKN2A/B Del (subclonal) CDKN2A/B Del (clonal)

RelapseBaseline

CDKN2A/B in P28

0

1

2

3

4

D
N

A
 c

op
ie

s

chr 9 chr 9

CDKN2A/B Del (subclonal) CDKN2A/B Del (clonal)

Study
Age

CDKN2A/B
PAX5
IKZF1
ETV6
TP53
TCF3
EBF1

CR2
CD58
CD19

TNFSF11
CD22
CD81

IFITM1

Study
2016_PNAS
2019_Scientific reports
2020_Blood
2020_Blood Cancer Discovery

Age
Adult
Pediatric

Mutation_Type
Missense
Nonsense
Small Indel
Splice_Site

Amplification
Deletion
WT

Study
Age

CDKN2A/B
PAX5
IKZF1
ETV6
TP53
TCF3
EBF1

CR2
CD58
CD19

TNFSF11
CD22
CD81

IFITM1

Diagnosis (n=226)

Relapse (n=226)

***

*** *

***

***
*

*
*

* **

0.214

0.054

*

0.115

*
*

**
*

0.143

Baseline Day14 after CAR19 T
0

20

40

60

80

100

VA
F

(%
)

PAX5 p.G183V
IKZF1 p.X54_splice

Status:     TB 17.92%                             Relapse at 1.5 months

patient R-A of 59 years old
Zhang Q, et al., 2019 Genomics, Proteomics & Bioinformatics

Baseline Day14 after CAR19 T
0

20

40

60

80

100

VA
F

(%
)

PAX5 p.V26G
ETV6 p.X337_splice
ETV6 p.F102fs

Status:     TB 65.46%                                  NR

patient NR-B of 29 years old
Zhang Q, et al., 2019 Genomics, Proteomics & Bioinformatics

d e

f

g

0 10 20 30 40 50
Recurrency(%)

Mutation_Type
Amplification
Deletion
WT

**
*

**
*

*
*

**
**

*** ******
CDKN2A
CDKN2B

PAX5
IKZF1
ETV6
TCF3
TP53
CR2

EBF1
IFITM1

CD22
CD81
CD19

TNFSF11
CD58

TARGET-BALL (n=610)

*  
**

p<0.05
p<0.01

*** p<0.001

Fisher test

h

i



Figure S4

G   K   E   S   P   P
14  15  16 17 18 19

DNA

IKZF1

Protein
WT

KO

1   50    100 150   200   250   300  350   400   450  500  519 AA

L  Q   N   V   G   G H  G
23 22  21 20  19 18  17 16

DNA

PAX5

Protein
WT

KO

1   50  100 150  200   250  300  350   391 AA

R�=�0.66,�p�=�3.3e−06
R�=�0.49,�p�=�0.0011

5

6

7

8

9

10

3 4 5 6 7 8

C
D

19
_e

xp

R�=�0.41,�p�=�0.0087
R�=�0.36,�p�=�0.02

4

5

6

7

8

9

10

3 4 5 6 7 8

C
D

22
_e

xp
R�=�0.052,�p�=�0.75
R�=�0.160,�p�=�0.33

0

1

2

3

4

5

6

3 4 5 6 7 8

C
D

21
_e

xp

R�=��0.049,�p�=�0.76
R�=�0.110,�p�=�0.5

0

2

4

6

8

10

3 4 5 6 7 8

C
D

20
_e

xp

R�=�0.13,�p�=�0.41
R�=��0.14,�p�=�0.37

0

1

2

3

4

5

3 4 5 6 7 8
PAX5_exp

C
D

23
_e

xp

R�=�0.36,�p�=�0.021
R�=�0.14,�p�=�0.370

6

7

8

9

10

11

12

13

3 4 5 6 7 8
PAX5_exp

C
D

79
A

_e
xp

R�=�0.370 ,�p�=�0.02
R�=�0.098,�p�=�0.54

3

4

5

6

7

8

9

10

3 4 5 6 7 8
PAX5_exp

C
D

81
_e

xp
R�=��0.34,�p�=�0.034
R�=��0.13,�p�=�0.430

3

4

5

6

7

8

9

10

3 4 5 6 7 8
PAX5_exp

C
D

22
5_

ex
p

Time Diagnosis(n=40) Relapse(n=42)

R�=��0.083,�p�=�0.61
R�=�0.130 ,�p�=�0.40

5

6

7

8

9

10

11

3 4 5 6 7 8

C
D

19
_e

xp

R�=��0.12,�p�=�0.45
R�=�0.038,�p�=�0.81

4

5

6

7

8

9

10

3 4 5 6 7 8

C
D

22
_e

xp

R�=�0.11,�p�=�0.480
R�=�0.27,�p�=�0.079

0

1

2

3

4

5

6

3 4 5 6 7 8

C
D

21
_e

xp

R�=�0.082,�p�=�0.620
R�=�0.310,�p�=�0.049

0

2

4

6

8

10

3 4 5 6 7 8

C
D

20
_e

xp

R�=�0.092,�p�=�0.57
R�=��0.20,�p�=�0.20

0

1

2

3

4

5

3 4 5 6 7 8
IKZF1_exp

C
D

23
_e

xp

R�=��0.045,�p�=�0.78
R�=�0.120 ,�p�=�0.46

6

7

8

9

10

11

12

13

3 4 5 6 7 8
IKZF1_exp

C
D

79
A

_e
xp

R�=��0.10,�p�=�0.52
R�=�0.027,�p�=�0.86

3

4

5

6

7

8

9

10

3 4 5 6 7 8
IKZF1_exp

C
D

81
_e

xp

R�=�0.32,�p�=�0.045
R�=�0.39,�p�=�0.012

3

4

5

6

7

8

9

10

3 4 5 6 7 8
IKZF1_exp

C
D

22
5_

ex
p

 
Time Diagnosis(n=40) Relapse(n=42)

a b

c

d

Scale
chr11:

ENCODE cCREs

10 kb hg38

60,455,000 60,460,000 60,465,000 60,470,000
MS4A1/NM_021950.4
MS4A1/NM_152867.2
MS4A1/NM_152866.3

200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

WT/WT

WT/WT

WT/WT

cells

WT/WT

WT/WT

697 
cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

Scale
chr1:

ENCODE cCREs

20 kb hg38

207,450,000 207,455,000 207,460,000 207,465,000 207,470,000 207,475,000 207,480,000 207,485,000 207,490,000 207,495,000
CR2/NM_001877.5

CR2/NM_001006658.3
CR1/NM_000651.6

200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

WT/WT

WT/WT

WT/WT

cells

WT/WT

WT/WT

697 
cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

e f



Scale
chr19:

ENCODE cCREs

2 kb hg38

41,875,00041,875,50041,876,00041,876,50041,877,00041,877,50041,878,00041,878,50041,879,00041,879,50041,880,00041,880,50041,881,00041,881,50041,882,000
CD79A/NM_021601.4
CD79A/NM_001783.4

1000 -

0 _
1000 -

0 _
1000 -

0 _
1000 -

0 _
2500 -

0 _
2500 -

0 _
2500 -

0 _
2500 -

0 _
2000 -

0 _
2000 -

0 _
2000 -

0 _
2000 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

WT/WT

WT/WT

WT/WT

cells

WT/WT

WT/WT

697 
cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

Scale
chr11:

ENCODE cCREs

1 kb hg38

313,000 313,500 314,000 314,500 315,000 315,500 316,000 316,500
IFITM1/NM_003641.5

200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
500 -

0 _
500 -

0 _
500 -

0 _
500 -

0 _
600 -

0 _
600 -

0 _
600 -

0 _
600 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

WT/WT

WT/WT

WT/WT

cells

WT/WT

WT/WT

697 
cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

Scale
chr19:

ENCODE cCREs

10 kb hg38

51,225,000 51,230,000 51,235,000 51,240,000
CD33/NM_001177608.2
CD33/NM_001082618.2
CD33/NM_001772.4

200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

cells

cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

ENCODE cCREs

10 kb hg38

7,690,000 7,695,000 7,700,000 7,705,000
Scale
chr19:

FCER2/NM_001207019.3
FCER2/NM_001220500.2
FCER2/NM_002002.5

200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

WT/WT

WT/WT

WT/WT

cells

WT/WT

WT/WT

697 
cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

Scale
chr11:

ENCODE cCREs

10 kb hg38

2,375,000 2,380,000 2,385,000 2,390,000 2,395,000 2,400,000

CD81/NM_001297649.2
CD81/NM_001425129.1

CD81/NM_001425130.1
CD81/NM_001425137.1
CD81/NM_004356.4

CD81/NM_001425135.1
CD81/NM_001425131.1

CD81/NM_001425132.1

CD81/NM_001425138.1
CD81/NM_001425134.1

1000 -

0 _
1000 -

0 _
1000 -

0 _
1000 -

0 _
1500 -

0 _
1500 -

0 _
1500 -

0 _
1500 -

0 _
2000 -

0 _
2000 -

0 _
2000 -

0 _
2000 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

WT/WT

WT/WT

WT/WT

cells

WT/WT

WT/WT

697 
cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

Scale
chr1:

ENCODE cCREs
distal enhancer

promoter

20 kb hg38

116,510,000 116,520,000 116,530,000 116,540,000 116,550,000 116,560,000 116,570,000 116,580,000
CD58/NM_001779.3
CD58/NR_026665.2

CD58/NM_001144822.2
MIR548AC/NR_039621.1 IGSF3/NM_001542.4

IGSF3/NM_001007237.3

1000 -

0 _
1000 -

0 _
1000 -

0 _
1000 -

0 _
2500 -

0 _
2500 -

0 _
2500 -

0 _
2500 -

0 _
2000 -

0 _
2000 -

0 _
2000 -

0 _
2000 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

cells

cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

Scale
chr5:

ENCODE cCREs

1 kb hg38

140,631,500 140,632,000 140,632,500 140,633,000 140,633,500 140,634,000
CD14/NM_000591.4

CD14/NM_001174104.2
CD14/NM_001040021.3
CD14/NM_001174105.2

200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
200 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
100 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

cells

cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

Scale
chr12:

ENCODE cCREs

2 kb hg38

6,532,000 6,532,500 6,533,000 6,533,500 6,534,000 6,534,500 6,535,000 6,535,500 6,536,000 6,536,500 6,537,000 6,537,500 6,538,000 6,538,500
GAPDH/NM_001357943.2
GAPDH/NM_002046.7

GAPDH/NM_001289745.3
GAPDH/NM_001289746.2
GAPDH/NR_152150.2

GAPDH/NM_001256799.3

1000 -

0 _
1000 -

0 _
1000 -

0 _
1000 -

0 _
2500 -

0 _
2500 -

0 _
2500 -

0 _
2500 -

0 _
4000 -

0 _
4000 -

0 _
4000 -

0 _
4000 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _
50 -

0 _

NCAPD2/NM_014865.4

cells

cells

Okuyama K, 
et al. 2019 

PLot Genet.

Li Y, et al. 
2022 

Sci. Adv.

g h

ji

k

nm

i


