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1.  

primary central nervous system lymphoma: 

PCNSL B 	

B 2-3%

	 2-4 B

41 PCNSL 	

30 PCNSL mRNA MYD88

GNAI2 	PIM1 BTG2 	NF-κB

HLA-C 14.6%B	 7q35

12.2% B 	 PCNSL
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2.  

56 1 	

26 28.9%

3.5 1

	 2 B 15.5%	 3 B 9.4%B

	 B

	 B  

	 	

	

B EGFR  [1]	

B TP53  [2]	 B BCR-ABL [3]

B EML4-ALK [4] EGFR

EGFR

[5] BCR-ABL ABL

 [6]	 EML4-ALK

ALK [7]
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B  

DNA B B

	

International Cancer 

Genome Consortium ICGC 2008 	50

500 B

	

B  [8] The Cancer 

Genome Atlas TCGA 	20 500

	

B Broad InstituteB 1000

	DNA 	RNA Cancer Cell Line 

Encyclopedia CCLE 	 B

	

	

B 	
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transcriptome sequencing	

microRNA small RNA sequencing	 DNA

chromatin 

immunoprecipitation-sequencing ChIP-Seq B  [9]  

primary central nervous system lymphoma: 

PCNSL 	 B 	

B diffuse large B-cell lymphoma: 

DLBCL  [10] PCNSL 2-3%

	 2-4 B  [11]

50-70 B 	  [12]

Epstein-Barr virus: EBV

human immunodeficiency virus: HIV 	

B 	

B  [13, 14] 	

	PCNSL B

B B

B 	 DLBCL
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CHOP 	 	 	

PCNSLB  [15]

	 B B

	PCNSL high-dose 

methotrexate: HDMTX whole brain radiotherapy: WBRT

	

	  

[11, 16]  

PCNSL B 	

	

DLBCL PCNSL BCL6

B aberrant somatic 

hypermutation: aSHM 	 B M

	PCNSL B B

 [17] PCNSL B

	 B MYD88�CD79B�

ODZ4�TBL1XR1  
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[18–20] 	 B

B B 	PCNSL

B  

PCNSL B

	

	 PCNSL

B 	

B B B 	 41

PCNSL mRNA

	PCNSL 	
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3.  

 

PCNSL

	 	 	 	

G3546-(21) 	

B  

 

 

PCNSL Germinal center B cell GCB non-germinal center B cell

non-GCB 	Hans  [21]

	

CD10	BCL6	MUM1 3 CD10

B GCB 	CD10 BCL6 B non-GCB 	CD10

B BCL6 	MUM1 B non-GCB 	MUM1 B GCB
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DNA QIAamp DNA Mini Kit Qiagen

DNA 200

	NEBNext Ultra DNA Library Prep Kit for Illumina New England 

BioLabs 	

SureSelect Human All Exon Kit Agilent Technologies

HiSeq2000 Illumina 110

 

HiSeq2000

	 Q 20 	

	

bowtie 2

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

hg19

i 1 3 	 ii

"1000 
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genomes" http://www.1000genomes.org

	 iii

	

 

MuTect http://www.broadinstitute.org/cancer/cga/mutect

SomaticIndelDetector http://www.broadinstitute.org/cancer/cga/node/87

	 SnpEff http://snpeff.sourceforge.net

PCNSL MutSigCV

https://www.broadinstitute.org/cancer/cga/mutsig

Karkinos http://sourceforge.net/ 

projects/karkinos  

 

RNA-sequence RNA-seq  

RNA RLT Qiagen 	

RNeasy Mini kit Qiagen 	NEBNext Ultra Directional RNA 

Library Prep Kit New England BioLabs 	
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HiSeq2000 VST

DESeq2

http://bioconductor.org/packages/release/bioc/html/DESeq2.html

deFuse https://bitbucket.org/dranew/defuse

Gene Set Enrichment Analysis GSEA GSEA

http://www.broadinstitute.org/gsea/index.jsp 	

 

 

INO80-NUSAP1  

INO80 NUSAP1 	RT-PCR

PCR : 5’-gatttgttctatggcctcggag-3’

5’-gtgactaaagtggggatgacag-3’ 	PCR

 

 

 



 12 

Ion Torrent  

Ion AmpliSeq Designer

https://www.ampliseq.com/browse.action

Ion AmpliSeq Library Kit 2.0 Thermo Fisher Scientific

Ion OneTouch 2 	Ion 

PGM Thermo Fisher Scientific

Torrent Suite  

 

aSHM  

aSHM 	Khodabakhshi

SHM indicator  [22, 23] 	

2 Kb i SHM

"WRCY" BW A T 	R A

G 	Y C T B 	

ii C:G A:T B 	 iii

	 SHM indicator  
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40 DLBCL 25 natural killer/T-cell lymphoma

NKTCL  [24, 25]

NKTCL

B 	PCNSL DLBCL

3

R 	

 

 

 

HEK293T American Type Culture Collection: ATCC

Dulbecco’s Modified Eagle Medium: Nutrient Mixture F12 DMEM/F12

Invitrogen 10% fetal calf serum: FCS Invitrogen 	2 mM 

L- Invitrogen 	100 units/ml Invitrogen 	100 µg/ml

Invitrogen B  

 

IKBKB DNA complementary DNA: cDNA
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SW872 ATCC RT-PCR PCR : 

5’-gacagagttagcacgacatcag-3’ 5’-acatcatgaggcctgctccag-3’ PCR

pcDNA3 Life Technologies 	

V203I cDNA 	

QuikChange Site-Directed Mutagenesis kit Stratagene PCR

: 5’-agaagtacacagtgaccatcgactactggagcttc-3’

5’-gaagctccagtagtcgatggtcactgtgtacttct-3’  

 

HEK293T 6 4.8 × 105 / B 	

2500 ng Lipofectamine 3000 Life Technologies

12 	NP-40 lysis buffer 50 mM Tris-HCl pH 7.4 	150 

mM NaCl	1 mM NaF	1 mM Na3VO4	1 mM PMSF	

	1% NP-40 B 10% B

	 B PVDF

Millipore IKBKB sc-8014

LMNB1/2 C-20 Santa Cruz Biotechnology 	NFKBIA

#9242 	 NFKBIA #9246 	RELA #8242 	 RELA

#3036 	ACTB #4970 Cell Signaling Technology
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	 Anti-rabbit IgG #7074 anti-mouse IgG #7076

Cell Signaling Technology  
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4.  

PCNSL  

	 B  

1 	 30 HiSeq2000B

100 	 6000 B

	 100× 1

B 	1 2 B 	

B 	

B B B	

B 1.5% 	

Agilent Technologies SureSelect 	

2  
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1
B 	

20% B mRNA
1.5% B
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Agilent Technologies  

2 SureSelect
RNA

B DNA 	 	 RNA
B

RNA DNA
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41 PCNSL

B PCNSL 90% DLBCL

	 10% T  [16]

B PCNSL DLBCL B 	

WHO DLBCL 	41

	39 B 	2 B 	

DLBCL B GCB non-GCB

 [26]	 7 GCB

B 	32 non-GCB B EBV

B B 1  

DNA

SureSelect 	

HiSeq2000 B 158×	

B 81×B 	 98% 41

PCNSL B 17,385 	

10,765 62% B

2.5 3 HiSeq2000
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B 	

84 	Ion Torrent B 	

Ion Torrent 	HiSeq2000

B 2 	

Karkinos  [27] 	 69.0%B

4  

41 PCNSL 1 Mb

3.2B 	 DLBCL  [28, 29]

	 B 5

	 0.2/MbB 	

ID6 ID41 B 2.2/Mb	1.9/Mb

	ID13B 69.1/MbB 	

15 B 4.5/Mb

DNA B POLE 	

DNA mismatch 

repair: MMR MutS MSH2	MSH6 MutL MLH1	PMS2

 [30, 31]	
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	ID13B POLE 	ID6 ID41B MMR

6  
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1 PCNSL  
PCNSL DLBCL; 
diffuse large B-cell lymphoma 	EBV; 

Epstein-Barr virus 	HIV; human immunodeficiency virus 	
SRS; stereotactic radiosurgery 	RT; 	GCB; germinal 
center B cell  

� ID $ �� ��!� ����� ���	�� ����� EBV�� HIV�� Hans�#
1 72 �� DLBCL �� HDMTX WBRT (–) ��
 GCB

2 74 �� DLBCL �� HDMTX (–) (–) ��
 GCB

3 46 �� DLBCL �� HDMTX WBRT (–) (–) GCB

4 71 �� DLBCL �� HDMTX WBRT (–) (–) GCB

5 76 �� DLBCL �� HDMTX (–) (–) (–) GCB

6 68 �� DLBCL �� HDMTX WBRT (–) (–) GCB

7 49 �� DLBCL �� HDMTX WBRT (–) (–) GCB

8 58 �� DLBCL �� HDMTX WBRT (–) ��
 Non-GCB

9 70 �� DLBCL �� HDMTX (–) (–) ��
 Non-GCB

10 66 �� DLBCL �� HDMTX WBRT (–) ��
 Non-GCB

11 75 �� DLBCL �� HDMTX (–) (–) (–) Non-GCB

12 72 �� DLBCL �� HDMTX WBRT (–) ��
 Non-GCB

13 74 �� DLBCL �� HDMTX (–) (–) ��
 Non-GCB

14 60 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

15 61 �� DLBCL �� HDMTX WBRT (–) ��
 Non-GCB

16 51 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

17 72 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

18 77 �� DLBCL �� (–) WBRT (–) ��
 Non-GCB

19 60 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

20 50 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

21 57 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

22 33 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

23 64 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

24 74 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

25 63 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

26 68 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

27 48 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

28 78 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

29 68 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

30 67 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

31 42 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

32 29 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

33 56 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

34 44 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

35 69 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

36 75 �� DLBCL �� (–) RT (–) (–) Non-GCB

37 70 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

38 58 �� DLBCL �� HDMTX WBRT (–) (–) Non-GCB

39 75 �� DLBCL �� (–) WBRT (–) (–) Non-GCB

40 53 �� DLBCL HDMTX+WBRT "��� "��� (–) (–) ��


41 75 �� DLBCL SRS "��� "��� (–) (–) ��
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3 PCNSL  
41 PCNSL

	

MuTect SomaticIndelDetector
	 SnpEff  

  

�
�	
27%

������	
62%	

�����
5%	

������	
3%	

�����
����	

2%	

����
��
�	

1%
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2 Ion Torrent  
HiSeq2000 84 	Ion 
Torrent  

	 

VWA1 chr1 1374779 C T ⚪ ︎
PRKACB chr1 84668450 C A ⚪ ︎
TDRD5 chr1 179587788 A C ⚪ ︎
LAMC1 chr1 183086726 G A ⚪ ︎
BTG2 chr1 203274762 C T ⚪ ︎
ESRRG chr1 216692520 A T ⚪ ︎
NID1 chr1 236212060 G A ⚪ ︎
OR2T33 chr1 248436212 C T ⚪ ︎
KLF6 chr10 3827197 G A ⚪ ︎
PTER chr10 16553198 G C ⚪ ︎

FAM160A2 chr11 6236138 G T ⚪ ︎
MICAL2 chr11 12241949 C T ⚪ ︎
ANO5 chr11 22249110 C A ⚪ ︎
TRIM44 chr11 35684966 G A ⚪ ︎
OR4A16 chr11 55111427 C A ⚪ ︎
OR5T2 chr11 56000036 C A ⚪ ︎
MS4A14 chr11 60183797 T G ⚪ ︎
MYRF chr11 61548482 C T ⚪ ︎
NRXN2 chr11 64453303 G A ⚪ ︎
KMT2D chr12 49420473 G C ⚪ ︎
PPFIA2 chr12 81657028 T C ⚪ ︎
SH2B3 chr12 111856107 C T ⚪ ︎
IRS2 chr13 110436009 C T ⚪ ︎
MIA2 chr14 39716532 C T ⚪ ︎
HERC2 chr15 28511050 C T ⚪ ︎
INO80 chr15 41364223 G A ⚪ ︎
WDR72 chr15 53998227 T A ⚪ ︎
ARNT2 chr15 80762624 C G ⚪ ︎
CBFA2T3 chr16 88943625 C T ⚪ ︎
NF1 chr17 29559879 G A ⚪ ︎

FHOD3 chr18 34081918 C T ⚪ ︎
CIB3 chr19 16275569 C A ⚪ ︎
RYR1 chr19 38993531 C T ⚪ ︎
EFR3B chr2 25359459 A G ⚪ ︎
FAM179A chr2 29256387 G A ⚪ ︎
SLC1A4 chr2 65216983 G A ⚪ ︎
TTN chr2 179610845 C T ⚪ ︎

PARD6B chr20 49354493 G A ⚪ ︎
IGLL5 chr22 23230246 A G ⚪ ︎
IGLL5 chr22 23230319 T C ⚪ ︎
IGLL5 chr22 23235906 G A ⚪ ︎
IGLL5 chr22 23235908 G C ⚪ ︎

L3MBTL2 chr22 41620975 G A ⚪ ︎
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2  
 

	 

GRM7 chr3 7188232 C A ⚪ ︎
MYD88 chr3 38182641 T C ⚪ ︎
CYP8B1 chr3 42916608 C T ⚪ ︎
ATRIP chr3 48488275 G A ⚪ ︎
CLDND1 chr3 98235922 G A ⚪ ︎
SEMA5B chr3 122630859 C T ⚪ ︎

SI chr3 164727180 A G ⚪ ︎
NLGN1 chr3 173998632 G A ⚪ ︎
TBL1XR1 chr3 176752067 T C ⚪ ︎
FAM13A chr4 89708979 G T ⚪ ︎
LRIT3 chr4 110791286 C G ⚪ ︎

ANKRD50 chr4 125590927 C A ⚪ ︎
PCDH18 chr4 138451379 C A ⚪ ︎
DNAH5 chr5 13735328 G C ⚪ ︎
DNAH5 chr5 13901672 G T ⚪ ︎
SLC1A3 chr5 36677113 G T ⚪ ︎
OSMR chr5 38919081 C G ⚪ ︎
TMED9 chr5 177019303 T A ⚪ ︎
FOXC1 chr6 1610925 G C ⚪ ︎
FOXC1 chr6 1611129 G T ⚪ ︎
FOXC1 chr6 1612092 C G ⚪ ︎

HIST1H1E chr6 26156650 C T ⚪ ︎
HIST1H1E chr6 26156788 T C ⚪ ︎
HIST1H1E chr6 26156835 G A ⚪ ︎
PIM1 chr6 37138242 G C ⚪ ︎
PIM1 chr6 37138549 G T ⚪ ︎
PIM1 chr6 37138553 G C ⚪ ︎
PIM1 chr6 37138791 C T ⚪ ︎
PIM1 chr6 37139042 G A ⚪ ︎
RUNX2 chr6 45399607 C T ⚪ ︎
AVL9 chr7 32612977 G A ⚪ ︎

SEMA3E chr7 83029512 C T ⚪ ︎
LRRD1 chr7 91774339 T C ⚪ ︎
STAG3 chr7 99798916 A G ⚪ ︎
TOX chr8 60031457 G C ⚪ ︎
CD274 chr9 5463055 A G ⚪ ︎
IFNA7 chr9 21202040 G T ⚪ ︎
RORB chr9 77286720 T C ⚪ ︎
IKBKAP chr9 111644424 C A ⚪ ︎
BRINP1 chr9 121976285 G T ⚪ ︎
REXO4 chr9 136278019 C T ⚪ ︎
DBH chr9 136505091 G A ⚪ ︎

TUBB4B chr9 140135855 C T ⚪ ︎
PIM2 chrX 48775919 C T ⚪ ︎
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4 PCNSL  
PCNSL Karkinos

69.0%B 	

20.0%	 98.0%B  
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5 PCNSL  
Mb 	

ID	DNA B POLE MMR MutS MSH2�
MSH6 MutL MLH1�PMS2 	

Mb  
  

0 

20 

40 

60 

80 

/M
b

+

0.0 

1.0 

2.0 

3.0 

/M
b
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6 POLE MMR  
POLE MMR B MSH2	MSH6	MLH1	PMS2

PCNSLB
ID 	

B  

POLE� 2286 DNA_pol_B_exo1 DNA_pol_B 

A
46

5T
(1

3)
 

R
22

25
C

(1
3)

 
A

21
80

V
(1

3)
 

S
18

29
Y

(2
5)

 

K
12

19
M

(1
7)

 

A
10

7V
(1

3)
 

MSH2�

DUF1744 

MutS_I MutS_II 

MutS_III 

MutS_IV MutS_V 934 

C
69

7F
(4

1)
 

MSH6� PWWP MutS_I 

MutS_III 

MutS_II MutS_IV 1360 

R
57

7H
(1

3)
 

MutS_V 

S
27

4G
(2

5)
 

Y
10

38
*(

13
) 

R
10

76
H

(1
3)

 

MLH1� 756 HATPase_c DNA_mis_repair 

G
55

D
(1

3)
 

PMS2� 862 HATPase_c DNA_mis_repair 

K
58

1R
(6

) 

MutL_C 

V
56

4A
(6

) 
K

57
7f

s(
6)
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PCNSL aSHM  

B

	

	B 	

SHM 	

activation-induced cytidine deaminase: AID  [32, 33]

AID DNA C U B

PCNSL SHM 	

	 C T

	 GCG B 7

	PCNSL SHM

	SHM B

	DLBCL B

SHM  [34] aSHM

	  [35] PCNSL

DLBCL 	
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aSHM B 	PCNSL

aSHM SHM

	 2Kb 	 B

	C T

 [33] B

SHM indicator PCNSL aSHM

	 76 aSHM B

SHM indicator <0.05 8 	 DLBCLB PIM1

10-30% B  [22, 28]	PCNSL

100% B BTG2 92.7%

B 	 DLBCLB B aSHM

RHOH BCL6 [34] 	PCNSL aSHM
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A 

 

B 

 

 
 
 

7 PCNSL  
A. 1  
B. 3  
 

	

A>C A>G A>T C>A C>G C>T

	

A>C A>G A>T C>A C>G C>T

ID6 ID13 ID41 
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8 PCNSL aSHM  
SHM indicator 	 23

2Kb B	1
B

	

 

0 200 400 

100.0%

48.8%

46.3%

58.5%

56.1%

92.7%

63.4%

56.1%

34.1%

46.3%

75.6%

43.9%

53.7%

39.0%

24.4%

46.3%

24.4%

36.6%

26.8%

17.1%

19.5%

36.6%

36.6%

PIM1�

0 5 10 15 

BTG1�

TMSB4X�

PIM2�

TCL1A�

BTG2�

NEAT1�

DUSP2�

MPEG1�

DTX1�

HIST1H1E�

ETS1�

ETV6�

OSBPL10�

BCL2�

ZFP36L1�

CD44�

AC096579.7�

XBP1�

BCL11A�

MIR155HG�

AC096579.13�

CD79B�

15<

-log10(SHM indicator)1

RNA

 

	

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
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PCNSL  

PCNSL

	MutSigCV  [29]

MutSigCV Mutation Significance Covariates B 	

B

DNA 	

	

	

B MutSigCV 	aSHM

15 q  <0.1

9 PCNSL DLBCLB

 [24, 28, 36]	  

MYD88 NM_002468 PCNSL B

75.6% 978 T C 	 265

L P L265P B

10 	 DLBCLB MYD88 10-20% B  [28]
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	NF-κB aSHM

	PIM1�BTG2�CD44�XBP1�

CD79B�MYD88 	PCNSLB B NF-κB

	NF-κB

	

	 	

11 B

 

	MutSigCV

	HLA-C

B

P = 0.0262	 12  

	 B

 [37, 38]	 PCNSL

	1q	7	12	18q

6q B 13 HLA

6p21-22 	
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 [18] HLA HLA-C

	HLA

PCNSL 	6q 9p

B  
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9 PCNSL  
MutSigCV PCNSL

15
aSHM MutSigCV

q

8 B  
 

0	20	40	 0	 2	 4	 6	 8	
-log10(q	)

37.1%

75.6%

24.4%

36.6%

17.1%

17.1%

12.2%

14.6%

14.6%

9.8%

9.8%

22.0%

31.7%

7.3%

19.5%

TBL1XR1�

MYD88�

PRDM1�

KMT2D�

GNAI2�

CIITA�

CCND3�

MAGT1�

HLA-C�

HNRNPD�

B2M�

ITPKB�

TOX�

CD80�

MEF2B�

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
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10 MYD88  
MYD88 PCNSLB
MYD88 Death TIR Toll/interleukin-1 receptor

	 TIR B

 
 

Death TIR 
Q

13
3R

 
G

15
9A

 

M
23

2T
 L265P 

309 
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11 PCNSL 	 	

 
 

  

	

TP53 

CCND3 

RB1 

MYC 

PRDM1 

CIITA 

HLA-C 

B2M 

CD80 

CD58 

KMT2D 

KMT2C 

DNMT1 
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12 HLA-C  
PCNSL HLA-C

P

 
  

HLA-C	 (n=33)�

HLA-C	 (n=6)

1.0

0.5

0.0
0 20 40 60

P = 0.0262
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13 PCNSL  
PCNSL 1 22

	HLA 7q35
UPD: uniparental disomy  

 
  

	

ID�

HLA

7q35

1

3

5

7

9

11

13
15

17
19
21

6≤
5
4
3
2
1
0
UPD
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PCNSL mRNA  

41 	30 RNA

B 	 RNA HiSeq2000

RNA-seq 	1 29.1 ± 5.5  ± SD

B RNA-seq

	 PCNSL

GSEA

	 	 	

B

	 7q35 CHR7Q35

B 14	 3

7q35 DLBCLB EZH2

 [28] 	7q35

B 13

PCNSL RNA-seq

	1 B INO80 NUSAP1
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	 B B

15  
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14  
RNA-seq GSEA

	 	 	

	 CHR7Q35
q

 
  

Fukumura et al.   7

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5. GSEA revealed “nuclease activity” and “deoxyribonuclease activity” 

gene sets to be significantly overexpressed in patients without disease progression. The false 

discovery rate for each analysis is shown. 
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Supplementary Figure 5. GSEA revealed “nuclease activity” and “deoxyribonuclease activity” 

gene sets to be significantly overexpressed in patients without disease progression. The false 

discovery rate for each analysis is shown. 
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Supplementary Figure 6. Discovery of the INO80-NUSAP1 fusion gene. The gene fusion was 

verified by Sanger sequencing of the fusion point PCR (upper panel). The resultant cDNA 

produces a predicted protein comprising an amino-terminal portion of INO80 and 

carboxyl-terminal portion of NUSAP1 (lower panel). 
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verified by Sanger sequencing of the fusion point PCR (upper panel). The resultant cDNA 
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