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要旨 

EVI1 EVI1

EVI1

EVI1  

TALEN EVI1-2A-eGFP EVI1

cDNA

EVI1 up-regulator AHR, TARDBP EVI1

EVI1 H3K4me3, H3K27me3 H3K79me2
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序⽂ 

EVI1 ecotropic viral integration site-1 3q26

MDS1 and EVI1 complex (MECOM) locus

1988 EVI1 common 

integration site 1 EVI1

1051 amino acidからなる145 kDのタンパクである 。 N

7 zinc finger domain 1 zinc finger domain CtBP

central transcription repression domain 3 zinc finger domain 2 zinc finger 

domain C-terminal acidic region 2-4  

 

Evi1

Evi1

E10.5 Evi1 5
 

Evi1

self-renewal 6 Evi1
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EVI1

EVI1 CD34 quiescence 7

EVI1

8  

 

EVI1 AML

CML MDS

9-13 AML EVI1

1 inv(3)(q21q26)

t(3;3)(q21;q26) EVI1

Classification of Tumors of 

haematopoietic and Lymphoid Tissues (2008)

mixed lineage 

leukemia MLL 27% EVI1

14 EVI1
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8–10% EVI1 EVI1

13,15 285

Valk

EVI1

13 Xenograft

Leukemia Stem Cells LSCs

LSC EVI1 16  

 

EVI1

Gata2 Pbx1 Evi1

5,17 EVI1 PTEN

18 EVI1 CEBPE SERPINB2

19 expression profiling chromatin 

immunoprecipitation (ChIP)-sequence EVI1

EVI1
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EVI1 inv(3)(q21q26)

t(3;3)(q21;q26)

GATA2 EVI1 EVI1

20,21

EVI1

MLL EVI1

MLL/ENL MLL/AF9 EVI1

22  

Luciferase assay

RUNX1 ELK1

EVI1 23

EVI1 cDNA
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homology directed repair

zinc finger nuclease Transcription 

activator-like effector nuclease clustered regularly interspaced short palindromic 

repeat (CRISPR)/CRISPR-associated Cas9 24-28  

Xanthomonas Transcription activator-like (TAL) effector

DNA

TAL effector DNA nuclease FokI

TAL effector nuclease (TALEN) TALEN DNA

FokI FokI

DNA 26  
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EVI1

DNA

non-coding RNA

29

Histone H3 Lysine 4 tri-methylation (H3K4me3)

H3K36me3 H3K79me2

DNA

H3K27me3 Polycomb 2

PRC2

30,31  

 

EVI1

TALEN

EVI1-eGFP EVI1

mRNA cDNA
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cDNA

EVI1

EVI1

EVI1-high leukemia

EVI1  
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実験⽅法 

細胞株と培養 

HEL, KU812, HL60 HEC1B

HEK293T

 

HEL, KU812 10 FCS

Biosera 100 unit/ml Sigma-Aldrich 100 µg/ml

Sigma-Aldrich 1% PS RPMI-1640

HEK293T HEC1B

10%FCS 1%PS D-MEM

37℃ 5 CO2 	

 

ゲノム DNA 抽出 

DNA 2  

TALEN

PCR 50 mM NaOH 

180 µl Vortex 95 10
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1 M Tris-HCl (pH 8.0) 20 µl 12000 rpm, 5

 

µ

 

 

TALEN 発現ベクター及びドナーベクターの作成 

Joung Lab REAL Assembly TALEN kit (Addgene, Kit # 1000000017) 32

TALEN REAL

ZiFiT Targeter program (http://zifit.partners.org/)  

EVI1-eGFP-2A-Puro OCT4-eGFP-2A-Puro(Addgene, Plasmid 

#31939) 26

Table 1
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Table 1

 
Name Sequence 
SacI-LeftArm GCCGAGCTCCTGTTGGGTCTTGTGTTTGG 
NheI-LeftArm GCCGCTAGCTACGTGGCTTATGGACTGGA 
AscI-RightArm GCCGGCGCGCCCGTTATCAAGGTTGACCAGAG 
NotI-RightArm GCCGCGGCCGCTGATACACGCAACACACACAA 
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エレクトロポレーションによる TALEN 発現ベクター及びドナーベクターの導

⼊ 

HEL NEPA21 electroporator

1x106 10 µg OPTI-MEM

Thermo Fisher Scientific 100 µL 2 mm gap

pCMV-eGFP

Table 2 TALEN Left-arm 2 µg, 

Right-arm 2 µg 6 µg HEL 10%FCS

1%PS RPMI Puromycin (Sigma-Aldrich) 1 µg/mL

Table 3 DNA  
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Table 2 HEL NEPA21  

Parameters Poring pulse Transfer pulse 

電圧 V 200 20 

パルス幅 ms 5 50 

パルス間隔 ms 50 50 

回数 2 5 

減衰率 % 10 40 

極性 + +/- 
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Table 3 EVI1-2A-eGFP-PGK-Puro  

Name Sequence 
5' integ.-F TTGATTAGAACACTGTTGGGTCT 
5' integ.-R ACATCCCCTGCTTGTTTCAA 
3' integ.-F GAAGGATTGGAGCTACGGGG 
3' integ.-R CAAGCTTGCAGACAACCAGC 
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付着細胞に対するトランスフェクション 

HEK293T HEC1B

polyethylenimine PEI; Polysciences PEI 33  

10 cm Opti-MEM 500 µl

plasmid PEI DNA 1 µg 8 µl Vortex

10-15 incubate

 

 

ウェスタンブロットによる EVI1 及び GFP の発現確認 

HEL 106 lysis buffer (20 mM Tris-HCl, 2 mM 

EDTA, 300 mM NaCl, 2% NP-40, 0.2% aprotinin, 1 mM DTT, 1 mM PMSF, 12.5 mM 

β glycerophosphate, 1 mM sodium orthovanadate, protease inhibitor cocktail)

4 30 15000 rpm

Bradford protein assay BioRad

100 µg sample buffer (0.1 mM Tris-

HCl, 2% SDS, 10% glycerol, 0.01% bromophenolblue, 10% 2-mercaptoethanol) 

100 3 SDS-polyaclylamidegel 
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electrophoresis 130 mA 2

10%  TNT buffer

1000 anti EVI1, anti GFP, anti β-actin; 

Cell Signaling Technology 4  overnight horse radish 

peroxidase (HRP) Amersham 1

TNT buffer ImmunoStar LD (Wako) CCD

HEK293T pCMV-eGFP PEI

GFP EVI1

HEL

ImageJ 34 background

background β-actin  

 

フローサイトメトリー及びソーティング 

GFP FACS LSRII

Becton Dickinson GFP FITC

APC
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FACS Aria II Becton Dickinson  

 

cDNA library の作成 

2x107 KU812 TRI REAGENT Sigma total RNA

DNAseI MicroPoly(A)Purist Kit Ambion

poly-A RNA Universal RiboClone cDNA 

Synthesis System Promega cDNA EcoRI

DNA

AMPure Beckman

Sephacryl S-400 2

pMXs-NEO EcoRI TSAP Promega cDNA

ligation Ligation High ver. 2 TOYOBO ℃ 

overnight cDNA Agilent 2100 Bioanalyzer High 

Sensitivity DNA Agilent  

Electrocompetent E. coli HST08 Premium Electro-Cells

TaKaRa Gene Pulser Bio-Rad 0.1 cm gap
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200 25 µF 1.5 kV SOC 1

2xTY

Primary Titer plating

Table 4 PCR integrity
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Table 4 PCR  

Name Sequence 
COLONY F GACGGCATCGCAGCTTGGATACAC 
COLONY R ACCCTAACTGACACACATTCC 
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培養細胞からの RNA 抽出、cDNA 作成、EVI1, MDS1EVI1 発現量の定量 

RNA NucleoSpin RNA NucleoSpin RNA XS

Machery-Nagel ReverTra Ace qPCR RT Master Mix

TOYOBO

 

EVI1 MDS1EVI1 18S rRNA LightCycler 480

PCR Roche Table 5

EVI1, MDS1EVI1 18S
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Table 5 EVI1, MDS1EVI1 PCR  

Name Sequence 
EVI1 F TATTGCTGAGTTGAGGCCATAG 
EVI1 R GTACTTGAGCCAGCTTCCAACA 
MDS1EVI1 F GAAAGACCCCAGTTATGGATGG 
MDS1EVI1 R GTACTTGAGCCAGCTTCCAACA 
18S F CGGCGACGACCCATTCGAAC 
18S R GAATCGAACCCTGATTCCCCGTC 
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アンフォトロピックレトロウイルス粒⼦の作成及びレトロネクチン法による細

胞株への感染 

Plat-A 10  FCS 1% PS 1 

µg/mL puromycin (Sigma-Aldrich) 10 µg/mL blasticidin (Sigma-Aldrich)

D-MEM 37℃ 5% CO2

10 cm 2x106 PEI

20 µg 72

0.45 µm

 

HEL TaKaRa

RetroNectin-bound virus

 

HEC1B 8 ng/mL

overnight  

cDNA 3 mg/mL G418 Wako 1
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cDNA pMXs-eGFP-Neo

2 FACS GFP

G418  

 

ゲノム改変細胞株を⽤いたライブラリースクリーニング 

cDNA

Single-cell sort

PCR Table 4 nested-PCR Table 6

Exosap-IT Affymetrix 2nd round

Basic Local Alignment Search Tool 

BLAST, http://blast.ncbi.nlm.nih.gov/ Nucleotide Blast blastn algorithm

PANTHER Classification System 

(http://pantherdb.org/) 35  
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Table 6 nested PCR  

Name Sequence  
nest_1st F ACTGGAAAGATGTCGAGCGG 
nest_1st R CCAAACCTACAGGTGGGGTC 
nest_2nd F CGCCGACACCAGACTAAGAA 
nest_2nd R GAACCTGCGTGCAATCCATC 
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shRNA を⽤いたノックダウン実験 

Table 7 short hairpin RNA (shRNA) pRSI12-U6-sh-HTS4-UbiC-

TagRFP-2A-Puro 10  FCS 1% PS

D-MEM HEK293T 37℃ 5% CO2

10 cm 2x106 PEI 8 µg

pMD2.G psPAX2

1:3:4 72

0.45 µm

8 ng/mL overnight

1 µg/mL puromycin
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Table 7 shRNA  

Name shRNA Sequence 

shAHR#1 GGAATCAAGTCAAATCCTTCC 

shAHR#2 GAACCAAACACAAACTAGACT 

shTARDBP GGTGTATGTTGTCAACTATCC 
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クロマチン免疫沈降 

1x107 37% 15

DNA NMase New England Biolabs Japan 15

Bioruptor UCD-300 250W 30 -60

10 Dynabeads Protein G Thermo 

Fisher Scientific rabbit IgG Cell Signaling Technology , H3K4me3 (Upstate), 

H3K27me3 (Upstate), H3K36me3 (Abcam), H3K79me2 (Abcam) 4℃ 3

DNA 4℃

6

QIAquick PCR Purification Kit Qiagen Table 

8 DNA LightCycler 480 PCR

Input alpha-satellite, BDNF intron, 

GAPDH promoter H3K36me3, H3K27me3, H3K4me3/H3K79me2
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Table 8 ChIP-qPCR  

Name  Sequence  
EVI1(1) F TTTCCTTGTTCCTCCTGCGAA 
EVI1(1) R GGCAGAGAAACCCACCGAAG 
EVI1(2) F TCGAAACGGAGGCTATTTCCC 
EVI1(2) R GAGGTCACAAAAAGGTCGCC 
EVI1(3) F CCTACCGACGTTTCCTCGTT 
EVI1(3) R GGGGAACCGATTGCTTCAGA 
EVI1(4) F AGTGCTGTTTGTCCACAGGA 
EVI1(4) R GTCCAGCCAAAGCCAGATGA 
EVI1(5) F CCAGACTGACCCCAGCAAAT 
EVI1(5) R GCTCGAGGATTCAGGCATGT 
alpha-satellite F CTGCACTACCTGAAGAGGAC 
alpha-satellite R GATGGTTCAACACTCTTACA 
BDNF intron F ACCCCAACCTCTAACAGCATTA 
BDNF intron R TGTCTCTCAGCAGTCTTGCATT 
GAPDH promoter F CCCAACTTTCCCGCCTCTC 
GAPDH promoter R CAGCCGCCTGGTTCAACTG 
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結果 

TALEN によるゲノム改変 

HEL EVI1

2A-eGFP EVI1-2A-eGFP

2A 18

2A

36  

TALEN ZiFiT EVI1

TALEN Table 9

REAL TALEN Figure 

1  
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Table 9 ZiFiT TALEN  

TGAACATATGTAGTGGATGGATGACTGTATTTATAGTTGAACAGGAGAC

TGACTCATTTTTCTCAATGGAAGCACTATTTGCATTTTAGGTAGGATAGTT

CTTTTTGGTTCTGTAGCGTGTGTCACTTTTGGGGCCCCTAGGCACTAAAGG

CCAGCAGTAATCCCATGTGGTTTCTACAAAAAATATGCCTTCTTTGCCAAA

CACACCCATGAAGGATGCCCCTACTCAGGGTCCCATCCCTTTCCATTTACC

AACAATATTCTTTGAACTAAAAGTGATGTTTTTCAAATGCCATTTACTGAG

TCTCTCTCCTTTTTACCCCAGGCATATGCTATGATGCTGTCACTGTCTGAC

AAGGAGTCCCTCCATTCTACATCCCACAGTTCTTCCAACGTGTGGCACAGT

ATGGCCAGGGCTGCGGCGGAATCCAGTGCTATCCAGTCCATAAGCCACGT

A[T]GACGTTATCAAGGTTGACCAGAGTGGGACCAAGTCCAACAGTAGCAT

GGCTCTTTCATATAGGACTATTTACAAGACTGCTGAGCAGAATGCCTTATA

AACCTGCAGGGTCACTCATCTAAAGTCTAGTGACCTTAAACTGAATGATT

TAAAAAAGAAAAGAAAGAAAAAAGAAACTATTTATTCTCGATATTTTGTT

TTGCACAGCAAAGGCAGCTGCTGACTTCTGGAAGATCAATCAATGCGACT

TAAAGTGATTCAGTGAAAACAAAAAACTTGGTGGGCTGAAGGCATCTTCC

AGTTTACCCCACCTTAGGGTATGGGTGGGTGAGAAGGGCAGTTGAGATGG

CAGCATTGATATGAATGAACACTCCATAGAAACTGAATTCTCTTTTGTACA

AGATCACCTGACATGATTGGGAACAGTTGCTTTTAATTACAGATTTAATTT

TTTTCTTCGTTAAAGTTTTATGTAATTTAA 

Homo sapiens chromosome 3, GRCh38.p2 Primary Assembly 

169084431 to 169085368, minus strand 

[T] EVI1 TGA 1
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Left Arm Right Arm 

  
  

Target sequence 

TCCAGTCCATAAGCCACG TTGACCAGAGTGGGACCA 

Figure 1 TALEN  

TALEN

TALEN Left / Right arm  
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ドナーベクターの構築 

TALEN double strand break

homologous recombination

OCT4-2A-eGFP-PGK-Puro Figure 

2 EVI1  
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Figure 2 EVI1-2A-eGFP-PGK-Puro  

EVI1 exon 16 TALEN

homologous recombination

 
  

5’ 3’
genome

donor vector

left arm right arm

TALEN
cut site

PGKeGFP2A Puro

EVI1 exon 16
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ゲノム改変細胞株の選択 

AML EVI1 overexpression inv(3)/t(3;3)

GATA2

EVI1 EVI1

20,21 inv(3)/t(3;3) EVI1

EVI1

EVI1

EVI1

 

Vázquez 37 3q26 KU812

KU812

inv(3)/t(3;3) EVI1

HEL  

EVI1 MECOM

Cancer Cell Line Encyclopedia CCLE, http://www.broadinstitute.org/ccle 38

Figure 3 cDNA RT-qPCR
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EVI1 Figure 4 KU812 HEL

EVI1  

KU812 HEL

HEL
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Figure 3 CCLE EVI1 (MECOM)  

CCLE EVI1 (MECOM)

EVI1 Kasumi1, HL60 K562, KU812, HEL
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Figure 4 EVI1  

cDNA EVI1 qPCR

N=1 EVI1 inv(3)/t(3;3)

HNT34, MOLM1 EVI1 HEL

inv(3)/t(3;3) 3q26 EVI1

KU812 inv(3)/t(3;3) EVI1
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細胞株への遺伝⼦導⼊、遺伝⼦導⼊後の GFP シグナル確認、Puromycin セレ

クション及び⽬的配列がゲノムに Integrate されていることの確認 

HEL Jurkat

39 NEPA21

 

TALEN Puromycin

3 GFP

Figure 6-A Puromycin

GFP Figure 

6-B HEL Figure 7

2 genomic DNA PCR

Figure 8

HEL GFP

Figure 9 TALEN

EVI1 HEL  
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Figure 5  

1x106 10 µg NEPA21

Web  
 

 

  

C 1 :
0 A  A : :

6
A

.
: : 2 :

6 6 : . : 6 6
+ / 2 2 6
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A. Electroporation 3  

control (EP ) TALEN EP  

  
↓ ↓ 

B. Electroporation Puromycin  

Control EP Puro  TALEN Puro  

   

Figure 6 HEL GFP  

GFP GFP

puromycin  
EP: electroporation, Puro: puromycin 

  

GFP

AP
C 0.0%

GFP
AP

C 6.4%

GFP

AP
C

0.1%

GFP

AP
C

5.9%
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Figure 7 EVI1-2A-eGFP-PGK-Puro

PCR  

5’, 3’

PCR 5’ 3’ PCR 846 bp, 

1563 bp  
  

�����������	
�

. 3 2

3 5 5

52 5 . 52

 5

3 .

3 .

3 .

3 .

EVI1 exon 16
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Figure 8 HEL

PCR  

5’, 3’

BMVI: molecular marker  

  

2
01

-.
 

2
01

-.
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Figure 9 GFP  

EVI1, GFP, β-actin

 

  

beta actin
GFP
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MLL 融合遺伝⼦はゲノム改変 HEL 細胞の GFP シグナルを増強する 

MLL/AF9 MLL/ENL MLL EVI1

EVI1 22 pMXs-MLL/AF9-Neo

pMXs-MLL/ENL-Neo

HEL G418

GFP MLL

GFP Figure 10

22
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Non-infection Control 

 

MLL/AF9 

 

 

MLL/ENL 

 

Figure 10 MLL HEL GFP  

MLL G418

GFP N=1 P4, P5

GFP non-infection control

GFP

MLL GFP  
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cDNA ウイルスライブラリーの作成 

EVI1 up-regulator EVI1

cDNA pMXs-NEO

40 EVI1

EVI1 up-regulator

3q26 EVI1

KU812  

RNA cDNA

EcoRI cDNA

Figure 11

cDNA 1.6 kb pMXs-NEO

Primary Titer 2.1x106 CFU PCR

cDNA Integrity

Figure 12 cDNA

0.7x103 bp Figure 12  
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Figure 11 2 cDNA  

Bioanalyzer KU812 cDNA

DNA cDNA 1.6 kb

M: marker  

 

 

 

  

M 

M 
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A. 

 

B. 

 
Figure 12 PCR  

A. PCR

PCR 516 bp B. Titer

PCR integrity insert

0.7×103 bp Marker: BMVI , λ/HindIII

 

MCS: multiple cloning site  
  

MCS

MCS + 516 bp
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GFP 陽性細胞分画は濃縮できなかった 

pMXs-eGFP-Neo pMXs-Neo Plat-A

HEL 20

cDNA

HEL  

GFP EVI1

Figure 13-A 3 10

GFP

2 3 GFP

Figure 13-B  

EVI1 up-regulator
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A.  

 

B. 

 
Figure 13 cDNA GFP

GFP  

A. GFP 3 10

 

B. 2 3 GFP

N=1

HEL GFP 1
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Single cell sorting を併⽤したスクリーニング 

EVI1-GFP

Figure 14 G418 selection

single cell sort GFP

 

GFP 3 Single cell sort

Table 4 PCR

cDNA Figure 

15 bp bp

BLAST

Figure 15 ▽ EEF1A1

eukaryotic translation elongation factor 1 alpha 1

tRNA

ubiquitous

 

up-regulator
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Figure 14 workflow 
 

 

 

 

cDNAレトロウイルスライブラリーをInfection 
G418 selection（7日間） 

GFP high細胞のsingle cell sort

……

増殖したらゲノムを解析
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Figure 15 single cell sort cDNA  

Single cell sort Table 4

PCR cDNA

Arrowhead: EEF1A1 sample. λ/H: λ/HindIII molecular 
marker, BMVI: molecular marker. 

  

λ
/H

BM
VI

-2176
-1766
-1230
-1033
-653
-517

samples

4361-

2322-
2027-
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HEC1B の改変 

HEC1B

HEC1B EVI1

HEC1B karyotyping 3q26

41  

HEC1B PEI TALEN

HEL HEC1B

Figure 16 HEC1B

GFP Figure 17 PCR

GFP Figure 9  
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A. 

 

B. 

 
Figure 16 HEC1B GFP  

TALEN Puromycin

HEC1B FACS P4 HEC1B

GFP A, B A: GFP

B: GFP B
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3.5% 

92.2% 
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Figure 17 HEC1B PCR  

Figure 7 Figure 8

BMVI: molecular marker  
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改変 HEC1B 細胞において、EVI1 発現と GFP シグナルは相関する 

HEC1B EVI1 mRNA

GFP HEC1B GFP

5 RT-qPCR EVI1

MDS1/EVI1 Figure 18 GFP

EVI1 MDS1/EVI1 Figure 19

HEC1B GFP EVI1
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Figure 18 HEC1B GFP 5
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ゲノム改変 HEC1B 細胞の GFP シグナルは MLL 融合遺伝⼦によって上昇する 
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ゲノム改変 HEC1B を⽤いたライブラリースクリーニング 
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2 Figure 14
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A. 

 

B.
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Table 10 HEC1B EVI1-GFP

 

 

Genes N 
TARDBP 2 
IFRD1 1 
AHR 1 
CSDE1 1 
EMG1 1 
FTL 1 
RQCD1 1 
STOM 1 
VPS13C 1 
(lincRNA) 1 
(ncRNA) 1 
(genomic DNA) 4 
(mitochondrial DNA) 3 
(sequence不能) 7 
 26 

 

ncRNA: non-coding RNA, linc RNA: large intergenic ncRNA 

 

 

  



 71 

TARDBP 
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Figure 22 TARDBP AHR  
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CCLE

EVI1 (MECOM) Figure 23

AHR, TARDBP EVI1

Figure 24

cDNA RT-qPCR

Figure 25 TARDBP EVI1

shRNA

Figure 26 shTARDBP shAHR HEC1B EVI1

HEC1B TARDBP AHR

EVI1 regulate  
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A.  B. 

 

 

 
 

Figure 23 CCLE MECOM AHR, TARDBP
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Figure 24 EVI1, TARDBP, AHR  

GSE1159 13 Affymetrix U133A

EVI1 3 EVI1-high cluster

221884_at TARDBP 2 AHR 1

EVI1

r r=0  

  

1

10

100

1000

1 10 100 1000
EVI1_221884_at

TA
R
D
BP

_2
00
02
0_
at

1

10

100

1000

1 10 100 1000
EVI1_221884_at

TA
R
D
BP

_2
21
26
4_
s_
at

1

10

100

1000

1 10 100 1000
EVI1_221884_at

AH
R
_2
02
82
0_
at

p = 0.015 
r = 0.14 

p = 0.86 
r = 0.011 

p = 0.045 
r = -0.12 



 76 

 
Figure 25 EVI1, AHR, TARDBP RT-qPCR  
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Figure 26  AHR, TARDBP shRNA EVI1  
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ヒストン修飾による EVI1 転写調節の検討 

EVI1

EVI1

ChIP-qPCR EVI1

KU812 HEL EVI1 HL60

H3K27me3 H3K4me3 H3K36me3 H3K79me2

ChIP Figure 27 1 5

qPCR  
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Figure 28  
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Figure 27 EVI1 ChIP-qPCR  
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Figure 28 EVI1  
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Figure 28 EVI1  
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考察 

EVI1 AML

3q26 MLL

EVI1  

EVI1 GFP

TALEN EVI1

EVI1-2A-eGFP-PGK-Puro EVI1

HEL EVI1 HEC1B

GFP

HEL 6%

GFP Hockemeier

26

HEC1B GFP

EVI1 MDS1EVI1 RT-qPCR

MLL

GFP TALEN



 83 

EVI1

 

 

KU812 cDNA

Kitamura 40

integrity

0.7kbp 1.5kbp

genomic DNA mitochondrial DNA

KU812 RNA DNase

cDNA library

 

 

HEL

HEC1B HEC1B

EVI1 3q26 KU812

handling HEC1B



 84 

single cell sorting

single cell sorting cDNA library

 

TARDBP AHR

TARDBP HIV-1 RNA regulatory 

element (TAR) DNA HIV-1 42 TARDBP

mRNA

TARDBP CDK6 Rb p130

43

43

TARDBP 25 kb

SNP Ewing sarcoma 44

TARDBP

45 TARDBP dysregulation

 



 85 

AHR

MDS 46 iPS

AHR 47

T AHR upregulation

48 AHR

 

EVI1

AML

cDNA RT-qPCR

TARDBP EVI1

shRNA

HEC1B TARDBP AHR EVI1

EVI1

 

 



 86 

HEC1B EVI1 up-

regulator non-coding RNA ncRNA

ncRNA

ncRNA micro RNA 20bp

large intergenic non-coding RNA 200bp

49,50 ncRNA

51 T-ALL large non-coding RNA LUNAR1 NOTCH1

LUNAR1 IGF1 signaling T-ALL

52

ncRNA

ncRNA

 

 

GFP 10

attenuate

cDNA EVI1 high



 87 

EVI1

GFP

 

 

EVI1

KU812 HEL HL60 3 EVI1

ChIP-qPCR

KU812

H3K4me4 H3K27me3 H3K79me2

EVI1

APL HL60 RT-qPCR

EVI1 H3K4me3

 



 88 

H3K27me3

EVI1 H3K27me3 37 PRC2

Ezh2 DNA methylation

EVI1 53 H3K27

EVI1 EVI1

 

KU812 HEL EVI1 H3K4me3 H3K27me3

bivalent domain

54-56 bivalent domain

bivalency on/off

KU812 EVI1 bivalent

EVI1 KU812

CML 57 CML CML

58 KU812



 89 

EVI1 bivalency

 

H3K79me2 59,60 EVI1

EVI1

 

non-

coding region cis super-enhancer

oncogene super-enhancer 61

T TAL1

intragenic somatic mutation MYB

62 Myeloid

EVI1 super-enhancer

 

 

EVI1 EVI1-2A-eGFP

cDNA



 90 

TARDBP AHR EVI1 regulator

EVI1

H3K4me3 H3K27me3 bivalency H3K79me2 EVI1

 

  



 91 

参考⽂献 

1. Mucenski, M. L., Taylor, B. A., Ihle, J. N., Hartley, J. W., Morse, H. C., Jenkins, 

N. A. & Copeland, N. G. Identification of a common ecotropic viral integration 

site, Evi-1, in the DNA of AKXD murine myeloid tumors. Mol. Cell. Biol. 8, 

301–308 (1988). 

2. Glass, C., Wilson, M., Gonzalez, R., Zhang, Y. & Perkins, A. S. The role of 

EVI1 in myeloid malignancies. Blood Cells, Molecules, and Diseases 53, 67–76 

(2014). 

3. Fears, S., Mathieu, C., Zeleznik-Le, N., Huang, S., Rowley, J. D. & Nucifora, G. 

Intergenic splicing of MDS1 and EVI1 occurs in normal tissues as well as in 

myeloid leukemia and produces a new member of the PR domain family. PNAS 

93, 1642–1647 (1996). 

4. Wieser, R. The oncogene and developmental regulator EVI1: Expression, 

biochemical properties, and biological functions. Gene 396, 346–357 (2007). 

5. Yuasa, H., Oike, Y., Iwama, A., Nishikata, I., Sugiyama, D., Perkins, A., 

Mucenski, M. L., Suda, T. & Morishita, K. Oncogenic transcription factor Evi1 



 92 

regulates hematopoietic stem cell proliferation through GATA-2 expression. 

EMBO J. 24, 1976–1987 (2005). 

6. Goyama, S., Yamamoto, G., Shimabe, M., Sato, T., Ichikawa, M., Ogawa, S., 

Chiba, S. & Kurokawa, M. Evi-1 is a critical regulator for hematopoietic stem 

cells and transformed leukemic cells. Cell Stem Cell 3, 207–220 (2008). 

7. Chitteti, B. R., Liu, Y. & Srour, E. F. Genomic and proteomic analysis of the 

impact of mitotic quiescence on the engraftment of human CD34+ cells. PLOS 

ONE 6, e17498 (2011). 

8. Forsberg, E. C., Passegué, E., Prohaska, S. S., Wagers, A. J., Koeva, M., Stuart, 

J. M. & Weissman, I. L. Molecular Signatures of Quiescent, Mobilized and 

Leukemia-Initiating Hematopoietic Stem Cells. PLOS ONE 5, e8785 (2010). 

9. Daghistani, M., Marin, D., Khorashad, J. S., Wang, L., May, P. C., Paliompeis, 

C., Milojkovic, D., De Melo, V. A., Gerrard, G., Goldman, J. M., Apperley, J. F., 

Clark, R. E., Foroni, L. & Reid, A. G. EVI-1 oncogene expression predicts 

survival in chronic-phase CML patients resistant to imatinib treated with second-

generation tyrosine kinase inhibitors. Blood 116, 6014–6017 (2010). 



 93 

10. Gröschel, S., Lugthart, S., Schlenk, R. F., Valk, P. J. M., Eiwen, K., Goudswaard, 

C., van Putten, W. J. L., Kayser, S., Verdonck, L. F., Lübbert, M., Ossenkoppele, 

G.-J., Germing, U., Schmidt-Wolf, I., Schlegelberger, B., Krauter, J., Ganser, A., 

Döhner, H., Löwenberg, B., Döhner, K. & Delwel, R. High EVI1 expression 

predicts outcome in younger adult patients with acute myeloid leukemia and is 

associated with distinct cytogenetic abnormalities. J. Clin. Oncol. 28, 2101–2107 

(2010). 

11. Ogawa, S., Kurokawa, M., Tanaka, T., Tanaka, K., Hangaishi, A., Mitani, K., 

Kamada, N., Yazaki, Y. & Hirai, H. Increased Evi-1 expression is frequently 

observed in blastic crisis of chronic myelocytic leukemia. Leukemia 10, 788–794 

(1996). 

12. Russell, M., Thompson, F., Spier, C. & Taetle, R. Expression of the EVI1 gene in 

chronic myelogenous leukemia in blast crisis. Leukemia 7, 1654–1657 (1993). 

13. Valk, P. J. M., Verhaak, R. G. W., Beijen, M. A., Erpelinck, C. A. J., Barjesteh 

van Waalwijk van Doorn-Khosrovani, S., Boer, J. M., Beverloo, H. B., 

Moorhouse, M. J., van der Spek, P. J., Löwenberg, B. & Delwel, R. 



 94 

Prognostically useful gene-expression profiles in acute myeloid leukemia. N Engl 

J Med 350, 1617–1628 (2004). 

14. Bindels, E. M. J., Havermans, M., Lugthart, S., Erpelinck, C., Wocjtowicz, E., 

Krivtsov, A. V., Rombouts, E., Armstrong, S. A., Taskesen, E., Haanstra, J. R., 

Beverloo, H. B., Döhner, H., Hudson, W. A., Kersey, J. H., Delwel, R. & Kumar, 

A. R. EVI1 is critical for the pathogenesis of a subset of MLL-AF9–rearranged 

AMLs. Blood 119, 5838–5849 (2012). 

15. Glass, C., Wilson, M., Gonzalez, R., Zhang, Y. & Perkins, A. S. The role of 

EVI1 in myeloid malignancies. Blood Cells, Molecules, and Diseases 53, 67–76 

(2014). 

16. Eppert, K., Takenaka, K., Lechman, E. R., Waldron, L., Nilsson, B., van Galen, 

P., Metzeler, K. H., Poeppl, A., Ling, V., Beyene, J., Canty, A. J., Danska, J. S., 

Bohlander, S. K., Buske, C., Minden, M. D., Golub, T. R., Jurisica, I., Ebert, B. 

L. & Dick, J. E. Stem cell gene expression programs influence clinical outcome 

in human leukemia. Nature Medicine 17, 1086–1093 (2011). 



 95 

17. Shimabe, M., Goyama, S., Watanabe-Okochi, N., Yoshimi, A., Ichikawa, M., 

Imai, Y. & Kurokawa, M. Pbx1 is a downstream target of Evi-1 in hematopoietic 

stem/progenitors and leukemic cells. Oncogene 28, 4364–4374 (2009). 

18. Yoshimi, A., Goyama, S., Watanabe-Okochi, N., Yoshiki, Y., Nannya, Y., Nitta, 

E., Arai, S., Sato, T., Shimabe, M., Nakagawa, M., Imai, Y., Kitamura, T. & 

Kurokawa, M. Evi1 represses PTEN expression and activates PI3K/AKT/mTOR 

via interactions with polycomb proteins. Blood 117, 3617–3628 (2011). 

19. Glass, C., Wuertzer, C., Cui, X., Bi, Y., Davuluri, R., Xiao, Y.-Y., Wilson, M., 

Owens, K., Zhang, Y. & Perkins, A. Global Identification of EVI1 Target Genes 

in Acute Myeloid Leukemia. PLOS ONE 8, e67134 (2013). 

20. Gröschel, S., Sanders, M. A., Hoogenboezem, R., de Wit, E., Bouwman, B. A. 

M., Erpelinck, C., van der Velden, V. H. J., Havermans, M., Avellino, R., van 

Lom, K., Rombouts, E. J., van Duin, M., Döhner, K., Beverloo, H. B., Bradner, J. 

E., Döhner, H., Löwenberg, B., Valk, P. J. M., Bindels, E. M. J., de Laat, W. & 

Delwel, R. A Single Oncogenic Enhancer Rearrangement Causes Concomitant 

EVI1 and GATA2 Deregulation in Leukemia. Cell 157, 369–381 (2014). 



 96 

21. Yamazaki, H., Suzuki, M., Otsuki, A., Shimizu, R., Bresnick, E. H., Engel, J. D. 

& Yamamoto, M. A remote GATA2 hematopoietic enhancer drives 

leukemogenesis in inv(3)(q21;q26) by activating EVI1 expression. Cancer Cell 

25, 415–427 (2014). 

22. Arai, S., Yoshimi, A., Shimabe, M., Ichikawa, M., Nakagawa, M., Imai, Y., 

Goyama, S. & Kurokawa, M. Evi-1 is a transcriptional target of mixed-lineage 

leukemia oncoproteins in hematopoietic stem cells. Blood 117, 6304–6314 

(2011). 

23. Maicas, M., Vázquez, I., Vicente, C., García-Sánchez, M. A., Marcotegui, N., 

Urquiza, L., Calasanz, M. J. & Odero, M. D. Functional characterization of the 

promoter region of the human EVI1 gene in acute myeloid leukemia: RUNX1 

and ELK1 directly regulate its transcription. Oncogene 32, 2069–2078 (2013). 

24. Urnov, F. D., Miller, J. C., Lee, Y.-L., Beausejour, C. M., Rock, J. M., Augustus, 

S., Jamieson, A. C., Porteus, M. H., Gregory, P. D. & Holmes, M. C. Highly 

efficient endogenous human gene correction using designed zinc-finger 

nucleases. Nature 435, 646–651 (2005). 



 97 

25. Miller, J. C., Tan, S., Qiao, G., Barlow, K. A., Wang, J., Xia, D. F., Meng, X., 

Paschon, D. E., Leung, E., Hinkley, S. J., Dulay, G. P., Hua, K. L., Ankoudinova, 

I., Cost, G. J., Urnov, F. D., Zhang, H. S., Holmes, M. C., Zhang, L., Gregory, P. 

D. & Rebar, E. J. A TALE nuclease architecture for efficient genome editing. Nat 

Biotechnol 29, 143–148 (2011). 

26. Hockemeyer, D., Wang, H., Kiani, S., Lai, C. S., Gao, Q., Cassady, J. P., Cost, 

G. J., Zhang, L., Santiago, Y., Miller, J. C., Zeitler, B., Cherone, J. M., Meng, X., 

Hinkley, S. J., Rebar, E. J., Gregory, P. D., Urnov, F. D. & Jaenisch, R. Genetic 

engineering of human pluripotent cells using TALE nucleases. Nat Biotechnol 

29, 731–734 (2011). 

27. Wang, T., Wei, J. J., Sabatini, D. M. & Lander, E. S. Genetic screens in human 

cells using the CRISPR-Cas9 system. Science 343, 80–84 (2014). 

28. Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A. & Zhang, F. 

Genome engineering using the CRISPR-Cas9 system. Nat Protoc 8, 2281–2308 

(2013). 

29. Strahl, B. D. & Allis, C. D. The language of covalent histone modifications. 

Nature 403, 41–45 (2000). 



 98 

30. Barski, A., Cuddapah, S., Cui, K., Roh, T.-Y., Schones, D. E., Wang, Z., Wei, 

G., Chepelev, I. & Zhao, K. High-resolution profiling of histone methylations in 

the human genome. Cell 129, 823–837 (2007). 

31. Ernst, J., Kheradpour, P., Mikkelsen, T. S., Shoresh, N., Ward, L. D., Epstein, C. 

B., Zhang, X., Wang, L., Issner, R., Coyne, M., Ku, M., Durham, T., Kellis, M. 

& Bernstein, B. E. Mapping and analysis of chromatin state dynamics in nine 

human cell types. Nature 473, 43–49 (2011). 

32. Sander, J. D., Cade, L., Khayter, C., Reyon, D., Peterson, R. T., Joung, J. K. & 

Yeh, J.-R. J. Targeted gene disruption in somatic zebrafish cells using engineered 

TALENs. Nat Biotechnol 29, 697–698 (2011). 

33. Reed, S. E., Staley, E. M., Mayginnes, J. P., Pintel, D. J. & Tullis, G. E. 

Transfection of mammalian cells using linear polyethylenimine is a simple and 

effective means of producing recombinant adeno-associated virus vectors. J. 

Virol. Methods 138, 85–98 (2006). 

34. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 

years of image analysis. Nat. Methods 9, 671–675 (2012). 



 99 

35. Thomas, P. D., Campbell, M. J., Kejariwal, A., Mi, H., Karlak, B., Daverman, R., 

Diemer, K., Muruganujan, A. & Narechania, A. PANTHER: a library of protein 

families and subfamilies indexed by function. Genome Res. 13, 2129–2141 

(2003). 

36. Donnelly, M. L., Luke, G., Mehrotra, A., Li, X., Hughes, L. E., Gani, D. & Ryan, 

M. D. Analysis of the aphthovirus 2A/2B polyprotein 'cleavage' mechanism 

indicates not a proteolytic reaction, but a novel translational effect: a putative 

ribosomal 'skip'. J. Gen. Virol. 82, 1013–1025 (2001). 

37. Vazquez, I., Maicas, M., Cervera, J., Agirre, X., Marin-Bejar, O., Marcotegui, N., 

Vicente, C., Lahortiga, I., Gomez-Benito, M., Carranza, C., Valencia, A., Brunet, 

S., Lumbreras, E., Prosper, F., Gomez-Casares, M. T., Hernandez-Rivas, J. M., 

Calasanz, M. J., Sanz, M. A., Sierra, J. & Odero, M. D. Down-regulation of EVI1 

is associated with epigenetic alterations and good prognosis in patients with acute 

myeloid leukemia. Haematologica 96, 1448–1456 (2011). 

38. Barretina, J., Caponigro, G., Stransky, N., Venkatesan, K., Margolin, A. A., Kim, 

S., Wilson, C. J., Lehár, J., Kryukov, G. V., Sonkin, D., Reddy, A., Liu, M., 

Murray, L., Berger, M. F., Monahan, J. E., Morais, P., Meltzer, J., Korejwa, A., 



 100 

Jané-Valbuena, J., Mapa, F. A., Thibault, J., Bric-Furlong, E., Raman, P., 

Shipway, A., Engels, I. H., Cheng, J., Yu, G. K., Yu, J., Aspesi, P., de Silva, M., 

Jagtap, K., Jones, M. D., Wang, L., Hatton, C., Palescandolo, E., Gupta, S., 

Mahan, S., Sougnez, C., Onofrio, R. C., Liefeld, T., MacConaill, L., Winckler, 

W., Reich, M., Li, N., Mesirov, J. P., Gabriel, S. B., Getz, G., Ardlie, K., Chan, 

V., Myer, V. E., Weber, B. L., Porter, J., Warmuth, M., Finan, P., Harris, J. L., 

Meyerson, M., Golub, T. R., Morrissey, M. P., Sellers, W. R., Schlegel, R. & 

Garraway, L. A. The Cancer Cell Line Encyclopedia enables predictive 

modelling of anticancer drug sensitivity. Nature 483, 603–607 (2012). 

39. Matsubara, Y., Chiba, T., Kashimada, K., Morio, T., Takada, S., Mizutani, S. & 

Asahara, H. Transcription activator-like effector nuclease-mediated transduction 

of exogenous gene into IL2RG locus. Sci Rep 4, 5043 (2014). 

40. Kitamura, T., Onishi, M., Kinoshita, S., Shibuya, A., Miyajima, A. & Nolan, G. 

P. Efficient screening of retroviral cDNA expression libraries. PNAS 92, 9146–

9150 (1995). 



 101 

41. Morishita, K., Parganas, E., Douglass, E. C. & Ihle, J. N. Unique expression of 

the human Evi-1 gene in an endometrial carcinoma cell line: sequence of cDNAs 

and structure of alternatively spliced transcripts. Oncogene 5, 963–971 (1990). 

42. Ou, S. H., Wu, F., Harrich, D., García-Martínez, L. F. & Gaynor, R. B. Cloning 

and characterization of a novel cellular protein, TDP-43, that binds to human 

immunodeficiency virus type 1 TAR DNA sequence motifs. J. Virol. 69, 3584–

3596 (1995). 

43. Ayala, Y. M., Misteli, T. & Baralle, F. E. TDP-43 regulates retinoblastoma 

protein phosphorylation through the repression of cyclin-dependent kinase 6 

expression. Proc. Natl. Acad. Sci. U.S.A. 105, 3785–3789 (2008). 

44. Postel-Vinay, S., Véron, A. S., Tirode, F., Pierron, G., Reynaud, S., Kovar, H., 

Oberlin, O., Lapouble, E., Ballet, S., Lucchesi, C., Kontny, U., González-Neira, 

A., Picci, P., Alonso, J., Patino-Garcia, A., de Paillerets, B. B., Laud, K., Dina, 

C., Froguel, P., Clavel-Chapelon, F., Doz, F., Michon, J., Chanock, S. J., 

Thomas, G., Cox, D. G. & Delattre, O. Common variants near TARDBP and 

EGR2 are associated with susceptibility to Ewing sarcoma. Nature Genetics 44, 

323–327 (2012). 



 102 

45. Park, Y.-Y., Kim, S.-B., Han, H. D., Sohn, B. H., Kim, J. H., Liang, J., Lu, Y., 

Rodriguez-Aguayo, C., Lopez-Berestein, G., Mills, G. B., Sood, A. K. & Lee, J.-

S. Tat-activating regulatory DNA-binding protein regulates glycolysis in 

hepatocellular carcinoma by regulating the platelet isoform of 

phosphofructokinase through microRNA 520. Hepatology 58, 182–191 (2013). 

46. Singh, K. P., Bennett, J. A., Casado, F. L., Walrath, J. L., Welle, S. L. & 

Gasiewicz, T. A. Loss of aryl hydrocarbon receptor promotes gene changes 

associated with premature hematopoietic stem cell exhaustion and development 

of a myeloproliferative disorder in aging mice. Stem Cells Dev. 23, 95–106 

(2014). 

47. Smith, B. W., Rozelle, S. S., Leung, A., Ubellacker, J., Parks, A., Nah, S. K., 

French, D., Gadue, P., Monti, S., Chui, D. H. K., Steinberg, M. H., Frelinger, A. 

L., Michelson, A. D., Theberge, R., McComb, M. E., Costello, C. E., Kotton, D. 

N., Mostoslavsky, G., Sherr, D. H. & Murphy, G. J. The aryl hydrocarbon 

receptor directs hematopoietic progenitor cell expansion and differentiation. 

Blood 122, 376–385 (2013). 



 103 

48. Hayashibara, T., Yamada, Y., Mori, N., Harasawa, H., Sugahara, K., Miyanishi, 

T., Kamihira, S. & Tomonaga, M. Possible involvement of aryl hydrocarbon 

receptor (AhR) in adult T-cell leukemia (ATL) leukemogenesis: constitutive 

activation of AhR in ATL. Biochem. Biophys. Res. Commun. 300, 128–134 

(2003). 

49. Mattick, J. S. & Makunin, I. V. Non-coding RNA. Hum. Mol. Genet. 15 Spec No 

1, R17–29 (2006). 

50. Esteller, M. Non-coding RNAs in human disease. Nature Reviews Genetics 12, 

861–874 (2011). 

51. Morlando, M., Ballarino, M. & Fatica, A. Long Non-Coding RNAs: New Players 

in Hematopoiesis and Leukemia. Front Med (Lausanne) 2, 23 (2015). 

52. Trimarchi, T., Bilal, E., Ntziachristos, P., Fabbri, G., Dalla-Favera, R., Tsirigos, 

A. & Aifantis, I. Genome-wide mapping and characterization of Notch-regulated 

long noncoding RNAs in acute leukemia. Cell 158, 593–606 (2014). 

53. Sashida, G., Harada, H., Matsui, H., Oshima, M., Yui, M., Harada, Y., Tanaka, 

S., Mochizuki-Kashio, M., Wang, C., Saraya, A., Muto, T., Hayashi, Y., Suzuki, 

K., Nakajima, H., Inaba, T., Koseki, H., Huang, G., Kitamura, T. & Iwama, A. 



 104 

Ezh2 loss promotes development of myelodysplastic syndrome but attenuates its 

predisposition to leukaemic transformation. Nature Communications 5, (2014). 

54. Voigt, P., Tee, W.-W. & Reinberg, D. A double take on bivalent promoters. 

Genes Dev. 27, 1318–1338 (2013). 

55. Mikkelsen, T. S., Hanna, J., Zhang, X., Ku, M., Wernig, M., Schorderet, P., 

Bernstein, B. E., Jaenisch, R., Lander, E. S. & Meissner, A. Dissecting direct 

reprogramming through integrative genomic analysis. Nature 454, 49–55 (2008). 

56. Cui, K., Zang, C., Roh, T.-Y., Schones, D. E., Childs, R. W., Peng, W. & Zhao, 

K. Chromatin signatures in multipotent human hematopoietic stem cells indicate 

the fate of bivalent genes during differentiation. Cell Stem Cell 4, 80–93 (2009). 

57. Kishi, K. A new leukemia cell line with Philadelphia chromosome characterized 

as basophil precursors. Leukemia Research 9, 381–390 (1985). 

58. Holyoake, T., Jiang, X., Eaves, C. & Eaves, A. Isolation of a highly quiescent 

subpopulation of primitive leukemic cells in chronic myeloid leukemia. Blood 

94, 2056–2064 (1999). 

59. Schübeler, D., MacAlpine, D. M., Scalzo, D., Wirbelauer, C., Kooperberg, C., 

van Leeuwen, F., Gottschling, D. E., O'Neill, L. P., Turner, B. M., Delrow, J., 



 105 

Bell, S. P. & Groudine, M. The histone modification pattern of active genes 

revealed through genome-wide chromatin analysis of a higher eukaryote. Genes 

Dev. 18, 1263–1271 (2004). 

60. Kuntimaddi, A., Achille, N. J., Thorpe, J., Lokken, A. A., Singh, R., Hemenway, 

C. S., Adli, M., Zeleznik-Le, N. J. & Bushweller, J. H. Degree of recruitment of 

DOT1L to MLL-AF9 defines level of H3K79 Di- and tri-methylation on target 

genes and transformation potential. Cell Rep 11, 808–820 (2015). 

61. Pott, S. & Lieb, J. D. What are super-enhancers? Nature Genetics 47, 8–12 

(2015). 

62. Mansour, M. R., Abraham, B. J., Anders, L., Berezovskaya, A., Gutierrez, A., 

Durbin, A. D., Etchin, J., Lawton, L., Sallan, S. E., Silverman, L. B., Loh, M. L., 

Hunger, S. P., Sanda, T., Young, R. A. & Look, A. T. Oncogene regulation. An 

oncogenic super-enhancer formed through somatic mutation of a noncoding 

intergenic element. Science 346, 1373–1377 (2014). 

 

  



 106 

謝辞 

 

 

 

 


