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DOTHUE—F =GO A~ H3 ) V> 79 (H3K79) dimethylation 25 541, MLL-mAf4 \& HoxA #
E{n -7 1 E— % —® H3K79 dimethylation % 41~ L HoxA TEE(z5 7583 2 58 & & 4 Z & T Lin- 55650
TaEARTAL L TWB E#E2 5N, REBREFIVIGE b D MLL-AF4 FYEFAIMLH O FIMHISERT 2 L
CHBELTBY, FEREORSSICING 72N E TN e b Z i snG.

F—7— K MLL-AF4, 20 YoM IE, L oo A4 )V R iEsT3880%, HoxA #f{s 7, H3K79
dimethylation.

Abstract

Because the prognosis of MLL-AF4-positive acute lymphoblastic leukemia is still extremely poor,
understanding of leukemogenic mechanism of MLL-Af4 fusion gene is important for the development of
new treatments. We analyzed the leukemogenic mechanism of MLL-AF4 fusion gene using retroviral
gene expression system. As a result of myeloid transformation assay, we revealed that MLL-murine Af4
(mAf4) could immortalize murine linenage-depleted bone marrow (Lin-BM) cells. Using a series of
hybrid mutants of human AF4/mAf4, we found that amino acids 1026 to 1177 of mAf4 are essential for
the leukemogenesis of MLL-mAf4 fusion gene. Overexpression of HoxA9, A10, and MeisI was confirmed
by quantitative RT-PCR analysis of the transduced Lin-BM cells. Chromatin immunoprecipitation (ChIP)
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assay demonstrated histone H3 lysine79 (H3K79) dimethylation was occurred in promoter regions of
HoxA9. Based on these results, we considered that MLL-mAf4 immortalized murine Lin-BM cells by
induction of the overexpression of HoxA genes through H3K79 dimethylation in promoter regions of
these genes. Our mouse model expressing MLL-mAf4 reproduces well the leukemogenic mechanism
of human MLL-AF4-positive leukemias, it is expected to be a good model for the development of new

treatments.
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LTwaY, LaLads, 29 LAAMEE
BOMEAIZOEDL LT, 1HEAMIHIET 22
Y > ERI (FLVE ALL) 13w 72480 C
FHARTH DY, ZOHRBREOM FIZ/hE
HIMHEDOGEHIC BT 2 B2OHED—DTH
4. FUW ALL 128 5 i KO 5T EY 509
13 11 F etttk 23 I2A7E 3 5 Mixed lineage
leukemia (MLL) E{ZT-OFMERTHY), 2D
MLL &R TR OFED, KO TFHZKET
THALIEDPPSPIZENTWBEY, MLL #iz
T, 300Gt R t(4;11), t(9;11),
t(11; 19) OIHBED YR Ei2> 5 [ & N72HRE
HWTTH Y, IEDFEEEMRITIITEA S, I
HoxA BEEAZFOFSI & I L, 1EH & il o HE
FRCWEHTHLHEVHL L oo 7279 Kigfn
FOFEERIL, L8 ALL OF 80% /51, 9
Ht(4;11) OBRER %21, MLL-AF4 gl &
BEHDOREBEME ) FEANI 70% % 5%, FDHAT
W ORI 10 7 B L8O TFHRAR L7
DY, O MLL-AF4 @& 81T ORERERRAT S,
FLUVE ALL Oifpiia FICIZUECTH A, MLL
A A EIn T OREEMAT & L TIE, MLL-ENL,
MLL-ELL &\ o 725 EGFICBwTL b
AV ATEEFFEHR & I 72 3R 2 B A AT
PATHNTWBEHY | MLL-AF4 2B\ TIE, £
DEEBEIFITIZHEA TV R\, 22T, A8
BWT, 4, MLL-AF4 @& E(E-0 H I
IR T OO0, L a4V AEET
U % HVv 72, myeloid transformation assay
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1. LAOJAIVZRERIAL X F 7 MOFERK

MLL, human AF4 (hAF4) /% OF murine Af4
(mAf4) D R A4 &% Fig. 112”7
REBRIZHB VT, MLL-AF4 @& 2 11 0O P L
IISTER T DI D728 | Fig. 1 IR TEBD
11 Fi D MLL-AF4/mAfd 2> A N5 7 s % 1§
B L7z, hAF4 (7 3 /R (aa.) 347-1211) K
N mAf4 (aa. 347-1217) 122\ Tid Pfu DNA
polymerase (Stratagene) % fl\>T PCR 12T
HE L, Quick ligase (New England Bio Lab) %
HAWVTMLL (a.a.1-1400) & O BICELEELT
Ve L, pMSCVneo (Clontech) 127 0 —=
> 7 L7z, [f£1Z C-terminal homology domain
(CHD) @ &4 % %t hAF4 CHD (a.a.952-1211)
& mAf4 CHD (a.a.956-1217) & #h#h, PCR
TR L, MLL & ORICRSEET- 2 Ek
L, pMSCVneo (27U —=2 7 L7z, hAF4/mAf4
¥ A FEETFIZOVWTIE, #FNENFig. 11K
FALE 2B THlFREEE I O° Quick ligase %
WU - A LB L7z, S 512, mAf4 CHD
DY 1/3 OIS (2.2.1026-1177) D A DR
H PCRFICTIER L7, D EDOWIAIZDWT
b MLL & OBIZEEEIZ T 2B L, T D
FEERIZH W72,

W, ARRFZEIE, e N7 L B mTRATSE
\ZBT A fmEiiRE | CUEbRlrs, BAEIEE,
RS, K 134 3 H 29 Hiill5E, Tk 16
12 A 28 HAHUOE, P 1746 H 29 H—
HELE) &8s L CiThie,
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Fig. 1. Schematic representation of MLL-AF4/mAf4 and its mutants used in this study.

MT indicates DNA methyltransferase homology domain; SET, SET domain. Black box
indicates N-terminal homology domain of AF4/mAf4. Red box indicates transactivation
domain of AF4/mAf4. Arrows indicate the fusion site. Numbers refer to amino acid
positions in wild-type MLL or AF4.

2. v ZREME#HHIEADBETFEAL myeloid

transformation assay

~ 7 ARG M~ OB L T8 AL Lavau C
5 DOHE" 1ZHEDWTIT o 72, 4 G C57BL/6
SAHEME~ 7 Z212x) L, 5-fluorouracil (5-FU; 150
mg/kg) $%5-5 HZIZ, HE6MIZ 2RI , Line-

age cell depletion kit (Milteny Biotec) % fiv»
T, Lineage depleted (Lin-) #fg%f%7-. L &
07 AV AL, Platinum-E (Plat-E) i3
%\, Kitamura S O¥EFIZHEONTIT - 727,
TANVAEG AL —DREIZDOWTIZ3TI ML %
FAWIERDOFEICEDSE 77", 29 LT
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AL7V ba A VA % T, Lin- fifgic
L a7 ANVARERGEE, AF )b — K
i (MethoCult M3231, Stem Cell Technology)
|2 murine interleukin (mlIL-3, PeproTech Inc),
murine interleukin 6 (mIL-6, PeproTech Inc),
murine granulocyte-macrophage colony-stimu-
lating factor (mGM-CSE, PeproTech Inc) (Z#
FIHGEREE 10 ng/mL) , murine stem cell factor
(mSCE PeproTech Inc) (Fe#%fE 50 ng/mL) %
Mz, G418 (#%Ef&% 1 mg/mL) fFEFT, 7
HIEEFE L7,

i, ARRZEIE, [SEERE) OfiE K OIRE IS
B9 % L] (I 55 4F 3 H BT 57/R4E 6 7,
FR 14 4E 5 H 28 H—ESIE) %#5F LT, %
72, RUEBHESLERRFR A EBREIYZ B RO KR %
HFArbi:,

3. HHRIRADIER & HfakEm~ — H —fEh

GAI8 FAE T A F Vb 1 — A KT 3 [0
DR S L L 7B W S oMl % |
AL D HERE T & 7zfle & L T, Cytospin £
K% Shandon Single Cytofunnel® with White
Filter Card (Thermo scientific) % V> TYERL
L, May-Grunwald-Giemsa 4o L, $ifft L 7.
F7-, MifeFEE~— % —12>WwT, FITC/PE
FERPL~ 7 A Gr-1 $ifk, PE E#EPi~ v X
Macl $ifk, PE BER&$T B220 $iifk, FITC ik
PLCD19 Hitfk, FITC IRt c-kit ik, PE %
P CD3 Pk (BD biosciences) % WV THeta L,
Beckmann-Coulter #1:#, Epics XL MCL % H\»
THEAT L 72,

4. Y7 ARHEBIERR

MLL-hAF4, MLL-hAF4 CHD, MLL-mAf4,
MLL-mAf4 CHD # A Lin- 58641z (1x 10° fH)
VB RN GRS & i T L 72, C57BL/6
XY AL, RERDRLHEOR S #
Bz BEORSNI<Y AIREIL S,
M3, e, WS, Sk Ol e
< — 7 — AT IS CRERI OB 2 G L 7-.
5. RT-PCR KU Real time 2 PCR

RNeasy Kit (Qiagen) % fJ\>, total RNA%
i, cDNA % & L, reverse transcriptase-
polymerase chain reaction (RT-PCR) , & U'Real-
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time RT-PCR% 4T - 7-. Real-time RT-PCRIZ
WROFEY |THEPLL TT - 72, KBIZT D
WL ~X)Vix, glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) DZIRIZx;$ 4 #ilk
fli% delta-delta CT method””" |2 & ) B L,
ZFAfi L 7. (Applied Biosystems) &-3ZERIZMHIN.
LT3 T, Bk ZMRR L2, HLAC
primer (& Table 1 27”7,
6. JIXA>7OY b

Plat-E Mg 5 & &H & flith L, 7.5%SDS-K
VT 7INT I RV E AV, BXKEIZ1T-
7z, UKEjEEH % PDVF X » 7' L ~ (Immobilin-P,
Millipore) ICEEE.L, A > 7L ¥ &ikiE#,
Flag ¥k (1 :1000, Sigma) M O° HRP # &
i~ o APURIC THEB &R 215 L, ECL kit
(Amersham) % H\ TR L7z,
7. 7O FUREkEE

MLL-AF4 mutant % %5 L C53$ % 32D #M
fafk 2 L, %0 HoxA9 i& {5+ ® promotor
? H3K79 dimethylation D7 #E: % faf L 72, %
Pk Simple ChIP™ Enzymatic Chromatin
IP Kit (Cell Signaling Technology) # i\, fif
BOY =2 T VICHERL Tiro 7. B#Es o
~F ~ %, anti-dimethylH3K79 i1k (Abcam)
EHWT, SRk, R L72%, £&8 PCR
|2 THET L 72, Input DNA 12x)9° % percentage
enrichment fH(Z, JEFOHE? (THEHL L THE
L7z, f#iJH L7z primer |& Table 1 1277,

5 R

1. MLL-mAf{ & BEFIE~ 7 X Lin- B8

iRz AL, AMFRREZFET S

MLL-hAF4, MLL-mAf4, J% & FERL4 il E
TZ&~ 7 AF i Lin- #2138 A L, AFE1LEE
M L7128 25, MLL-hAF4 3 HIffIE a0
=B % M T X 20 o 7285, MLL-mAfA
G ISRCASTTRETH ), 4B LREER /T
LHHEVBHEL N E % o7z RIEALREICE D S
mAfA D KA A 25223 A HMT, Fig. 1
RS EFREEZH W, T2 iTo72L 25,
mAf4d O CHD #3253 CTh 2 FATRE N
7z (Fig. 2). MLL-mAf4 %0 MLL-mAf4CHD %
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Table 1. PCR primer sequences used in this syudy
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MLL-hAF4 F
R
MLL-mAf4 F
R
HoxA7 F
R
HoxA9 F
R
HoxAl10 F
R
Meisl F
R
GAPDH F
R
HoxA9 promoter region F
R

5'- TCCTCAGCACTCTCTCCAATGG
5'-GCTTCATCTTTTTTGCCTCCCTC
5'-TCCTCAGCACTCTCTCCAATGG
5'- TGTCAGACTTCACCTGTGGCTTC
5'-TGGTTCCAGTTTGTGGCAGC
5'-AAGACCTGATTTGATGCTCCAGC
5'-TCCACTCGGAAGAAGCGATG
S-TTTCGGTGAGGTTGAGCAGC
5'-TCCTGAATGGGCTGGGTTTG
5'-ACAATGGGACCTAAGGCTTCCG
5'-GGGATAACAGCAGTGAGCAAGG
5'-TGCCACGCTTTTTGTGACGC
5'-GAAGGTGAAGGTCGGAGTC
5'-GAAGATGGTGATGGGATTTC

5'- GGTCGGTAGCCCATTTTAGGTG
5'- GGGTCCCGCGTGTGAGCA

MLL-hAF4 : MLL-human AF4

F :forward R : reverse

MLL fusion constructs . Tertiary Colonies

MLL-mAf4 : MLL-murine Af4

mi-aradal [T W

me-mastfl [ [ W HL |

mi-arscho [(TT W~ A7
mi-macio [ W [ =
Mi-Aramett [T7 W 1~
m-Aremet2 [T] W~
mi-aramee3 [T W T
moi-AFamed[TT W~ [
mi-aremas (T W1 I
wu-ppemaes [ W[
M, (N — |
1026-1177

0 50 100 150 200 250 300

Number of colonies / 10* plating cells

350

Fig. 2. Determination of the sequences of mAf4 essential to the immortalization of hematopoietic progenitor
cells by MLL-mAf4 in a myeloid transformation assay. The bars in the right column represent the
number of tertiary colonies generated by the respective mutants depicted in the left column.
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AR OB B AEFEER Tl b 120~180 H
ORI AR T, LYYy b~ AIKER
A FEEASHIL L7z, < ADEEE, KRR
sk 2S5 (Fig. 3A), K~ —
71— fENT Tl Gr-1, Macl F1%, CD19, B220
Btk 1) (Fig. 3B), Bk 5 2 565E L 72
borEz bz, M, MLL-hAF4 J: 0", MLL-
hAF4CHD 38 AL 05 BB SEER L3 I
RO otz REFRT—¥).
2. mAf4 1026-1177 |3 MLL-mAfA B & & &
DFRFALEEICRAIRTH B
MLL-hAF4 & MLL-mAf4 & O\ A5
W EEZ RO H, S hAF4YmAMACHD 58
WOEEBETT A HNCTUTOEREIT- 7.
L, Fig LISRT & B, Wi ORAEET
(mutant 1-6) Z{E L, pMSCVneo (2 & V) 38R
&+, myeloid transformation assay % 1T - 7-.
AEEADOEBICOVWTIE, YAy 7Oy
MZXDRER L7z (Fig.4). $4 &, Fig. 212
JRIHE Y, MLL-hAF4/mAf4 mut2, 4, 6 35 A
JaCIX3feikftizd o= —BRs RO N
(MLL-hAF4/mAf4d mut2, 4, 6D 51 5 L) 73,
MLL-hAF4/mAf4 mutl, 3, 58 A MG 11X 2 0
IR R 5o 72 (MLL-hAF4/mAf4
mutl, 3,5 D4 F L), D LEOER»S, MLL-
mAf4 CHD OAFEALFEIZ D\ Tid, mAM4CHD
DOHTY, mAfA (a.a.1026-1177) DFEIE (mAfHA

X

A

)
7

1026-1177) AU R TH L HENH L& 7>
7o, L LA, REEHMTIIASEILREIE
Ronzho7: (Fig 2, MLL-mAf4 1026-1177
DI L), MLL-mAf4 J%. 08 MLL-hAF4/mAf4
mut6 AL IE VI D TR KT o M
faC, BIImIEL, —EBMIAE Rk & R 72
(Fig. 5 A, C). F7z, KE~— 7 — T ORER
TlE MLL-mAf4 35 A A2 CiE, Macl 558514,
CD19, B220 [&1:Td - 7245, MLL-hAF4/mAf4
mut6 E AL TlE Mac-1 DFBOBETHHE S
N7z, (Fig. 5B, D)

3. MLL-mAf4 |3 HoxA B8 FR B2 FE

U, mAf41026-1177 BRARTH 3
MLL-hAF4, MLL-mAf4, MLL-hAF4CHD,

MLL-mAf4 CHD, MLL-hAF4/mAf4 mut1-6, MLL-
hAF4/mAf4 1026-1177 |22\ T, HoxA BiE{z
FOFRBFEOER 2T L, €ORBEFHEIC
PSS 2T A HIT, I O9ER
f1o7z. Bl%, FRL@EE(LS T2~ 7 X Lin-
BRI IZEA L, G418 fEAE F T 5~7 A2
BICHBE L0 — 55408 S 7o
HoxA7, A9, A10, Meis 1 DFEHIZOWTER
RT-PCR #J\V S L7z, 34 &, Fig. 6 1R
WY, HoxA9, A0, Meisl \Z2\TI%, MLL-
mAf4, MLL-mAf4 CHD, MLL-hAF4/mAf4 mut
2, 4, 6 AL IZ BT, FIH RSB mMAH
5N 7z (MLL-mAf4, MLL-mAf4 CHD, MLL-

Mac-1

B220

c-Kit

Fig. 3. (A) Morphology of the neoplastic cells in MLL-mAf4 leukemic mice. May-
Giemsa staining of PB,BM,spleen cytospin preparation.
(B) Immunophenotype of the leukemic BM of MLL-mAf4 mice. The dot
plots represent the c-Kit versus Gr-1 or Mac-1 or CD3 or B220.
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Fig. 4. Western blot and RT-PCR analysis of the expression of the various constructs.

The upper panel shows expression of the various MLL fusion protein constructs in transiently
transfected packaging cells. The lower panels show RT-PCR expression analysis in the transduced
myeloid clonogenic cells harvested from primary methylcellulose cultures. Amplification from
reverse transcribed cDNA is indicated by a plus symbol(+). To exclude amplification of integrated
retroviral genomic DNA, a no-RT control is indicated by a minus symbol (—)

B Murine Lin~ BM cells/ MSGV MLL mAf4 full

E 3
EESS 0.0%

=
oo

Gr1 " oo
D Murine Lin~ BM cells/ MSGV MLL AF4 mut.6

E 2 A
Tasn 1% 04%

0° 10" 0w 10 R e

T
0°

1 107

(May-Giemsa stain) cie
Fig. 5. Characterization of bone marrow progenitor cells transformed by MLL-mAf4 and its mutant.
(A) Morphology of the murine Lin-BM cells transformed by MLL-mAf4.
(B) Immunophenotype of the murine Lin-BM cells transformed by MLL-mAf4. Percentage
values correspond to the content of the adjacent quadrants.
(C) Morphology of the murine Lin-BM cells transformed by MLL-AF4 mut6.
(D) Immunophenotype of the murine Lin-BM cells transformed by MLL-AF4 mut6.
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[P rat
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AFACHD mAT4CHD AF4mull AF4 mul2 AFS mut3 AF4 mutd AF4 mut5 AF4 mut§ —mA(d4
1026-1177
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Fold increase

DAFACHD mAF4CHD AFd mut.l AF4 mut2 AF4 muld AFAmutd AF4 mut5 AFdmul6 —mAfd
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Fold increase
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1026-1177

Fig. 6. HoxA gene expression levels/GAPDH of the murine Lin- BM cells expresing various
MLL-AF4 mutants. The horizontal axis represents the each construct, and the vertical

axis the HoxA gene expression levels.

AF4/mAfA mut 2, 4,6 DH 5 L) %, F OO
EAMIRE RIS RSN b otz OF
Y, mAf4 CHD 1026-1177 % hAF4 \Z{&#15 %
&, IEBFE DG S N7z, HoxA7 12D TUE
HoxA9, A10, Meisl |25, & 758530 &

MTIX Rz,

4. MLL-mAf4 (3 HoxA9 D7°OE— &2 —45Ei
DEeZX > H3 YT 79 (H3KT79) dimethy-
lation Z55E T %

MLL-mAf4 O HoxA & (n§ D3I SR
ST A HMT, HoxA9 E{nT o 7 ua
£ — ¥ —fHi% D H3K79 dimethylation DA % 46,
FEILREE A W Cigas L7z, BlS, MLL-hAF4
CHD, MLL-mAf4ACHD, MLL-hAF4/mAf4 mutl-
6 % 2eE LCHRBIT 5 32D Mk a7 L, &
MRk S 7 a~F BT, BT L7z
%, Fig. 712”4 & B, MLL-mAf4CHD, MLL-
hAF4/mAf4 mut2, 4, 6 563 32D Mfgkic BT
D H, 143 7%, H3K79 dimethylation A5 & 7~
(MLL-mAfACHD, MLL-hAF4/mAf4 mut2, 4, 6
DH T L) & ol —J MLL-hAF4, MLL-

hAF4/mAf4 mutl, 3, 5 &SI R 12 B3V T
H3K79 dimethylation (3 X L XV T & - 7=,
HoxA9 711 %€ — % — 450> H3K79 dimethylation
DR, HoxA9 DFHm L L CAHBIL Tz
(Fig. 6, 7). 72, KfHR0 5 b mAf4 1026-1177
7% HoxA9 7°1 & — % — @ H3K79 dimethylation
AR R TH LHITRE N,
5. mAf41026-1177 (3 MLL-mAf4 @& 85+

DEREVEHRICEETHS

mAf4 1026-1177 O MLL-mAf4 @45 #5712
B AEE T S HITRELCFHIRB HWT, MLL-
hAF4 CHD, MLL-mAf4 CHD, MLL-hAF4/mAf4
mutl-6 Z3E A 72~ 7 A Lin- B#ifE % G418
FAETT7~10 O, g b{r?@”fﬁg
% 5Em RT-PCR C#T L7, 95 &, Fig. 812
R IE 1Y) , MLL-mAf4 CHD, mut 2, 4, 6 35 A
fa Tl RGBT ORI HER I N
(MLL-mAf4 CHD, mut2, 4, 6 D% 5 4) 75, MLL-
hAF4 CHD, mutl, 3, 5 I2B W Tl FEL 4 DDk
EEET LB L TRHEDOE L WK TR S
N7z, MLL-mAf4 1026-1177 @hvEitz 058w
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Fig. 7. ChlIP assays ; Quantification of H3K79 dimethylation at Hoxa9 promoters performed in the 32 D cells
expressing various MLL-AF4 mutants. The horizontal axis represents the each construct, and the
vertical axis the Quantification of H3K79 dimethylation at Hoxa9 promoters.
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Fig. 8. Relative expression levels/GAPDH of the fusion transcript in murine Lin- BM cells transduced by
various MLL-AF4 mutants. The horizontal axis represents the each construct, and the vertical axis the
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bAKD T TERLZEZ A, TOREHD
R 5T (MLL-mAf4 1026-1177 D71 5 1),
PEXD , mAf41026-1177 1 ZEAMRLIZBT 5
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mAf4 1026-1109 | THT IDJLJI|RJY[V]M|S|L|IK]C TIM QlE IfFlA|Y

hAF41026-1109 | T |V | D |L|I| K| F|T M| S|L|K T|A TIQ|E INFIA|V
LIC|L|R Q LY LIN|M FIR|C|IK|K|D|T}V Y|S T|L
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NIKIH|FIE|S|S|S8S|K|V

AlPIs|Plc|TlA|R|S|T|G|V|P|S|P|L
A|P|S|P|C|TIA|-|S|T|G|T|P|S|P|L

Fig. 9. Alignment of amino acids 1026-1109 of mAf4 and hAF4. The mAf4 and hAF4 exhibit extensive
homology in amino acids 1026 to 1177, although there is relatively low degree of sequence homology
between murine and human AF4 genes; amino acids 1026-1109.

Identical amino acid is indicated by white box, and amino acid dissimilarity is indicated by gray box.
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