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Review —

—High mobility group AT-hook 2 (HMGA2) D1&E|—

A I VP

BV R IMERRIE, AREME M/ SORGE, 5 Z8 VB BERRAHERE 2 & T B BERS St P 4% (myeloproliferative neoplasms ;

MPN) (2B M 2 faE L,
BERIEBOE GRS, WA AT D IRTE

— R EOMERAHEMT 5 70— MR ETH D, MPN 1T & X1
WKEY, BUAMHE~NOBITLALN, FHEARL %S, MPN IZBI) 5851
B L LT, MiRoiisicmElEb 5 JAK2 SR DA
® ASXLI % EZH2 %tk 4 BEBRMMHR CHE s vz,

ZURVE A BERRAMEAE

I, TEFJ A AIS TET2, R a— a2f#EET

T2, BRA BT ORBZRE L, Mot - #

B8535 HMGA2 D53 MPN 0B HREBICBWTALNS. HMGA2 D33l let-7 ¥4 7T RNA 12X -

THET S, HMGA2 FEBUEBIZ B VT let-7 #5 AT

HRALOFFAET B 3IRARFIEL (UTR) OREA LIFLIFR L

%, ZZTEAIZIUTR 2K HMGA2 2533 5~ 7 R ZVEK, Wi 217V, HMGA2 O3EB1A5 MPN f oI

ZHIEEZ L, EIMEAIE L XMIZBWT 7 a0 — Y IERICEE 35 2 &2 w2 L7z MPN OJFREIC

b—EDEEERILTWwE LEbNS.

BWT, HMGAZ2

F—U— K I HMGA2, BT S:, JAK2, Y7/ LGS, i

I U I
it 1 5l M IE 355 (myeloproliferative neoplasms :

MPN) . —IMIERRAT L FAZ R L 7248 Bt
70— YEICEINT 2RERET, 747 TNVT4T
(Ph) HefaufkBtto @ Mg Rtk A% &, Ph ftaikiE
PO EEFRMERBEINAE (polycythemia vera : PV), #&
REVEM/IMIUMLE (essential thrombocythemia ; ET) 3
X OGS BERHESE (primary myelofibrosis ; PMF)
et MPNIISERICEBEMEMTEORELET 5
A%, LI LIRS R fsAEE (MF), B RSO BUE
e (MDS) &\ o 72 AR TF AR R ORI
fah, SHICAMERMEANE (AML) ~B177 5.

Ph J:fufkfatk o PV, ET, PMF 22w T, 2005
4F 12 Janus kinase 2 (JAK2) # Az T ® % # (JAK2
V617F)? 25ty & LT LR, B2 T4 A 0 22 A
PHEMLOOH 5. %LWLImAx%wm%,lE
7 KRGS, BETBHICBWTHEELRBE 2
T EEMLETFEREICHDERIET > T0EY. 29 Lz,
F% % 1Z High Mobility Group AT-hook 2 (HMGAZ2) 2
OWTHE 2D T 5. HMGA2 1%, ZIHIKIZE
B R e vy, BERT 2 & OMkA 2EET O
BEEHFHL, ru~F VM BE5TLEEET

THbH. TOd, HMGA2 33 7 F VinER L &
EFBHoOmEICHEEL ) 5. RfglcBwTid, £9
Ph e ket MPN Offa 758181 5 ik O A
IZDWT, ¥ 7 IVZEE L BIETFEE O M 2 BES L,
W2 HMGA2 OH) % iR 5.

1. ECYTFIVEEICEET 3EEF

Fu vy FF—ED JAK2 2 SHEEIRT signal trans-
ducer and activator of transcription (STAT) ~® JAK-
STAT ¥ 7 F MEERRK I, @EY A M A4 R
EDEHILES NG, LaL, oK EOGFITMS
WOBIGTERENKET 5 &, JAK-STAT R I HE 1Y
WIEHEAL S, A b A A o FRARAE M o0 38 AL A0 e i
A ) MPN OJREETEKT 5. 29 L4 RIL JAK2
HIER LT A M H 4 Y ZH/RITEZ A4, Tio
PP IVRBIRTIC RO ONS.

JAK2 5 £ U MPL

JAK 7730 =50y ¥ F—B3H AL b h 4 0%
BROMPBNE A ICEZEL TS, YA Y B A l~
WA VZBFREEET AL, JAKIZHCY Y EEEIC
DIEMEIL S, T o STAT % phosphomosmde 3
kinase (PI3K) &% V) Y E{b 9 5%, JAK 773 —0D
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HFTd, JAK21ZT Y AuRxTF ¥ (EPO), huyK
RLF > (TPO), HikiEka o =—Hi5EH T (G-CSF),
Ay —ufFr-3(L-3) %, M4 ZEMYFA A
LD IEME LS, STAT3 & STATS 2V Y ig{bd
5. JAK2 exon 14 ® V617F Z %% exon 12 D £
JAK2 @) Y EALZ AT 2% F—E N x4 v &
7213 DT Z B 7230, JAK2 E R B L % 5k
9. JAK2 V617F ZHIX PV ® 95% LIk, ET @ 50~
70%, BLUPMF ®40~50% A NP, —7,
JAK2 exon 12 ® 25 5413 JAK2 V617F & £ [&1: o PV
IZA 6, ET % PMF IZIZA SN WY, F72, TPO
TR E LCRRE Y A I ELEEIZE I myeloproliferative
leukemia virus oncogene (MPL) @ }¥.225k75 5 (MPL
W515) X ET ®# 5% B L O PMF O# 10% I2A b
%% MPL W515 (3@ & M ¢ MPL O E @52
L, GHEZ2IHT A E0ICHEAET A 720, BRI
D JAK-STAT #EEANEHLT 5 L EZ 2 6N 5.

JAK2 V617F Z 12 X % MPN DA B\ T
STATS DY Y BALAPEETH Y, STATI ZHIMMERT
VAN T+ AT 75 —EEEOWM 7 &R %8 %
g eZzo6NTwh. STATS DY Y B{bix PV
ICBWTIEEHEEICRONSDS, ET R PMF I2BWT
13t LA STAT3 D) Y EBRALOMEN 2 fiE B =2, STAT3
& STATS DI d ) VL2 FERET & R VWIERI D F2
HHNDY, 51, MPN ML ZAY 2 583 5 i s
WIZ, STAT O#ET 2 A & R ViRIETF 2% AF1E
557, fito> T, MPN OJif&iL STAT OIEHEALD A
TIEHBT & v, Bolt, WH ISR ICFAET 5 JAK2
25, VOITF BRAZEZ§EMMNICHAFEL, B A MY
DY) YEBALR A FMALRESE, ¥ ATHEHRE %
ALHBIZL 2 0DbE I EHIREN, HFHENTW
5.

JAK2 V617F Btk 2 @ — > OB 3k Tl 2%
vy, MPN SEB 0 3 1L T3 o w5 F R Jeta R 7 &
5 JAK2 V617F 22 5k i O Rtk fife o iz & b 12
s a— W2 LIE LIERERH S 11, MPN 225 AML ~®
BATICB W T JAK2 VOITF ZEHET 6D LIFL
EARSLNAHY. X512, JAK2 VO17F ZREGMES %2 F
F—& LT, JAK2 2 B MDS i B L2 [ 7 3% 13
MR ATHEAT S 1, R JAK2 V617F 7 V) VA
ZAL L R WIEBI DS SN TE DY, JAK2 V617F EA
~ 7 2 DO RENIE % B 725 A R s L R S 2R S B
WTB, —EDORBIH/ON TN,

2T FIVEEOREEGTF

MPN IZBW T, JAKSTAT Rk = &iekk 4 2> 7
F VAZEREE % BT % Suppressor of cytokine
signaling (SOCS) #{x T-# <, adaptor & H ® CBL
WAEFBESB X OF LNK (SH2B3) s ¥ ok Je ik
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EERIHEZINTW5EY. SOCSL 205 31, 7HE—5 —
FIHD A F VALREIZ L ) BBIAMKT 952 & TMPN
DIFREICHE- T 2RSS R I TWwab. CBL I,
receptor tyrosine kinase (RTK) %, JAK-STAT &L
A HIRIL S AL L, —#8® PMF TEREPH LN 5.
LNK & JAK2 DIAHC ¢-KIT O Tt T iEM: % A2 Fi
L, JAK2 Z VR MERSE IIRE D) 25%, 35 & O JAK2
V617F 2RSS &t ET 2 PMF THERPAR ST
%, %7 AICBVTIE LNK OB E 5 27538 i i i
(HSC) #HMB X R IZH M L, JAK2 V6I7F
ZERIZES MPN O#ETEMASIE S, —F, JAK2
V617F 2 MPL W515 Z 85T LNK 2R %2720 7w
JEFIT LNK o33t LATTH#EL, JAKSTAT ¥ 7
FIAZERREE I L TR < S & AVRIE S T
W5,

2. XICIES/ LR ZN L URiGEEHY 28
=F

WL, B BRAESS 2 3V C DNMT (DNA methyltrans-
ferase) % Ten-Eleven-Translocation (TET), Isocit-
rate Dehydrogenase (IDH) %, DNA X 5 )V 1bi2ft3k
SNBIET 7 A 2D BIZFRC BT RN
MR THE SN, FHENTWAS. DNMT 33 b
YO5EAFMMELTHS-AF LY M (5mC) &
L, TET i 5mC {ZKBEZHESE - FaF X
FIy by (BhmC) ICEH| S 5B, FEBE, TET2
ZERBE MPN B2 B\ Cid 5hmC A8 L Tw b, —
7 IDH @15 THEEZ KL, IDH ORHEW o 7 7
W ENVEBEAIMET S5 &, TET2 OREREDHIH] S,
AN H3D) YV UEREIZBIT DA F VLR
MWET$ 5. £72, DNA 2 F LIS 2@ ET-R
ra<F UHEERE A b YDA F VL E I 5 R
I — LR (PcG) BIZFDEEHM L0 R o TE 2.

DNMT3

DNMT (21 DNMT1, DNMT3A, DNMT3B % ® £
U= ENS. 2010 4, AML 128\ T DNMT3A
ZERAT AML @ 4~22% A DN, FRICHHET 2 2
EATRENSZWY . DNMT3A OZEEIZ MPN I2B W T
D B, FFIZ MPN %5 AML ~4T L7ZIERNC &
Rw7Z2shTs Y, MPN OFEMEIZE S35 W REME:
M5, FHRESHERIZ BT S DNMT3A 81 E
ICHERESE SR 7243, —F8 (R882) 13 #%HE AN DMk
HHIFMSIN T3P,

TET2

TET2 & TETI1, TET3 & & 312 TET #izTHD
—HTHD, DNA A F Vbod#Hiic5 95, TET2
RIS TH ), MPN %12 L, AML, MDS
WCHIRA S Ao s, IkEfilic BT TET1 &
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Fig. 1 HMGA?2 overexpression due to truncation of its
3JUTR in non-hematologic and hematologic neoplasms.
Overexpression of HMGA?2 is often due to chromosomal
rearrangement, which removes its 3UTR containing
specific sites for let-7 micro RNAs, because [let-7
negatively regulates expression of HMGA?2.

TET2 SO LIC EE 2% E &2 7 L, & M ETERAT
2B W T TET2 % short hairpin RNA (2 & 0 #]
T5E, BERNOGLRESRZ L. £72, TET2
2 v 77 b= A3 MPN il % 5 L, Z O xE il
AT B R L /R T & 312, MPN REH & FHk
S5hmC A L T 5%, D LkH» 5, TET2 & DNA
A FVALDFHE % 4 LT MPN FE AN D /LR R 4
FICHERBE 2 ZLAVRREN 5.

ASXL1

Additional sex combs like 1 (ASXL1) & ASXL2,
ASXL3 & & BT HOX xR &3 5 BIZTFORHR
A by H2A O ¥ F {b% i3 5 PR-DUB
(Polycomb repressive deubiquitinase) #& 4 % # ) 4
% PcGEHD—DOTH 5. ASXL1 DEEITFIT exon
1212& 561, PV R ET Tldi7Z5%, PMF IZBW T
19~40% & IEWEHETH 5.

EZH2

Enhancer of zeste homolog 2 (EZH2) i& PcG ® 7 7>
T3 PRC2 (polycomb repressive complex 2) & XiZh
LEERO—E %7 L, v X b H3K9, H3K27I1Zh
3% X FVALDHIBINZ B S-3 5. EZH2 \EHi e =
FUE CMBIFEI L T\ 24, BAIEY >/ STl bfeT
HEMEDERPHE SN TWAE. Zhizx L, MPN # 4
LA BRIES S B B EZH2 28BS TH 1),
PV ® 3%, PMF TiZ13% B 515", EZH2 1
DNMT %41+ L7 DNA X FIAL~NBEETHZ L, &5
127 TR E 2L MDS ICBWTRIET 5 EE T
THH I EPHESIN, HEHEINTWS.

3. HMGA2 ® MPN (ZH T 2 RENZDOWVT
HMGA2 i3 HMGAla, HMGAlb, HMGAlc & & %

ICHMGA BB T A A M VICHR L 2w o avF v

HHTH%. HMGA BEO &, AT-hook & IFiTh 3
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X4 Y2 LThRA iR T LG L, T b oilx
BEEAMGTLERIC, zuxFoMEICLEET 5.
HMGA2 (ZMfg o35, M o &1T, Ml kicE
Wl A R L, YRS, s s X o
FRFAIIEIC BV TIE, HOBERMEoREIc KD T
EETH5D.

HMGAZ2 (341K 12q13-15 1L, 52D Y
YL ENSE. 7Y Y 155 31 AT-hook F #
A v%a— Py aEREoMLETHE. T2V V50
C A LA, 3IERERGEM (SUTR) 1213 let-7 BED =
4 2 1 RNA (miRNA) 235kA9 A IEREHIAS 7 H AL
FIEIET B, 20720 HMGA2 O%BLIZ let-7 miRNA
X IEECHE S S, @R, HMGAZ2 %, let7
miRNA 25583 L 2 WIEAEICRE CBBLL, #12 let-7
miRNA 233§ 5 Ak Tld—oRlikz Iz L AL
R L. —JF, MBEREE 2 d.012, efifk 12q13-
15 Z YW & U 7z gt R g % Sk U 72 ERIIC B W T,
HMGA2 25BFI5B$ 5 2 LRI X S hTwniz,
AR, 29 L7z HMGA2 O @RI FsBI Heto fiiiz i o s
FEMITNC & b O TIHE L, let-7 miRNA OFEG LD
HFAET 5 SUTR B B a 2 &2k )iz b2 L
ASHI L 72% (Fig. 1).

FRIREBICBWTIE, PVY®, PMF*®, MPN-
U#, MDS®, MDS/MPN® 3 X O3t i~ € 7 1
Y RAE (PNH) 2B \WT HMGA2 OBRZEB £ 7213
HMGA2 %% 3UTR ZHY B { etk BE ok S h
Tw5b (Tablel). 2 SIFEHICKERT L 70— M
DI AT, WS ¥ 723 E AL h 5 atky
MyE~E MRS 5. Table 1 123 & B0 RSN
MTidd 5295 ¥#I2PMF B X O°PNH Tld HMGA2
% WFIFEILT DB OBE DTN L AHEI SN D,
Z 2T A1, HMGA2 O5BIAS I X O i
WA TIBEE BT 5 HIWT, SUTR O K5 % B
D BEva7z Hmga2 @ cDNA #38 AL NG VATV 2=y
2<% A (AHmga2 < A, Fig. 2) # /i LEEt #4975
727,

AHmga2 =77 A1 HMGA2 #8BH# 5B L. %2 4 H
B CERMIIBIT L IMEROEIME R 7. 72, Bl
IR, MHE, EPO JRAEMEARSFER 0 0 = — R o8l
22X, MPN oz 2172 (Fig.3). RWTHES
e E ZORMEIZX Y, AHmga2 ~ 7 A H ¥
M O FRIT £ MERR TINS5 2 & 06, HMGA
2 OFEHLH HSC L)V CrEMAMIZ M7 10— OB
itk % 52 % 2 L AVRIR S N7z (Fig 3). S OMFICD
WTHE L& 2%, AHmga2 ~ 7 ZH 3% HSC Tl
JAK2 mRNA B X O VBt STAT3 Om5s8, &5
BAIMLCIEH A b A 2 AHBIREBIC B0 ) V(L AKT
DFEBEEDI. —F, x4 707 L4 %FwTHSC
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Table 1 Reported abnormalities of HMGAZ in clonal hematologic disorders

HMGA2
Disease N JAK2 V617F Reference
Overexpression Rearrangement
PV 1 + + + 20
PV 1 + + + 2
PV 1 not mentioned + + 2)
PMF 12 + (12/12) +(2/12) not mentioned %
PMF 16 + not mentioned + % %)
MPN-U 1 + + - %)
MDS/MPN 2 + + not mentioned )
MDS 4 + + not mentioned 26)
PNH 24 + (18/24) + (2/24) not mentioned <l

Overexpression and/or rearrangement of HMGAZ reported in patients with PV, PMF, MPN-U, MDS/
MPN, MDS, and PNH are shown. 3 : Ref. 25 includes both PMF patients with JAK2 V617F mutation

and those without JAK2 mutation.

A 5UTR | Coding region I JUTR
WT Hmga2 Bont | 2 |3]4] Exon 5
cDNA Let-7 sites * f L T L
. ?P AHmga2 mouse
AHmga2 SO . = (C57BL6/J Background)
cDNA [PGK-PROM Exon 1 ] 2 l 3 ]4' 5| PGK-PA I
5'UTR | Coding region
IUTR
Chromosome ] {1
9E3.3 Clstn2 Nmnat3
B C
10 Hmga2 mRNA (gRT-PCR) HMGAZ protein (Western blot)

= —

R 4

§871 Ow

S 6 - Il AHmga2 BM

) i - _

g 4 - * . HMGA?2 e i - i

5 2 I ACTB Fﬂ = ﬁ

K : s =

0 [ ] | WT AHmgaZ2

BM Spleen

Fig. 2 Hmga2 transgenic mouse (A Hmga2 mouse). (A) Diagram of 3UTR-truncated Hmga2 cDNA
(AHmga2) lacking six of seven complementary sites of let-7-family micro RNAs. BP shows the
break point as it has been described in patients with MPN and PNH. The phosphoglycerate kinase-1
promoter (PGK-PROM) and polyadenylate tail (PGK-PA) served to express HmgaZ2 protein,
integrated into chromosome 9E3.3, 54 kb from 5-end of Cilstn2 and 3152 kb from 3-end of
Nmmnat3. This cDNA was introduced into C57BL6/] mouse. (B) Quantitative RT-PCR analysis of
Hmga2 mRNA expression in bone marrow cells of A Hmga2 mice (n=4) and WT mice (n=3). *P
<0.05. (C) Western blotting analysis of HMGAZ2 protein expression in bone marrow cells. [Part of
this research was originally published in Blood. (Ref. 4) © The American Society of Hematology.]

ERFHRHBRANOBERFRB M L 25,
FEBAEAL L T 28R HEIE T O [ T 5 A2 5%
ZoTwiz DbEd»s, HMGA2 SBUI A LERE IS
U C MPN fki& il & MR O 7 7 — BRI mHE I
B5- L, MPN (2B % s Il i oD 1 5 | 2 T2 7 1)
RIS WRMEAIRIRE NS,

4. E B

JAE, MPN SE 05 RIS 31T 2 WG 2 fFAT 12
0, BT 2EBETFREFNRLIHONIIR-TE
72 IO OERmIYRROMERLEREICHEESTA L
bHEENS. LI L, TET2, ASXLI, B XU IDHI
DEFITREGH JAK2 R0 WIS A Hik, BL U JAK2

ZREFEROVTRORINCOEZ Y, HXHED A
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Fig. 3 Proliferative hematopoiesis and growth advantage of hematopoietic cells in A Hmga2 mice. Bone marrow

cell count (A) and spleen weight (B) were significantly higher in A Hmga2 mice compared with WT mice. (C)
Colony-forming cells including EPO-independent erythroid colony-forming cells were significantly increased in
A Hmga2 mice compared with WT mice. (D) Competitive repopulation assay with serial bone marrow transplant
(BMT) showed extreme expansion of A Hmga2 mice-derived granulocytes, monocytes, B cells, and T cells. In
BMT, bone marrow cells from A Hmga2 mice and WT mice (1 : 9 or 1 :1 of ratios) were transplanted into lethally

irradiated recipient WT mice. [Part of this research was originally published in Blood. (Ref. 4) © The American

Society of Hematology.]

LNBY. F72, TN HBEEOFRE ST HE S %
MBS %72, BARMISEICBW TR 5@ % %
LT 500, A% A% v, —F, HMGA2 1%, 4
DIFNTIZ & Y ZDOREIMIZ BT BEEO—5A S 222
o7’ FEBNZBIT BT L TIERZEA 15T
H5.

HMGA2 134 IR ERTFISHEG L, £  O#ET O
B2, Mo b, BOERSE 2R
T FEE, Fx D AHmga2 ~ 7 AFEIMHNE TlX, JAK2-
STAT3 % AKT O{EHALH R & 1, MHEME 075
B 2 T REMEATSH 5. MPN I2B W T, JAK2 % MPL
BRPHS TR TH JAKSTAT ZROEHEALY RS
N5 E"D5, HMGA2 DFI L TW A IERIZBIT S
VT MRERBIEEALICE LT & 0 RS
BLBLE b s, BN Z L 12, PMF I2BWT JAK2
EREMHTL Y HMGA2 ORBATLHEL TWBE I L
AHEENTWBY, —J;, =7 2IZBWT, PcG &HA
@ Bmil 7 Hmga2 33 2 HWHIMICHE L, Z @ Bmil
RAAIZE D Hmga2 25#EFE 5 LT MF O3SEIZES-3
HUREVE DS S 72 Ao PG &HTH 5 ASXL1

R EZH2 ORI HREE CIRAC Aoh b 2 L
5, HMGA2 L OBHEATEH SN 5.

Ta 3T, BAENGEMHEREESICX ) HMGA2
FHE ML O DB L T 2 & ER LD,
RO 7V —TH 5 b FERROFT AR S Y. 86
5, B7ubyOERYAGTEBH T T7TOBMGTIE
WICBWC IER B /B VEIETOTA VANRY & —
AR ATBRAIL D 12 T getafk FIEA SN/z720
IZ3UTR %K% L7 HMGA2 & B 7 1 ¥ ¥ Oflviilz
FARFEHL, TORERENEA M OUE & iR
5 OREAG S MR b s Sz DErs,
HMGA2 OFBIASEIL 7 10 — ¥ OMERFR I BES 5
WREMEASE .

HMGA2 (& MPN O8f % 235 REI 53 2 W REMED D
%. 5% MPN IZBWTHIE SN Tw b e 2l T2
HOHT, HMGA2 23D & 9 iz Bz LTw b h,
ZROIEFNB T, kM MF % MDS, AML ~®
HEJE D G D TR L T BN H 5.

B A% SIOETN 227 4 57V 7 4 T/ANREED Mon-
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MOLECULAR PATHOGENESIS OF MYELOPROLIFERATIVE NEOPLASMS
—THE ROLE OF HIGH MOBILITY GROUP AT-hook2 (HMGA2)—
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Abstract:

Myeloproliferative neoplasms (MPNs), which include polycythemia vera, essential thrombocythemia, and pri-
mary myelofibrosis, are characterized by clonal proliferative hematopoiesis with increased blood cell count. MPNs
are slowly progressive, but are frequently complicated by myelodysplastic syndromes or secondary myelofibrosis
with poor outcome due to transfusion dependence and leukemic transformation. Recently, several genetic abnormali-
ties, such as JAKZ2 and TETZ or polycomb group genes, involved in cell proliferation and epigenetic regulation, re-
spectively, have been reported in patients with MPN. In addition, overexpression and rearrangement of HMGAZ,
which plays important roles in cell proliferation and differentiation, have been shown in patients with MPNs and re-
lated disorders. In these patients, chromosomal rearrangement often removes the 3’ untranslated region (UTR) of
HMGAZ2, which contains specific sites for let-7 micro RNAs, which regulate expression of HMGAZ2. Therefore, we
produced transgenic mice overexpressing HMGAZ without its 3UTR, which revealed a proliferative hematopoiesis
mimicking MPN and expansion of hematopoietic cells at the level of the hematopoietic stem cell. Thus, HMGA2 may
play a role in the pathogenesis of MPN, together with other reported genes.

Keywords:
HMGAZ2, myeloproliferative neoplasms, JAK2, epigenetic gene regulation, hematopoietic stem cell

©2012 The Japan Society of Transfusion Medicine and Cell Therapy
Journal Web Site: http://www.jstmct.or.jp/jstmet/



