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Transcription Factors Responsible for Megakaryocyte-specific Gene Expression
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Megakaryocytes are the hematopoietic precursors of platelets, which play an essential role in thrombosis and
hemostasis. Platelet factor 4 (PF4) is expressed exclusively in megakaryocytes and platelets and serves as a lineage-
specific marker of megakaryocytic differentiation. We previously characterized a number of upstream enhancer and
repressor elements and demonstrated that GATA-1 and ETS-1 are important for PF4 gene expression. Recently, we have
determined the novel regulatory element termed ‘“TME’’ in the PF4 promoter and identified a group of binding proteins
from megakaryocytic HEL cells. Here we review the function of these proteins in PF4 gene expression and discuss
megakaryocyte-specific gene expression and megakaryocytepoiesis.
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Fig. 1. Schematic Representation of Different Stages in Megakaryocyte Differentiation and Related Transcription Factors
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Fig. 2. Effect of Different PF4 Promoter Deletions and Mutations on Transcriptional Activity and Specificity

The triangles represent deletions of P1, P2 and P3 site.
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Fig. 3. The Effect of the Mutations of the GATA and Ets Motifs on the PF4 Promoter Activity

V : designates the deletion point, X : indicates the point-mutated sequence.
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Fig. 4. Screening of the Regulatory Elements Related to the Tissue-specific Expression of the PF4 Gene
Relative activities of the constructs containing PF4 promoter fragments in the 4 cell lines.
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TCCTGCTGACAGCTGCTGACAGCTGGCCTCAGCTGCTT
AGGACGACTGTCGACGACTGTCGACCGGAGTCGACGAA

Ets-1 like

Fig. 5. Structure of the Novel Regulatory Element Found in the P2-E Fragment
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MEIS1 binding element) &4 {117z (Fig. 5).
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7. WIho o0 —F—ICbmIcHFEET STl
ARDOAZEZRLEN, Z0hoenmhdLDIZ
GATA,Ets TL A > FREEEzNnETN DT O
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AR U723, REDOHAITEH < T A >~ EAHH
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27 B D[FFE % il A Tz

¥9, T- 7 I A —HBIIHET 25 > NIH
Z, YORXTIALY EEZRANWTHERL .2 HEL
MfEN S /2 cDNA 51 75U —2HWn, 2
D) —Z 2T &0 2R, nucleolysin O X 75
AT T7AV T +—LZHELE. T- 75X
Y —IZHEATBYNIVEEED T ET, T-cluster
binding protein (TCBP) &% ffiF7=. TCBP I3, 2
ARIED T- 7 5 A% —FH, KOZED FNRICHFEET
TN EENZEEEMHAEIEMRL, HEL fifd
WBWTERGZEIZHET 2 2 ENHS NI /2
(Fig. 7).
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Fig. 6. Megakaryocyte-specific Promoters Including GATA, Ets and Negative Regulatory Elements
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Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) 75N> RZGIDHL,

dithiothreitol (DTT) IZX %&EJL, I— K7t LY
S RZEBTIVFIERE, TR TRU 72 2 Efk
270, XAAXRT MVHOY > IV ELE. HE
SR (LC-MS/MS ¥ 25 L) XD @Hn5

RTF RO 1VRMEEREL, BF~7 027 J L SE-
QUEST Z W TTF = RX—=A Y —F 27> 7=k
B, A REREGY NVENRRIES N, 0%
WL DONDERERTHEFEN T (Table 1).

Insofns, TMEHIZHESEF -7 NaEN
EIEOREE N T I N /- upstream  stimulatory fac-
tor 2 (USF-2), WM& R NDEGIREZE NS
pre-B-cell leukemia transcription factor (PBX)

(PBX1B & PBX2) & AML1 @ 3 DD ERFIZ
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Fig. 7. Transcriptional Repression by TCBP

The TCBP expression vector (pHSVTK-TCBP) was co-transfected with
the PF4 promoter plasmid (pPF4GH (A) or pPF4AGH (-T) (B)) in HEL
cells. pPF4GH, reporter plasmid containing native PF4 promoter; pPF4GH
(-T), reporter plasmid containing PF4 promoter without T-cluster and T
rich region; pHSVTK-TCBP (rev), the TCBP c¢DNA is inserted in the oppo-
site orientation as compared with pHSVTK-TCBP.
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4. SEERFOBAERENT

41. RKATRAAL T NTEPBX[CDWT
DT HAFTRAAH )NV EPBXIZ, H
MFEEEERTFE L TRESNLZHDTHD, Ein
THRJEN KR THET 2/ G %5 > )\ 7 H E2A-PBX
WBHIMFEEERIEEIT. 2 £/, PBX1D ./ vV
7 bR AR, GRS bo% < ORINTED
FMEHENED 5N TS O £7=, PBXIZFEU

Table 1. Identified Proteins by Mass Spectrometry

kDa Search result

114 Heterogeneous nuclear ribonucleoprotein U
90 PTB-associated splicing factor

80 ATP-dependent DNA helicase II, 70-kDa subunit
(KU70)

80 Nucleolar protein NOP56

80 Probable RNA-dependent helicase p72 (dead box pro-
tein p72)

80 Putative pre-mRNA splicing factor RNA helicase
80 Proto-oncogene tyrosine-protein kinase ABL (P150)

65 Probable RNA-dependent helicase p68 (dead box pro-
tein p68)

65 GAP-associated tyrosine phosphoprotein p62
65 RNA-binding protein (FUS)

55 Similar to zinc finger protein (BR140)

55 54-kDa nuclear RNA-binding protein

45 Heterogeneous nuclear ribonucleoprotein G
45 Transcription factor NF-AT 45k chain

43 Upstream stimulatory factor

43  Pre B-cell leukemia transcription factor

43 Heterogeneous nuclear ribonucleoprotein C-like protein
43 Repressor ZEB

40 Heterogeneous nuclear riboproteins A2/B1
40 Paired box protein 8

40 Heterogeneous nuclear riboprotein Al

40 Heterogeneous nuclear ribonucleoprotein A3
40 Heterogeneous ribonucleoprotein homolog
40 Heterogeneous nuclear proteins C1/C2

28 Transcription factor CBF alpha 2, splice form 1,
AML1a protein

28 Nonhistone chromosomal protein (HMG-1)
28 Transcription initiation factor TFIID 30-kDa subunit
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Fig. 8. Binding Activities of Various Combinations of
MEIS1, PBX1B, and PBX2 to the TME
HEL NE (nuclear extract) and MEIS1, PBX1B, and PBX2 prepared by
in vitro translation were used in electrophoresis mobility shift assay.
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Fig. 9. Transcriptional Activities of Various Combinations
of MEIS1, PBXI1B, and PBX2 to the PF4 Promoter
PF4luc contains 1.1 kb PF4 promoter in front of the luciferase reporter
gene. PF4mut contains mutations in the MEIS1 binding sites in the TME.
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725 7=. A% MEIS1 & PBX DI EITH 2
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=M, ZNSIEMORTIC X B ERHZ MR
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¥7-, HepG2 i@ Tld/a<, EEKRMETH
% HEL iz W T, TMEIZHZRD A>T L
RN—F —BETFORRZFRAER, PFAELKT
TOE—F—OEHIZK 6 BlcETHA L., 20
ZEhs, INSHRTFMHEEGT S TME AN, E
HERAAIEICB T 2 PRA B T REICE D THEE
BEHTHD, EZITHAETDHIINSORFOEE
HEDFEND SNz,

PREPI |3 MEIS1 R €0/ TH D, PBX M A
ERdT2HRF&EL TRIESINTWS. 3 PREPL 78
DNAY 74T 14— NI LDEH TS a2
baEnlTWw/izZ ENnS, PREPI H MEISI & A
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5 ERIRRIC PF4 OB BN G5 L TWa Z &R
< MaN, REDSETEL LA T & p5H
§ 15 SMETRD W
§ 4-2. USF (DWW T DR  USF I, basic
»:1) 0 Helix-Loop-Helix (bHLH) #ii& 2 5 E-box £
3= F=TIHET 2GR TTH S, USF 7 7 2
3 ) —@HIZIE USF-1, 2 EEL THD, KE, A
~ 5 FO2EBAKZHATDNA AT S Z EnHA5N
TW5, USF-2 7VHE &7 Iri& 1T & 2 it Thr it
SN EMDS, £, USF O TME \OfE & %1
T B B B B B B i B B S DU, TOME, Fig 1112577 & 512 USF,
GATA-1 mal bl el Rl e Rl Il Bl Bl I USF2 i TH, MHFZMA LG THREGTEME
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PRdluc PRamut T2 M, TR R B € B T 14
Fig. 10, The Synersisic Activation of the P4 Promoter by i THR UL I N AT AW B Lo B
PF4luc contains 1.1 kb PF4 promoter in front of the luciferase reporter 512, Iy hhSEEKREZFHEL, yOxF o RE

gene. PF4mut contains mutations in the MEIS1 binding sites in the TME.

W z2iTo7-& 25, Fig. 12 DX 51T TME 24
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k& D, USF-1, USF-2 1%, TME iZ#%& L, PF4

Vector + Vector +

USF1 USF1 + +

USF2 USF2 + | +
% e e Ee e

Probe: TME Probe: TMEmut

Fig. 11. Binding Activities of USF1 and USF2 to the TME
The bracket indicates the specific shifted bands. NS indicates a nonspecific band. TMEmut probe includes the mutations in the E-box motifs.
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Fig. 12. Purified Megakaryocytes were Incubated for 2 hr in
IMDM Containing 5% FBS, 100 IU/ml Penicillin, 100 ug/
ml Streptomycin and 0.2 ng/ml Thrombopoietin (TPO)
(Donated by Kirin Brewery)

After the incubation, the ChIP assay was performed using a Chromatin
Immunoprecipitation Assay Kit (Upstate, Lake Placid, NY) according to
the manufacturer’s instructions. For the assay, 10 ug of antibodies for USF1
and 2 or subtype-matched normal rabbit IgG (Santa Cruz) were used. The
PCR amplification for the fragment including the TME was performed by 35
cycles of three steps (94°C for 30 sec, 55°C for 30 sec, 72°C for 30 sec). The
PCR amplification for Hprt (hypoxanthine phosphoribosyltransferase) was
performed by 40 cycles of three steps (94°C for 30 sec, 60°C for 30 sec, 72°C
for 30 sec) as a control. PCR products were separated on a 2% agarose gel
and stained by ethidium bromide.

BATOTOE—Y—2IEHLT 2 ENHSNE
o7 ®

4-3. AML1 (oW TO#EH  AML1 (4%
Cbfa2, Runxl, Pebp2eB) BT ICHBWTIE, 2
HHIEE B RFEOMIE T, BRFREEHRDET
HZBIRTERZEZILTWSZENMENTW
% 36739 ZDEETOERIE, FRTLE IO RE
Eblod s, dEmMEegicdd s
AMLI1 BT OREGNE 2 531 Tz, 134040 i)
Cre-loxP > A5 L&MWz AMLI BIZTO3 5
43aFI v T T R ADERERNS, Z
DT ZIZBNWTIZL, T-cell, B-cell Digd, REAE
BER, M/MROWEDDNEIER I IND T &S )
12725729 AML]1 BT ICARZFFDORRITBW
T, /R AME  (familial platelet disorder with
predisposition to acute myelogenous leukemia (FPD/
AML)) ZRIET DHENESNV I ENHFEINTSH
0, AMLI {3 AR ARRE i 2 M2 B 2 % E &35
I, M/NCRANR BRI & E 2R > TWD EE XS
n5.

£HE 53 TME # &K F & LT AML1 & ETS-1
ZRIEL]Z. £2T, ZNS5KRTE AMLL O

HAEHMNH SN TW5 core binding factor f (CBFS)
7, PRAERTORBIZEDEETINIONT,
HepG2 ififitl 2 F Vs 7= i B B R 2 W TRz,
ZORE, B THM TIIIEE iR EIE LA 5
Niz/in-7z (AMLI TH 2 %) 7%, AMLI1, ETS-1
DILFEH THK 6 5, AMLI1, CBFS OHFEH TH 12
%, 3HTZHRHIFEHIEDEH 25 FICETHS
EM LI N ZEHBHL . NS ORERNS,
AMLI1 3% O AAE K F ETS-1, CBFS & Z2h <
NHFAWICHEIEL, PFA BB TFOTOE—Y —%
RELEMLT D ZENHSMERS T,

JE3E i MRk HepG2 1B W T, AMLI Bl o
FEH TISMALE T BT 2 RPN ITHES 720,
K2 EDOEMAL L v RS I o 7278, BTS-1 L4t
FITIE, TOBRAFERITLD X 5RBTEMILIA
LNEEASGNS. —F, CBFIX, MWEICH
W filamin A EHAMEAL TWS Z ENFRME
INTWSA, 4 AML1 @ CBFf & OHFEH T BT
2910 f512 B SN GEPE{EIX, AMLI1 7% CBFS &
MWAEERT S LI > THREZTTICREICTE
FELEZEIREDZBDOEHHEETNS. AMLI ®
ETS-1 1%, mitogen-activated protein (MAP) 5 —
YIZkDY CEBEEZITDZENAMENTHO,
TPO /S MAP F+—Y D 7 I rEICED - T
WnZEEEZDE, NS 3IETOMEERZ,
ERERERNER FRBEICEERERZF > TV
EFPHEEIN5S.

—7, FPD/AML OFRIZBWTIE, HFHIDO%
Bk B AMLI BIETICERNAD, HlELT
Fig. 13 1Z/R T K D ITRAERAKS RIKERIKDES
NBZENHSNITR D TND, 4 EF 5T,
INSERIKZEER L T OMEEZ RS, B
DIRGIEEALEREZ R OB R TH 2 T LI L 72
M, TOHIITHFET S EH 72 AMLL OiE M %
EITLERBEEN TV, BIE, TOHEEZHS
MICT DA 2T TWBN, 3RTOHAMERA
ZOBBIZHEEG L TWa EEbNns.

5. BHYIC

Pllokoiz, BEEER (/M) REIR AT
B9 % PF4A BIE T OREBIHIHICE 59 % DNA il
FlaREL, T OEBANDOHEEGENL TG %
TR 2 WG 2 K TR O RE TR L 7.
ZODNAT 74T 4T 5ELC-MS/MS > X
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Fig. 13. Schematic Representation of FPD/AML RUNXI1 Mutations

Solid ellipse indicates the mutation point.

TLERWEREERTHOMREER, FEITHERR
FETHD, INETOEL OMELET ), K2z
FBHOLTEIPLK I DORFZRIETEDRNZE —
BIEDHIENTERZ. Thbb, HEMAETSI1
DORFOAHIRST, BEKREHKRTHHTFHE 1
ECRETSHZEEARICILTNS.

£# 513, PMAEBELRTFOTOE—F — &M
L, TOFREGIEICEDHS DNA L A > NERE
L7=2%, 235 D DNA B3 Fig. 6 1279 LD
2, ERRTHREINSGMOSY > XV BEOTOE—
& —HEBICHEEL TWS, LEN->T, SEEH
S5 S MM U7z PRAERIZ T O 2 #iliHd 5 A
THIT, EERGENSERTRBIICHEEGET 2%
ABND. 5%, 5 ORTHREREROME - B
PCBITDE[EHKEELTHED O TVRDDNEMN
WOWTHGEL TWSBENH S, BERZERO 7L -
RANDZA Y FMWAD, TOT7I Ty D 1D
E LU TERERERNSY > N7 E DB TRENHAS
NN, TOROKRZERREZ 0 IE TN <, [
CEBRTAHE L ThauElRdE 1515, H
F, b - BREAD B S T GATA-1 2N EE /2% %
HBELTWwWaN, ZhNid, Fig. 6 IZHRTELDIT
N —H—5 2N E ORI I EE %z R
7L TWw53,

£# 513, b MR, SO CD34 iz E
IR ME S, 2O@RICBIT5 I NS RERT

DFBZ mRNA L X)L THANED, LRl T
MALNTZHDHH DN, /HMEain s HFET HKHT
B FIELZ, b - ENTIE, IS —EHOdR
BHRTFOGEENLETH 50, ZHITHA TPO /&
EOFRIT KDL TFINHAr—K, bbby >
Bt/ EQEBMNMLETH D, INSEKMENHD Z
TR, DEBERGRFHDBERIRE THER
BICEED, BEERGERNELRTRRZFETT S
EEZBNS,

E£HST, EERFRMICHEB INS PF4 ER
TORBICEDL DR FROREICKRII LA, B
£, IS MEMmEHE) 5> EEERANOFHBIZED
KOG L TWENEHSNTT s %E, IH
SHTOEETREE /) v I T5HTELITED
FoTnb,

ERERCRMD 2L - REICBIT 20 T O 2
RITWEFZHS AT WD, HERETTHEH
TOEEMNHSNTIRIUE, TOMBAICEND &
MY EINS. TPO MY /NR I AME 1259 2 JEhi
DIGEIE & S BRI T 5N TERN,
BT FP A H AR D BRI & 0 BFEAME IE S U B A
REEL 72> TS, bivbiud, AFFERENH L
WIRBERORImERD, £< DAL ERD TE,
LB ERBENI SITHTEZ T TnERZN.,

BEE AW, RRRFAHE AR L3
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FETRE L, EFNEOIERMNT S EICE O R
LEWZETH O, BBREIICRAEBHEEICARDEL
FeRBRRZFEIELTOR, v REBURICE < B
LETFET. £/, —HICHEZZRITLEZ D%
ARFEEG, LRIFEE QBRI LD S L RIT X
T KR, BEEERXATWEEEELAERKRAE,
BISHERFRICER N ZLET. AHEO 5
13, STERRH AR AR B A B 8 0 DN S = SR
FREMH B RS IC L D IThbN b D THD, T2
AT A =S
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