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The AML1/ETO(MTG8) and AML1/Evi-1 Leukemia-Associated Chimeric
Oncoproteins Accumulate PEBPB(CBFB) in the Nucleus More Efficiently
Than Wild-Type AML1

By Kozo Tanaka, Tomoyuki Tanaka, Mineo Kurokawa, Yoichi Imai, Seishi Ogawa, Kinuko Mitani,
Yoshio Yazaki, and Hisamaru Hirai

AML1, a gene on chromosome 21 encoding a transcription
factor, is disrupted in the (8;21)(q22;922) and (3;21)(g26;922)
chromosomal translocations associated with myelogenous
leukemias; as a result, chimeric proteins AML1/ETO(MTGS8)
and AML1/Evi-1 are generated, respectively. To clarify the
roles of AML1/ETO(MTGS8) and AML1/Evi-1 in leukemogen-
esis, we investigated subcellular localization of these chi-
meric proteins by immunofluorescence labeling and subcel-
lular fractionation of COS-7 cells that express these chimeric
proteins. AML1/ETO(MTGS8) and AML1/Evi-1 are nuclear
proteins, as is wild-type AML1. Polyomavirus enhancer bind-
ing protein (PEBP)2B(core binding factor [CBF]B), a het-
erodimerizing partner of AML1 that is located mainly in the
cytoplasm, was translocated into the nucleus with depen-
dence on the runt domain of AML1/ETO(MTGS8) or AML1/
Evi-1 when coexpressed with these chimeric proteins. When

proteins was coexpressed with PEBP2B(CBFB), more of the
cells expressing the chimeric proteins showed the nuclear
accumulation of PEBP2B(CBF), as compared with the cells
expressing wild-type AML1. We also showed that the chi-
meric proteins associate with PEBP2B(CBFB) more effec-
tively than wild-type AML1. These data suggest that the
chimeric proteins are able to accumulate PEBP2B(CBFB) in
the nucleus more efficiently than wild-type AML1, probably
because of the higher affinities of the chimeric proteins for
PEBP2B(CBFB) than that of wild-type AML1. These effects of
the chimeric proteins on the cellular distribution of
PEBP2B(CBFB) possibly cause the dominant negative proper-
ties of the chimeric proteins over wild-type AML1 and
account for one of the mechanisms through which these
chimeric proteins contribute to leukemogenesis.
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a comparable amount of wild-type AML1 or the chimeric

HE AML1 GENE was first identified as the gene on CBFal).1101114-16 A human homolog of PEBAXCBFB is

chromosome 21 that is disrupted in the (8;21)(q22;922)disrupted in inv(16)(p13g22) associated with acute myelog-
translocation associated with acute myelogenous leukeiia. enous leukemi&’ These facts suggest critical roles of PEBP2/
1(8;21)(922;922), the gene rearrangement results in the produ@BF in leukemogenesis.
tion of an AML1/ETO(MTGS) fusion proteif3 Previously we AML1 has been shown to regulate the expression of several
reported that th@ML1gene is also disrupted and fused with the hematopietic lineage-specific genes, such as those for myeloper-
Evi-1 gene in the (3;21)(q26;q22) translocation associated withyxidase, leukocyte elasta¥emacrophage colony-stimulating
the blastic crisis of chronic myelogenous leukerhinother  tactor (colony-stimulating factor 1) recept2° granulocyte-
group has also reported that tA®L1 gene is rearranged in the macrophage colony-stimulating facfdr,and T-cell recep-
(3:21)(426;q22) translocatidi. Recently, it was reported that ;<2226 \we have shown that AMLL regulates myeloid cell
the AML1 gene is rearranged in acute lymphoblastic leukemiayigte rentiation and transcriptional activation antagonistically by
carrying 1(12;21)(p12,q22)° PEBP2B/CBFa2, which is a two alternative spliced forms, suggesting that a transactivation

mouse homolog oAML1, was first identified as the gene roperty of AML1 is necessary for myeloid cell differentia-

encoding a member of the polyomavirus enhancer bindin(f 27 . -
protein (PEBP) @ family or a core binding factor (CBF) of ion.2” We also reported that the expression of AMLL1 increases

Molonv leukemia virus enhancétll PEBP2/CBFx and before morphological and functional differentiation of U937
PEBPZB/CBFB are components (')f the PEBP2/CBE het- cells treated with altransretinoic acid?® It was recently shown
erodimer, which binds to the cores of polyomavirus and Molonythat mice IackmgAM_lele during m!dembryonlc development
leukemia virus enhancet313The mammalian PEBRZCBFa because of extensive hemorrhaging and show the complete
subunits are encoded by three distinct geAdst 1 (PEBP2:B/ absence of definitive hematopoiei§® These findings suggest

CBFa2), AML2 (PEBP2C/CBFx3), and AML3 (PEBP2:A/ that AML1 contribut_es., by regulating the expressign of.target
genes, to hematopoietic cell differentiation and proliferation.
Within the AML1 protein, there are two functional domains
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Science and Culture of Japan. CRCA)3334 whereas PEBAZCBF3 binds to AML1 and
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Department of Internal Medicine, Faculty of Medicine, University of jtself12 |n our recent study, we showed that a conserved
TO%Z' ;j)_lilc:t(i);r?(():’oitusng(t)l;li(:é Tg‘;);o Vt;?e iii?raar;ed in part by page cysteine residue in the runt domain of AML1 is important for
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tisement”in accordance with 18 U.S.C. section 1734 solely to indicate prollnet, §erlne-, t.hre_onlne-rlch (F_,ST) _regl_on '? e_sse_nt'al for
this fact. transcriptional activatiof’%¢ and this region is missing in the
chimeric proteins AML1I/ETO(MTGS8) and AML1/Evi-1. Re-
cently, we showed that AML1 is phosphorylated in vivo on two
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serine residues within the PST region with dependence oPEBPZ translation initiation site, respectively, and these cDNAs were

extracellular signal-regulated kinase (ERK) activafién. inserted into theEcoRI site of pME18S. The runt domain deletion
Chimeric proteins generated as a result of chromosomamutants of AML1 (AMLIARD) and AML1/Evi-1 (AML1/Evi-1ARD)

translocations should play causative roles in Ieukemogenesig‘.’ere constructed as described previods#p. For construction of the

However, little is known about the mechanism for leukemic "Nt domain deletion mutant of AMLL/ETO(MTGS) (AML1/ETARD),

transformation in t(8;21) and t(3:21) leukemias. We and otherthe EcaRI-Apa | [519] (numbers in parentheses indicate nucleotide

. numbers from the start site of translation to the cutting site of the
groups have shown that AML1/ETO(MTGS8) and AML1/Evi-1 enzyme) fragment of AML1I/ETO(MTGS8) was replaced by the frag-

dominantly suppress the functions of intact AML1 and inhibit ,ont fromEcoRI to mutagenicApal [141] derived from AML1/Evi-
myeloid cell differentiatior?®** It is a useful approach for 1ARD. For tagging AML1, AMLL/ETO(MTGS), or AML1/Evi-1 at the
elucidation of the function of the chimeric proteins to study NH,-terminus, the influenza virus hemagglutinin (HA) epitope (YPYD-
subcellular localization of leukemia-associated chimeric pro-vVPDYA) was inserted after the first methionine codon by polymerase
teins and compare it with those of original wild-type proteins. chain reaction (PCRY*°These HA-tagged cDNAs were inserted into
For example, in t(15;17) acute promyelocytic leukemia, thePME18S.

alteration of subcellular localization of the wild-type protein ~ Antibodies. A rabbit polyclonal antibody to AML1 (anti-AML1

(PML) by the chimeric protein (PML/retinoic acid recepier serum) was raised against maltose-binding protein fusion of AML1 as
[RARA]) plays an important role in leukemic transforma- described previoush/. Polyclonal antibodies to PEBBZanti-PEBPB

tion4244 In the present study, we investigated subcellularserum) were obtained as follows. A glutathioBeransferase (GST)

.. _ fusion of PEBP tructed by ligati tagerficoRl
localization of AMLI/ETO(MTGS) and AMLL/Evi-1. Lu etal 0" © B was constructed by ligating a mutage

. fragment of PEBPR into the EcoRl site of the pGEX-2T vector
reported that PEBR® and PEBP2B are nuclear proteins, (Pharmacia, Uppsala, Sweden). This construct was expres$estin

whereas PEBRACBF) is present mainly in the cytoplasth.  erichia coli BL21 cells, purified, and used to immunize a rabbit and
Interestingly, they also reported that the N- or C-terminally hamsters as described previou&ly.

truncated PEBR2A colocalizes with PEBP2(CBFB) in the Immunofluorescent cell staining A total of 3 x 10* COS-7 cells per
nucleus, in contrast to the full-size PEBE® which does not 24 mmXx 24 mm coverslip were plated 12 hours before plasmid DNA
colocalize with PEBPR(CBFB). To clarify the mechanism of transfection. The cells were incubated for 40 hours after transfection
leukemogenesis, it should be important to investigate how?‘”d then fixed and blockgd as describbeBriefly, the gells were fixed
AML1/ETO(MTGS) and AML1/Evi-1 change the subcellular " 3:7% formaldehyde in phosphate-buffered saline (PBS) for 20
localization of PEBPR(CBFB). Using immunofiuorescence minutes, permeabilized with 0.1% Nonidet P-40 in PBS for 10 minutes,

. - ; . and blocked in PBS containing 5% normal goat serum (GIBCO-BRL,
and subcellular fractionation, we showed that these Ch'me”%aithersburg MD) and 1 mg of bovine serum albumin fraction V

proteins are chated in the nucleus. It was SUQQ?Sted that bo igma Chemical Co, St Louis, MO) per mL for 1 hour. Then the cells
the runt domain and the AML1/ETO(MTG8) or Evi-1 portion of ere incubated with anti-AML1 serum (1:1,000 in dilution) or hamster
the chimeric proteins are responsible for their nuclear localizaanti-PEBPE serum (1:1,000 in dilution) for 1 hour, followed by
tion. We also found that these chimeric proteins accumulaténcubation with fluorescein isothiocyanate (FITC)-conjugated goat
PEBPZ3(CBFB) in the nucleus with dependence on the runt anti-rabbit 1gG (Zymed Laboratories, San Francisco, CA; 1:50 in
domain. Then we showed that the chimeric proteins show thdlilution) or Texas Red-conjugated goat anti-hamster IgG (Cedarlane
higher abilities to accumulate PEBRZBFB) in the nucleus Labo_ratories, Qntario, Canqda; 1:50 in dilution) for 1 hour. For double
than wild-type AMLL. It was also shown that the chimeric labeling, the mixture of ant!-AMLl serum and hamster_antl-PEﬂBPZ
proteins associate with PEBRE@BF3) more effectively than serum was used as t.he primary antiserum and the mixture of FITC-
wild-type AML1, implying the relationship between the binding coruugated goat anti-rabbit 1gG, and Texas Red'conjugated goat
. ’ - L anti-hamster 1IgG was used as the secondary antiserum. The cells were
affinity for PEBPZ3(CBF) and the ability to accumulate it in i ajized under a Bio-Rad MRC 1024 confocal microscope (Bio-Rad
the nucleus. These data suggest that AMLL/ETO(MTGS8) and aporatories, Richmond, CA).
AML1/Evi-1 exhibit dominant effects over wild-type AML1 Subcellular fractionation and Western blottingCells were homog-
owing to their efficient ability of nuclear accumulation of enized in 500 pL of hypotonic suspension buffer (10 mmol/L sodium
PEBPZ2(CBFB) and give some important clues for elucidation phosphate buffer [pH 7.0], 5 mmol/L EDTA, 1 mmol/L dithiothreitol
of transformation mechanism in leukemic cells expressing suchiDTT], and 1 mmol/L phenylmethylsulfonyl fluoride [PMSF]) using
chimeric proteins. Dounce homogenizer and separated into the nuclear (pellet) and
cytoplasmic (supernatant) fractions by the centrifugation at 5,00fe
tenth of each fraction was subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred
Cell culture and DNA transfection.COS-7 cells were grown in a  onto polyvinylidene difluoride filters (Millipore Corp, Bedford, MA),
5% CQ, environment in Dulbecco’s modified Eagle’s medium (DMEM) then reacted with anti-AML1 serum (1:500 in dilution), HA. 11 anti-HA
supplemented with penicillin/streptomycin and 5% fetal calf serum.serum (BAbCO, Richmond, CA; 1:1,000 in dilution), or rabbit anti-
Plasmids were transfected by the DEAE-dextran method as describeBEBPB serum (1:500 in dilution). To verify the purity of subcellular
previously*! fractionation, the membranes were also reacted with the anti-actin
Plasmid constructions. The human AML1(AML1b}¥% and AML1/ monoclonal antibody (Boehringer Mannheim, Mannheim, Germany;
Evi-1 cDNAS* were inserted into th&coRlI site of pME18S, an S® 1:100 in dilution) or the anti-Rb monoclonal antibody (Pharmingen, San
promoter-driven expression plasntiths described previoust:41The Diego, CA; 1:500 in dilution). The blots were visualized by Protoblot
AML1/ETO(MTGS8) cDNA was kindly provided by S.W. Hiebert (St system (Promega, Madison, WI) or ECL blotting system (Amersham,
Jude Children’s Research Hospital, Memphis, PN)The mouse  Arlington Heights, IL).
PEBP3 cDNA was kindly provided by Y. Ito (Kyoto University, In vitro binding assays. The GST or GST-PEBHR protein was
Tokyo, Japan}2 The EcoRl site was created by site-directed mutagen- expressed irE coli BL21 cells and purified as described previol&ly.
esig® at positions 65 or 6 bp upstream from the AMLL/ETO(MTGS8) or Approximately 5 ug of the GST or GST-PEBPprotein immobilized

MATERIALS AND METHODS
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B mock AMLA1 A AML1/ETO AML1/Evi-1

AML1/ETOARD AML1/Evi-1ARD

preimmune

anti-AML1
(o
mock PEBP2j3
preimmune Fig 3A.
anti-PEBP2(

Fig 1B.
AML1/ETO AML1/ETOARD AML1/Evi-1 AML1/Evi-1ARD

Fig 4. Double fluorescence
labeling of COS-7 cells trans-
fected with the constructs of
full-length or mutant chimeric
proteins and PEBP2. A total of anti-AML1
3 x 10* COS-7 cells were trans-
fected with 4 ng of each con-
struct together with 0.4 pg of

the expression plasmid for

PEBP2B. (a, b, ¢, and d) The

chimeric proteins were detected

with anti-AML1 serum. (e, f, g, .

and h) PEBP2B was detected ~ anti-PEBP2p
with hamster anti-PEBP2B se-

rum. Original magnification x 600.

B

mock HA-AMLA1 HA-AML1/ETO HA-AML1/Evi-1

anti-AML1

o . - . .
Fig 6B.
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Fig 1. (A) Specificities of antibodies as revealed e,\‘(\ X &\ ,Bo’o Q\\' 60 &\ ’66\ (\\\ 03
by Western blotting. A total of 3 x 10* COS-7 cells kD Q‘ & L ANY PN ] Ny KN
were transfected with 4 ng of pME18S (lanes 1, 3, 5, ‘
7,9, and 11), expression plasmid for AML1 (lanes 2 |
and 4), or that for PEBP2p (lanes 6, 8, 10, and 12), 97.4-
lysed, and subjected to Western blotting. The blots 66 -
were probed with anti-AML1 serum (lanes 3 and 4),
rabbit anti-PEBP2@ serum (lanes 7 and 8), hamster » —

anti-PEBP2 serum (lanes 11 and 12), as well as with

the respective preimmune sera (lanes 1 and 2, 5 and 45- ; |
6, and 9 and 10, respectively). The AML1 or PEBP2B ' |
protein is indicated by the arrowhead. Molecular |
weight standards (in kilodaltons) are indicated. (B) 31-

(see page 1690) Specificities of antibodies as re-

vealed by immunofluorescence. A total of 3 x 104

COS-7 cells were transfected with 4 png of pME18S

(a, ¢, e, and g), expression plasmid for AML1 (b and | | p —
d), or that for PEBP2@ (f and h). The cells were 21.5- ’q

analyzed by immunofluorescence labeling with anti- ; \
AML1 serum (c and d) or hamster anti-PEBP2 serum [
(g and h) as well as with the respective preimmune ‘

sera (a and b, and e and f, respectively). Original
magnification x 600. 1 2 3 4 5 6 7 8 9 10 11 12

on Glutathione Sepharose 4B (Pharmacia) was incubated with thé\ML1 (Fig 1A, lanes 1 to 4), as described in our other
lysates from COS-7 cells overexpressing HA-AML1, HA-AML1/ reports?5:35.3749The endogenous AML1 was not detected. There
ETO(MTGS), or HA-AML1/Evi-1 in lysis buffer (50 mmol/L Tris-HCl  \yare two bands corresponding to AML1, and the upper band

[pH 8.0], 150 mmol/L NaCl, 0.02% sodium azide, 1% Triton X-100, .
- was considered to represent the phosphorylated form, as we
100 pg of PMSF per mL, and 1 pg of aprotinin per mL) for 1 hour at 4°C . . . .
K9 P Hg o' ap P ) Sdescrlbed previous®/. In Kasumi-1 and SKH1 cell lines

with gentle rotation. The protein-GST beads were washed four time )
with the lysis buffer and subjected to SDS-PAGE. endogenously expressing AMLL/ETO(MTGS8) and AML1/

Immunoprecipitation and metabolic labelingCOS-7 cells cultured ~ EVi-1, respectively, we could not detect these chimeric proteins
for 40 hours after transfection were obtained in 250 L of the lysisby immunofluorescence probably because their expression
buffer (the same buffer as we used for in vitro binding assay) perlevels are too low to be detected using this antiserum (data not
100-mm-diameter culture dish. For immUnOpreCipitatiOnS, 1 mg of Ce”shown) Therefore’ we overexpressed these Chlmenc prote|ns |n
lysates per lane were mixed with 20 pL of anti-AML1 serum and rotatedcos_7 cells to study their subcellular localization. The endog-

for 1 hour at 4°C. Then samples were incubated with protein-A- L
Sepharose (Sigma) for 1 hour at 4°C, followed by washing three time enous AML1 proteins in COS-7 cells were below the detectable

with lysis buffer. Immunoprecipitates were subjected to SDS-PAGE anjevel' because CO$'7 Ce”.S translfeCted with the empty PME18S
Western-blotting with anti-AMLL serum or rabbit anti-PEEPgerum. ~ Vector were not stained with anti-AML1 serum (Fig 1Bc], see
For metabolic labeling, COS-7 cells were cultured for 35 hours afterpage 1690). COS-7 cells were transfected with the expression
transfection, transferred to and cultured for 4 hours in methionine-freevectors for the proteins listed in Fig 2 and investigated by
DMEM plus 50 uCi of f>S]methionine (Trar#>S label; ICN Pharmaceu-  immunofluorescence. As reported previously, wild-type AML1
ticals Inc, Costa Mesa, CA) per mL, lysed, and immunoprecipated withy 55 present exclusively in the nucleus (Fig 1B F§])The
S pL (0'4. mg/mL) of L12CAS anti-HA monoclonal antibody (Bo.eh””ger specificity of the staining was confirmed by using preimmune
Mannheim) or 5 pL of rabbit anti-PEBBXerum. Immunoprecipitates . . . -
were analyzed by SDS-PAGE and autoradiography. All transfection>c U (Fig 1B[a and b])_‘ Two chimeric prot_elns, AML1/
experiments were performed at least twice and similar results WeruETO(MTGS) and AML1/Evi-1, were also located in the nucleus
obtained. (Fig 3A [a and b]). When observed in lower magnification,
wild-type AML1 and the chimeric proteins were located in the
RESULTS nucleus in more than 95% of the cells successfully transfected

Subcellular localization of AMLI/ETO(MTGS8) and AML1/ With the plasmids (Fig 3B). The rest of the cells were slightly
Evi-1. Generation of the chimeric proteins AMLL/ETO(MTGS8) stained diffusely throughout the cell. In accordance with these
and AML1/Evi-1 is supposed to be essential for leukemicresults, Sacchi et al reported that AMLI/ETO(MTGS) is
transformation in t(8;21) and t(3;21) leukemias, respectively,detectable in the nucleus of Kasumi-1 cells by immunofluores-
and the investigation of their cellular distributions should give cence labeling using antiserum that recognizes ETO(MTES).
an important clue to elucidate the mechanism of leukemogenBecause the runt domain is known to be responsible for the
esis. We thus studied the subcellular localization of thesenuclear localization of PEBR#, %> we examined whether the
chimeric proteins by indirect immunofluorescence using anuclear localization of these chimeric proteins is dependent on
rabbit polyclonal antibody to AML1 (anti-AML1) serum and the runt domain. The deletion mutant of AML1 lacking the runt
FITC-conjugated anti-rabbit 1gG. By Western blotting with domain showed a perinuclear accumulation with a weak nuclear
anti-AML1 serum, the 55-kD protein was specifically detected fluorescence, which is compatible with the previous report (data
in COS-7 cells transfected with the expression plasmid fornot shown)® On the other hand, the mutant chimeric proteins
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Runt Domain  PST Region

AML1 (AML1b) nNu{ [0 A [ Jcoon
AML1ARD
Pro-rich Pro-rich in:'g"er Pro-rich Fig 2. A schematic represen-
AMLIETOMTGS) nve—_T7ZZ77M ML l}-coon tation of full-length or mutant

AML1, AML1/ETO(MTGS), and
AML1/Evi-1. The runt domain
and the PST region (see text) of

AML1/ETOARD NHZ"D\/_:._————M“CWH AML1 (also called AML1b) are

shown by striped and dotted

AML1-w—L—» ETOMTGS)

Zinc Finger Zinc Finger ;Cidi? boxes, respectively. Other re-

1 234567 gg1p —oman gions of AML1/ETO(MTGS) (pro-

AMLAEVIFT v 7777 NS O0H  |ine-rich regions and the zinc fin-
AMLT =iy v ger domain) and AML1/Evi-1 (the

non-coding) noncoding exon of Evi-1, zinc

AML1/Evi-1ARD  NHz2—{ ] SN B T-coon finger domains and the acidic

domain) are indicated.

lacking the runt domain still remained mainly in the nucleus cells transfected with the expression plasmid for PEBHg
(Fig 3A[c and d]). These data suggest that the ETO(MTGS8) andlLA, lanes 5 to 12). The endogenous PEBR&A COS-7 was
Evi-1 portions of the chimeric proteins play some roles in thebelow the level of detection. AMLL/ETO(MTGS8) or AML1/
nuclear localization of the chimeric proteins. Evi-1 was coexpressed with PEB®P2n COS-7 cells, and
To confirm these results obtained by immunofluorescencesubcellular localization of each protein was determined by
we also investigated subcellular localization of AML1/ double staining. The chimeric proteins were detected by anti-
ETO(MTGS8) and AML1/Evi-1 by a combination of subcellular AML1 serum and FITC-conjugated anti-rabbit 1gG. PEBP2
fractionation and Western blotting. Cell lysates were fraction-was detected by hamster anti-PEBP&rum and Texas Red-
ated into cytoplasmic and nuclear fractions, and the chimericonjugated anti-hamster IgG. We could not evidently detect an
proteins were detected by anti-AML1 serum. The majority of endogenous PEBR2protein in COS-7 cells transfected with
the control proteins, actin and Rb, were detected in thethe empty pME18S vector by immunofluorescence probably
cytoplasmic and nuclear fractions, respectively (Fig 3C). AML1/ because of its low expression level (Fig 1B [g]). In 100% of the
ETO(MTGS8) was found predominantly in the nucleus as cells overexpressing PEBB2lone, it was mainly located in
previously shown (Fig 3C, lanes 3 and®3AML1/Evi-1 was  the cytoplasm (Fig 1B [h]), in accordance with the previous
also present predominantly in the nucleus (Fig 3C, lanes 7 andeports*>52 The specificity of the staining was confirmed by
8). On the other hand, a certain fraction of each deletion mutantising preimmune serum (Fig 1B [e and f]). When AML1/
lacking the runt domain was present in the cytoplasm (Fig 3SCETO(MTG8) or AML1/Evi-1 was coexpressed with PEBR2
lanes 5, 6, 9, and 10), indicating that the runt domain is partialyPEBPZ2 colocalized with the chimeric proteins in the nucleus
required for the nuclear localization of the chimeric proteins. (Fig 4 [e and g], see page 1690). We also examined the effects of
The difference of subcellular localization between AML1/ the deletion mutants of the chimeric proteins lacking the runt
ETO(MTGS8) or AML1/Evi-1 and each deletion mutant was not domain on the localization of PEBB2AIthough such deletion
clear in immunofluorescence, probably because of the sensitivmutants of the chimeric proteins are located mainly in the
ity of the immunostaining. nucleus, the deletion of the runt domain almost completely
AML1/ETO(MTGS8) and AML1/Evi-1 accumulate PEBRR abolished their abilities to translocate PEBR&to the nucleus
the nucleus with dependence on the runt domaPEBP3, a (Fig 4 [f and h]). As mentioned above, the deletion mutant of
heterodimerizing partner of PEBRZ intensifies the DNA  AML1 devoid of the runt domain is distributed throughout the
binding ability of PEBP&.12 However, PEBPR is present cell. When coexpressed with this mutant, PEBP@mained in
mainly in the cytoplasm when it is overexpressed solely, andhe cytoplasm (data not shown). These data indicate that
does not colocalize with PEBRA.45 Interestingly, the trun- AML1/ETO(MTGS8) and AML1/Evi-1 have the abilities to
cated PEBP&A protein, devoid of the region either upstream or accumulate PEBRR in the nucleus, and these abilities are
downstream from the runt domain, colocalizes with PEBR2  dependent on the runt domain.
the nucleud?® The study on the cellular distribution of PEBP2 AML1/ETO(MTGS8) and AML1/Evi-1 associate with PERBP2
in association with that of AMLLI/ETO(MTGS8) or AML1/Evi-1  with dependence on the runt domainThe runt domain of
will give a good clue to reveal the role of the chimeric proteins AML1 or PEBP2x was reported to be responsible for the
in leukemogenesis. Therefore, we examined subcellular localizaheterodimerization with PEB216:32.33 As both AML1/
tion of PEBPB and the effects of AMLI/ETO(MTGS8) and ETO(MTG8) and AML1/Evi-1 also contain the runt domain, it
AML1/Evi-1 on it. The antibodies against PEB®2anti- is likely that they are able to heterodimerize with PEBPZo
PEBPZ3 serum) were raised in a rabbit and hamsters. Theconfirm this, we examined the association of the chimeric
reactivities of the antibodies were examined by Western blotproteins with PEBPR in COS-7 cells expressing AML1/
ting, and they specifically detected the 23-kD protein in COS-7ETO(MTGS8) or AML1/Evi-1 together with PEBRR COS-7

20z Aen 81 uo 3sanb Aq ypd-8891/9€Z .1 11/8891/5/16/4Pd-8JoIE/POO|qABU SUOKEDIIGNdYSE//:d]Y WOl papeojumoq



NUCLEAR LOCALIZATION OF PEBP2B 1693

B anti-AML1 C & &

actin s — P s

AML1/ETO

Rb - . . b P‘ o

AML1/Evi-1

Fig 3. (A) (see page 1690) Subcellular localization of full-length or mutant AML1/ETO(MTGS8) and AML1/Evi-1. A total of 3 x 10* COS-7 cells
were transfected with 4 pg of each construct as indicated and analyzed by immunofluorescence labeling with anti-AML1 serum. Original
magnification x 600. (B) The staining pattern of the cells overexpressing AML1 (upper panel), AML1/ETO(MTG8) (middle panel), or AML1/Evi-1
(lower panel) in lower magnification (x 100). (C) Identification of full-length or mutant AML1/ETO(MTG8) and AML1/Evi-1 in cytoplasmic (lanes
C) and nuclear (lanes N) fractions of COS-7 cells. COS-7 cells were transfected with the same amount of each construct as indicated in (A), lysed,
fractionated, and subjected to SDS-PAGE and immunoblotting using anti-AML1 serum. Each protein was expressed at the anticipated size, as
marked by the arrowhead. The cell lysate of untransfected COS-7 cells was also analyzed as a control (mock). Western blotting of the actin and
Rb proteins are shown as known cytoplasmic and nuclear proteins, respectively. Molecular weight standards (in kilodaltons) are indicated.

cells were transfected with expression plasmids for eachmutants (Fig 5, lanes 2 and 4), indicating that the chimeric
chimeric protein and PEBand lysed. After immunoprecipi- proteins associate with PEBR2through the runt domain.
tation with anti-AML1 serum, these immunoprecipitates were Together with the finding that the runt domain is required for the
analyzed by immunoblotting using anti-AML1 serum or anti- accumulation of PEBRRin the nucleus by AML1I/ETO(MTGS)
PEBPZ3 serum. When the cells were transfected only with theand AML1/Evi-1, these data suggest that the chimeric proteins
expression plasmid for PEBB2and immunoprecipitated with accumulate PEBHRRin the nucleus by heterodimerization with
anti-AML1 serum, no PEBR2was detected (data not shown). PEBPZ3.

PEBP3 was coimmunoprecipitated with both AML1/ AML1/ETO(MTGS8) and AML1/Evi-1 accumulate PEERHZ
ETO(MTGS8) and AML1/Evi-1, showing the association be- the nucleus more efficiently than wild-type AMLIhe accu-
tween each chimeric protein and PERRFig 5, lanes 1 and 3). mulation of PEBPR in the nucleus by AML1/ETO(MTGS8) and
We also examined the association of the mutant chimericAML1/Evi-1 may play a crucial role in leukemogenesis. To
proteins devoid of the runt domain with PEBR2As expected, elucidate such a role, it should be important to compare the
PEBPZ3B was not coimmunoprecipitated with these deletion abilities to accumulate PEBB2n the nucleus between wild-
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conjugated anti-rabbit IgG. PEBB2vas detected by hamster
anti-PEBPB serum and Texas Red-conjugated anti-hamster
IgG. In these sets of experiments, COS-7 cells were transiently
transfected and the expression levels of wild-type AMLL1 or the
chimeric proteins, and PEBBZn each cell may be different.
Therefore, a statistical analysis is needed to estimate the ability
to accumulate PEBRRin the nucleus. It is probable that the
higher amounts of wild-type AML1 or the chimeric proteins
relative to that of PEBR2 accumulate PEBRRIn the nucleus
more efficiently than the lower amounts, although we could not
guantitatively compare the expression levels of these proteins in
individual cells. As we set up conditions so that the average
expression levels of wild-type AML1 and the chimeric proteins
are comparable, the proportion of the cells showing the nuclear
accumulation of PEBRRis supposed to reflect the ability of
these proteins to translocate PERP2to the nucleus. So we
examined the percentage of the cells showing the nuclear
accumulation of PEBRRamong the cells expressing both each
‘ HA-tagged protein and PEBB2as a scale to estimate this
o — ('PEszﬁ ability. Some of the cells with a strong fluorescence in the
21.5- : nucleus also showed a weak cytoplasmic fluorescence, and they
: were counted as the cells showing the nuclear accumulation of
PEBPZ3. Less than 5% of the cells showed faint and diffuse
fluorescence throughout the cell, and they were excluded from
Fig 5. Association of AMLL/ETO(MTGS) and AMLL/Evi-L with ~ the counts. When coexpressed with HA-AML1, PEBP2
PEBP2B. COS-7 cells (1 x 10°) were transfected with 10 pg of the showed a nuclear accumulation in only 19% of the cells and
expression plasmids for full-length or mutant chimeric protein to- remained in the cytoplasm in the rest of the cells (Fig 6B [f] and
gether with 1 g of that for PEBP2. Cells were lysed, immunoprecipi- C). On the other hand, in 80% of the cells expressing both

tated with anti-AML1 serum, and subjected to Western blotting with
anti-AML1 serum or rabbit anti-PEBP2@ serum. Arrowheads show the HA_AMLl/ETO(MTGS) and PEBPB’ PEBP;B was located

positions of full-size and mutant chimeric proteins. The position of mainly into the nucleus (Fig 6B [g] and C). HA-AML1/Evi-1
PEBP2B is marked by the arrow. Molecular weight standards (in colocalized with PEBPRin the nucleus in 66% of the cells (Fig

kilodaltons) are indicated. 6B [h] and C). The staining patterns of the cells with anti-
PEBPZ3 serum in lower magnification shown in Fig 6D clearly
type AML1 and the chimeric proteins. For this purpose, we triedshow the difference in the effect on subcellular localization of
to make the expression levels of wild-type AML1 and the PEBP3. Most of the cells overexpressing PEBPalso
chimeric proteins approximately equal. We constructed expresexpressed the HA-tagged AML1 or chimeric proteins (data not
sion vectors in which the expressed wild-type AML1 and shown). The transfection efficiencies were comparable (15% to
chimeric proteins contain HA epitope in their Biferminusand  20% of all the cells) among the cells transfected with the
detected their expression by anti-HA serum in Western blottingHA-tagged AML1 and chimeric proteins. In the majority of the
The HA-tagged AML1, AMLI/ETO(MTGS), or AML1/Evi-1  cells expressing wild-type AML1, PEBB2vas located mainly
showed a subcellular localization similar to that of the original in the cytoplasm, especially in the perinuclear region (Fig 6D,
proteins (Fig 6B [b to d], see page 1690). In addition, upper panel). In contrast, when coexpressed with HA-AML1/
HA-tagged AML1 showed a similar transactivation ability ETO(MTGS8) or HA-AML1/Evi-1, PEBPB showed a nuclear
compared with the original AML1 (M. Kurokawa and H. Hirai, pattern in most of the cells (Fig 6D, middle and lower panels).
unpublished observation, February 1995). COS-7 cells werdhese findings indicate that AMLI/ETO(MTGS8) and AML1/
transfected with various amounts of the expression plasmids foEvi-1 have higher abilities to translocate PERBPRto the
the HA-tagged proteins, and the expression levels of thenucleus than wild-type AML1.
proteins were compared. In conditions shown in Fig 6A, the AML1I/ETO(MTGS8) and AML1/Evi-1 show the higher affini-
AML1, AML1/ETO(MTGS), and AML1/Evi-1 proteins were ties for PEBPB than wild-type AML1. If the accumulation of
expressed to the approximately same levels. Using thesPEBPZ in the nucleus is dependent on its binding to the
conditions, each of HA-tagged proteins was coexpressed witlthimeric proteins, it is anticipated that the chimeric proteins
PEBP3 in COS-7 cells, and subcellular localization of both associate with PEBBmore effectively than wild-type AML1.
proteins was determined by double staining. The expressioMe performed in vitro binding experiments in whi&hcoli-
levels of coexpressed PEBP2vere also comparable when expressed GST-PEBB2mmobilized on glutathione sepharose
assessed by Western blotting (data not shown). We observeokads were incubated with the lysates from COS-7 cells
nonspecific background signal in the nucleus when HA. 1loverexpressing wild-type AML1 or the chimeric proteins. As
anti-HA serum was used for immunofluorescent labeling.shown in Fig 7A, the chimeric proteins bound to GST-PEBP2
Therefore, HA-AML1, HA-AML1/ETO(MTGS8), and HA- more strongly than wild-type AML1. To confirm this result in
AML1/Evi-1 were detected by anti-AML1 serum and FITC- vivo, we investigated whether the chimeric proteins show the

1 2 3 4
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Fig 6. (A) Expressions of the HA-tagged wild-type AML1 and chimeric proteins in COS-7 cells. A total of 3 x 10* COS-7 cells were transfected
with the expression plasmid for PEBP2 (0.4 i.g) together with that for each HA-tagged protein. To obtain the same expression level of HA-AML1,
HA-AML1/ETO(MTGS), and HA-AML1/Evi-1, based on several preparative experiments, we determined the amounts of the transfected plasmids
as follows; HA-AML1 (0.5 pg), HA-AML1/ETO(MTGS) (1.2 ng), and HA-AML1/Evi-1 (4.0 ng). Cell lysates were fractionated into cytoplasmic (lanes
C) and nuclear (lanes N) fractions and analyzed by immunoblotting using anti-HA serum. Wild-type AML1 and the chimeric proteins were
expressed at the anticipated sizes, as marked by the arrowheads. The complete transfer of these three proteins was verified by confirming that
all molecular weight standards were equally stained on the membrane and barely detectable on the gel by Coomassie staining after blotting
(data not shown). Cell lysates of COS-7 cells transfected with only PEBP2f construct were also analyzed (mock). Molecular weight standards (in
kilodaltons) are indicated. (B) (see page 1690) Double fluorescence labeling of COS-7 cells transfected with the constructs of each HA-tagged
protein and PEBP2B. The amounts of the transfected expression plasmids were the same as indicated in (A). (a, b, ¢, and d) The HA-tagged
proteins were detected with anti-AML1 serum. (g, f, g, and h) PEBP2f was detected with hamster anti-PEBP2B serum. Original magnification x 600.
(C) The ability of each HA-tagged protein to accumulate PEBP2f in the nucleus. COS-7 cells were transfected with the expression plasmids as
shown in (A). Two hundred cells expressing both each HA-tagged protein and PEBP2f3 were counted (see text). Bars show the percentages of the cells
showing stronger fluorescence detected by anti-PEBP2B serum in the nucleus as compared with the fluorescence in the cytoplasm (obtained in
three independent experiments). Error bars indicate one standard deviation. (D) The staining pattern of the cells with anti-PEBP2B serum
overexpressing HA-AML1 (upper panel), HA-AML1/ETO(MTG8) (middle panel), or HA-AML1/Evi-1 (lower panel) in lower magnification (x 100).

higher affinities for PEBPR than wild-type AML1 when both  anti-immunoglobulin antibody is used as a secondary antibody

proteins are coexpressed. COS-7 cells were transfected witfor the protein detection. Therefore COS-7 cells were metaboli-
expression plasmids for HA-AML1, one of the HA-tagged cally labeled with §°S]methionine, and immunoprecipitates

chimeric proteins, and PEBB2 The cells were lysed and were detected by autoradiography. In the first place, the
immunoprecipitated with anti-PEBBZerum, and we tried to  expression levels of wild-type AML1 and the chimeric proteins
compare the amounts of HA-AML1 and the HA-tagged chi- were examined by Western blotting of total cell lysates with

meric proteins coimmunoprecipitated with PERP2AS the

anti-HA serum (Fig 7B [a]). The amounts of the HA-tagged

molecular weight of HA-AML1 is close to that of the immuno- chimeric proteins were less than those of HA-AML1. To
globulin heavy chains, it was difficult to estimate the amount of estimate quantitatively the affinities for PEBPZ3°S]methio-
immunoprecipitated HA-AML1 by Western blotting in which nine-labeled cell lysates were divided into two and subjected to
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the immunoprecipitation using 12CA5 anti-HA monoclonal AML1I/ETO(MTGS8) and AML1/Evi-1? The PST region, which
antibody and to the coimmunoprecipitation with PEBRB&ing  is partially responsible for the nuclear translocation activity of
anti-PEBPB serum. Then the ratios of the amount of eachPEBP2A,*> is missing in the chimeric proteins, AML1/
HA-tagged chimeric protein to that of HA-AML1 were com- ETO(MTG8) and AML1/Evi-1 (Fig 2). The nuclear localization
pared between the immunoprecipitates with anti-HA monoclo-of these chimeric proteins and the retention of their deletion
nal antibody and those with anti-PEBP2serum. In the mutants lacking the runt domain in the nucleus suggest that
immunoprecipitates with anti-HA monoclonal antibody, the ETO(MTG8) and Evi-1 portions of the chimeric proteins are
ratios of the amounts of HA-AML1/ETO(MTGS8) and HA- responsible for their nuclear localization. Indeed, Evi-1 is a
AML1/Evi-1 to those of HA-AML1 were 0.53 and 0.72, nuclear-localized DNA-binding protein with two zinc finger
respectively (Fig 7B [b]). These ratios are properly assumed talomains (Fig 2) and works as a transcription faé$sf. We
reflect the ratios of the expression levels of these proteins andonfirmed that Evi-1 is present in the nucleus in COS-7 cells
[35S]methionine incorporation of the proteins, because they arghat are expressing Evi-1 by immunofluorescence-labeling
in accordance with the results of the Western blotting of the totalusing anti—Evi-1 serum (K. Tanaka and H. Hirai, unpublished
cell lysates with anti-HA serum (Fig 7B [a]). On the other hand, observation, July 1995). ETO(MTGS8) has also putative func-
in the immunoprecipitates with anti-PEBP2erum, the ratios tional domains as a transcription factor (Fig 2), and it was
of the amounts of HA-AML1/ETO(MTG8) and HA-AML1/ reported that ETO(MTGS) is located in the nucleus in a
Evi-1 to those of HA-AML1 went up to 1.18 and 1.61, hematopoietic cefi® The regions in ETO(MTGS8) and Evi-1
respectively (Fig 7B [c]). These data suggest that these chimerithat are required for their nuclear localization remain further to
proteins associate with PEBR2ore efficiently than wild-type  be determined.

AML1, and this is probably related to the higher abilities of the  We showed that more of the cells showed the nuclear
chimeric proteins to accumulate PEBPZn the nucleus as localization of PEBPR when AML1/ETO(MTGS8) or AML1/

compared with wild-type AMLL1. Evi-1 was expressed together with PEBRAs compared with
wild-type AML1. These data imply that AMLI/ETO(MTGS)
DISCUSSION and AML1/Evi-1 have higher abilities to accumulate PEBP2

In this study, we showed that the two leukemia-associatedn the nucleus than wild-type AML1. What makes such
chimeric proteins, AML1/ETO(MTGS8) and AML1/Evi-1, are difference of the ability between wild-type AML1 and the
proteins that are located in the nucleus. The runt domain ichimeric proteins? The chimeric proteins are able to heterodimer-
partially responsible for their nuclear localization, and it wasize with PEBPB, and it is probable that PEBB2s translo-
suggested that the ETO(MTGS8) and Evi-1 portions of thecated into the nucleus with dependence on the binding to the
chimeric proteins also play some roles in it. We also found thatchimeric proteins. Our findings suggest that the chimeric
these chimeric proteins accumulate PEBR2the nucleus with  proteins heterodimerize with PEBR2more effectively than
dependence on the runt domain, which is known to bewild-type AML1. Therefore, itis plausible that the difference in
responsible for heterodimerization between AML1 and PEBP2 the ability to accumulate PEBB2in the nucleus between
Furthermore, we showed that the chimeric proteins accumulatild-type AML1 and the chimeric proteins reflects the differ-
PEBP3 in the nucleus more efficiently than wild-type AML1. ence in the affinity for PEBR2between them. If this is the case,
This phenomenon is probably attributed to the affinities for how are the chimeric proteins able to show the higher affinities
PEBP3, which is higher in the chimeric proteins than in for PEBPZ than wild-type AML1? As it has been suggested
wild-type AML1. that the PST region of PEBRA is inhibitory to its binding to

What domains are responsible for the nuclear localization ofPEBP3,%> the PST region of AML1 may prevent PEBP2

Fig 7. Comparison of the affinities for PEBP2f between the chimeric proteins and wild-type AML1. (A) COS-7 cells (1 x 10°) were transfected
with the expression plasmid for HA-AML1, HA-AML1/ETO(MTGS), or HA-AML1/Evi-1. The amounts of the transfected expression plasmids were
the same as described in the legend to Fig 6. The cells were lysed and incubated with GST (lanes 4 to 6) or GST-PEBP2 (lanes 7 to 9) linked to
glutathione sepharose beads and subjected to Western blotting with anti-HA serum. Ten percent of the input was also run on the same gel (lanes
1 to 3). The positions of wild-type AML1 and the chimeric proteins are indicated by the arrowheads. Molecular weight standards (in kilodaltons)
are shown. (B) COS-7 cells (1 x 106) were transfected with the expression plasmid for PEBP2@ together with the construct for HA-AML1 and that
for HA-AML1/ETO(MTGS8) or HA-AML1/Evi-1. The amounts of the transfected expression plasmids were the same as described in the legend to
Fig 6. COS-7 cells transfected with only PEBP2B construct were also analyzed (mock). Cells were subjected to [3*S]methionine labeling and lysed.
(a) Expressions of the HA-tagged chimeric proteins and wild-type AML1. Total cell lysates, including 50 png of protein, were subjected to
SDS-PAGE and Western blotting with anti-HA serum. Closed arrowheads show the position of HA-AML1. Open arrowheads show the positions
of HA-AML1/ETO(MTGS) (lane 2) and HA-AML1/Evi-1 (lane 3). Molecular weight standards (in kilodaltons) are indicated. (b) Comparison of the
amounts of the HA-tagged chimeric proteins to that of HA-AML1 immunoprecipitated with anti-HA monoclonal antibody. One milligram of each
cell lysate was immunoprecipitated with anti-HA monoclonal antibody and subjected to SDS-PAGE and autoradiography. Closed arrowheads
show the position of HA-AML1. Open arrowheads show the positions of HA-AML1/ETO(MTGS) (lane 2) and HA-AML1/Evi-1 (lane 3). The
radioactivities of the bands of HA-AML1, HA-AML1/ETO(MTGS8), and HA-AML1/Evi-1 were quantified by Fujix BAS 2000 (Fuji Film Corp,
Kanagawa, Japan), and the ratios of the radioactivities of the HA-tagged chimeric proteins to those of HA-AML1 are indicated. Molecular weight
standards (in kilodaltons) are shown. (c) Comparison of the amounts of the HA-tagged chimeric proteins to that of HA-AML1 immunoprecipi-
tated with anti-PEBP2B serum. One milligram of each cell lysate was immunoprecipitated with rabbit anti-PEBP2B serum and subjected to
SDS-PAGE and autoradiography. Closed arrowheads show the position of HA-AML1. Open arrowheads show the positions of HA-AML1/
ETO(MTGS) (lane 2) and HA-AML1/Evi-1 (lane 3). The position of PEBP2f is marked by the arrow. The radioactivities of the bands of HA-AML1,
HA-AML1/ETO(MTGS8), and HA-AML1/Evi-1 were quantified by Fujix BAS 2000 (Fuji Film), and the ratios of the radioactivities of the HA-tagged
chimeric proteins to those of HA-AML1 are indicated. Molecular weight standards (in kilodaltons) are shown.
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from associating efficiently with AML1. In this context, it is nucleus between wild-type AML1 and the chimeric proteins is
convincing that deletion of the PST region has a significant rolepossibly one of the mechanisms of leukemic transformation by
in the higher affinity of PEBPR for the chimeric proteins. In  the chimeric proteins. As AML1 is considered to play essential
addition, it is also possible that the ETO(MTG8) and Evi-1 roles in hematopoietic cell differentiation and proliferation, the
portions of the chimeric proteins promote the binding of repression of the function of wild-type AML1 by the chimeric
PEBPZ to the chimeric protein. protein is a convincing mechanism of leukemogenesis in t(8;21)
The difference in the ability to accumulate PEBRP® the and t(3;21) leukemias. In t(15;17) leukemias, the PML/RAR
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chimeric protein is shown to act as a dominant negativeWP, Morgan E, Raimondi SC, Rowley JD, Gilliland DG: Fusion of the
oncoprotein by inhibiting the localization of PML in large TELgene on 12p13to theML1gene on 21922 in acute lymphoblastic
nuclear bodie$24 We and other groups have shown that leukemia. Proc Natl Acad Sci USA 92:4917, 1995
AML1/ETO(MTGS8) and AML1/Evi-1 also act as dominant _ 9- RomanaSP, Mauchauffe M, Le Coniat M, Chumakov |, Le Paslier
negative oncoproteins over intact AML1 and inhibit myeloid D Berger R, Bemard OA: The 1(12;21) of acute lymphoblastic
cell differentiation®*4L57These dominant negative regulations leukemia results in a tel-AML1 gene fusion. Blood 85:3662, 1995
are probably achieved by the higher affinities of the chimeric 10. Bae SC, Yamaguchi Y, Ogawa E, Maruyama M, Inuzuka M,
p. y Y 9 . Kagoshima H, Shigesada K, Satake M, Ito Y: IsolationP@BP2xB
proteins for DNA or for PEBPR as compared with that of

. . cDNA representing the mouse homolog of human acute myeloid
wild-type AML1. We have already shown that AML1/EVi-1 |5 kemia geneAMLL. Oncogene 8:809, 1993

shows higher affinity for DNA than wild-type AML%! The 11. Wang S, Wang Q, Crute BE, Melnikova IN, Keller SR, Speck
higher affinities of the chimeric proteins for PEBP2re also  NA: Cloning and characterization of subunits of the T-cell receptor and
assumed to result in their efficient binding to DNA as comparedmurine leukemia virus enhancer core-binding factor. Mol Cell Biol
with wild-type AML1, because the heterodimerization with 13:3324, 1993
PEBPZ3 is probably required for the efficient binding to DNA.  12. Ogawa E, Inuzuka M, Maruyama M, Satake M, Naito FM, Ito Y,
Therefore, it is suggested that the chimeric proteins act a$higesada K: Molecular cloning and characterization of PEBRze
dominant negative proteins by decreasing the binding ofheterodimeric partner of a novBrosophila runtrelated DNA binding
wild-type AML1 to DNA. protein PEBPR. Virology 194:314, 1993

The analyses of the effects of AMLI/ETO(MTGS) and 13. Wang SW, Speck NA: Purification of core-binding factor, a

. L protein that binds the conserved core site in murine leukemia virus
AML1/Evi-1 on subcellular localization of PEBPB2 have enhancers. Mol Cell Biol 12:89, 1992

prov!ded new |n5|ghts_ |nto_the me_chanlsms for Ieukt_emogene3|s 14. Bae SC, Takahashi E, Zhang YW, Ogawa E, Shigesaafiba Y,
medlat.ed by these.chlmerlc prqtelns. Further study IS NECeSSaY,aye M, Ito Y: Cloning, mapping and expressioPEBP2C, a third
to clarify the precise association between the localization ofyene encoding the mammalian Runt domain. Gene 159:245, 1995

these proteins and the mechanisms of leukemogenesis. 15. Levanon D, Negreanu V, Bernstein Y, Bar Al, Avivi L, Groner Y:
AML1, AML2, and AML3, the human members of the runt domain
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