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The AML1-CBFf transcription factor complex is essential for the definitive hematopoiesis of all lineages
and is the most frequent target of chromosomal rearrangements in human leukemia. In the t(8;21) translo-
cation associated with acute myeloid leukemia (AML), the AML1(CBFA2/PEBP2aB) gene is juxtaposed to the
MTGS8(ETO/CDR) gene. We show here that the resultant AML1-MTGS8 gene product specifically and strongly
interacts with an 85-kDa phosphoprotein. Molecular cloning of cDNA indicated that the AML1-MTGS8-binding
protein (MTGR1) is highly related to MTGS8 and similar to Drosophila Nervy. Comparison of amino acid
sequences among MTGR1, MTGS, and Nervy revealed four evolutionarily conserved regions (NHR1 to NHR4).
Ectopic expression of AML1-MTGS in L-G murine myeloid progenitor cells inhibits differentiation to mature
neutrophils and induces cell proliferation in response to granulocyte colony-stimulating factor (G-CSF).
Analysis with C-terminal deletion mutants of AML1-MTGS indicated that the region of 51 residues (488 to
538), which contains NHR2, is essential for the induction of G-CSF-dependent cell proliferation. Immunopre-
cipitation analysis indicates that this region is required for AML1-MTGS8 to form a stable complex with
MTGRI. Overexpression of MTGR1 stimulates AML1-MTGS to induce G-CSF-dependent proliferation of L-G
cells and to interfere with AML1-dependent transcription. These results suggest that AML1-MTGS could
function as a complex with MTGR1 and that the complex might be important in promoting leukemogenesis.

Chromosome translocations associated with human leuke-
mia frequently involve genes that code for a variety of tran-
scriptional factors implicated in the regulation of normal he-
matopoiesis (44). The AMLI-CBFp transcription factor
complex is the most frequent target of these translocations.
The AMLI gene (on chromosome 21) was identified through
its involvement in t(8;21) translocation, which occurs in ~40%
of cases of acute myeloid leukemia with the M2 French-Amer-
ican-British subtype (28). In this translocation, the AMLI gene
is juxtaposed to the gene which encodes a zinc finger-contain-
ing protein MTGS (also known as ETO and CDR), resulting in
the expression of the AML1-MTGS chimeric protein (4, 19, 29,
32). In addition, the AMLI gene is fused with the TEL gene,
which encodes a member of the Ets family of transcription
factors, to form a TEL-AMLI1 chimeric product by t(12;21)
translocation. The resultant chimeric transcripts are detected
in pediatric B-cell progenitor acute lymphoblastic leukemia,
the most common leukemia seen in children (10, 46). Further-
more, AMLI1-containing fusion products are formed by t(3;21)
translocation, which occurs in myelodysplastic syndrome and
the blast crisis phase of chronic myelogenous leukemia (27, 35,
36). Moreover, CBF, which forms a heterodimer with AMLI,
is also the target of leukemia-associated chromosomal rear-
rangement and makes a fusion protein with smooth muscle
myosin heavy chain (MYH11) in inv(16), which is often ob-
served in AML-M4Eo (22).

The AMLI1 family of transcription factors (AML1, AML2,
and AML3 [21]) forms heterodimeric complexes with CBF(
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(also known as PEBP2B) and regulates the transcription of
target genes by binding to the DNA sequence TGT/cGGT (37,
38, 55). A 128-amino-acid region that is highly homologous to
the Drosophila segmentation gene Runt (14) is required for
heterodimerization with CBFB/PEBP2f as well as for DNA
binding and has been called the runt homology domain (rhd)
(2, 13, 24). At least three forms of AMLL1 protein are produced
by alternative splicing (30). The AMLIb isoform (453 amino
acids) and the AMLIc isoform (480 amino acids) contain the
rhd and a C-terminal transcriptional activation domain,
whereas the AMLI1a isoform (250 amino acids) contains the
rhd but not the transcriptional activation domain. Possible
transcriptional targets include the genes encoding the T-cell
antigen receptors (TCRs) (43, 45, 55), the colony-stimulating
factor 1 (CSF1/M-CSF) receptor (57), myeloperoxidase, neu-
trophil elastase (34), interleukin-3 (IL-3) (49), granulocyte-
macrophage CSF (8, 50), and granzyme B (56). The targeted
disruption demonstrated that both AML1 and CBFB/PEBP23
are essential for all lineages of definitive hematopoiesis in
mouse fetal liver (31, 39, 47, 53, 54).

The MTGS8 (ETO) gene encodes a protein with two putative
zinc fingers and several proline-rich regions, which is presumed
to function as a transcription factor (29). Since the AMLI-
MTGS chimeric protein contains the rhd of AMLI, it retains
the abilities to form a complex with CBFB/PEBP2 and to bind
to the specific DNA sequence. However, AML1-MTGS lacks
the transcriptional activation domain which is present in
AMLI1b/AMLIc. AML1I-MTGS has been shown to repress
AMLI1-dependent transcription of the TCRB enhancer (25)
and the granulocyte-macrophage CSF promoter (8). However,
the molecular mechanism by which AML1-MTGS exerts its
leukemogenic potential is unclear. In this study we found that
AMLI1-MTGS forms a stable complex with an MTGS8-related
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protein, MTGRI. In addition, AML1-MTGS induces granulo-
cyte-CSF (G-CSF)-dependent proliferation of murine hema-
topoietic cells. We show here that the complex formation be-
tween AML1-MTGS8 and MTGR1 may be responsible for the
repression of AML1-dependent transcription, for the induc-
tion of G-CSF-dependent cell growth, and possibly for leuke-
mogenesis.

MATERIALS AND METHODS

Cells and retroviruses. L-G cells (16) were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum, recombinant mouse IL-3 (0.1 ng/ml) (a
generous gift from Kirin Brewery), and 50 nM B-mercaptoethanol. BOSC23 (42)
and F19 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum. LNSX and LXSH retrovirus vectors
(26) were generously provided by D. Miller. For production of retroviruses,
BOSC23 cells were transfected with LNSX- or LXSH-derived retrovirus vectors
by calcium phosphate precipitation methods and culture supernatants were saved
48 h after transfection. L-G cells were incubated in the culture supernatant of
BOSC23 transfectants for 24 h and then selected with G418 (1 mg/ml) or
hygromycin B (2.5 mg/ml). When L-G cells were exposed to G-CSF, the cells
maintained in the presence of IL-3 were washed twice with IL-3-free medium
and incubated in medium containing human recombinant G-CSF (2 ng/ml) (a
generous gift from Chugai Pharmaceutical Co.). Viable cells were counted with
a Coulter Counter (Coulter Electronics Ltd.). For cell morphology, cells were
stained with May Gruenwald’s solution and Giemsa’s solution (Merck).

¢DNA library screening and 5’ rapid amplification of cDNA ends. A search of
the GenBank expressed sequence tag (EST) sequences with the amino acid
sequence of human MTGS8b showed that several ESTs appeared to encode
proteins similar to MTG8. Two ESTs (R85823 and H83692) and three other
ESTs (F07076, Z42798 and T04880) could be aligned with the N-terminal and
C-terminal regions of MTGS, respectively. A PCR product corresponding to the
first two ESTs (about 280 bp) was made with Prl and Pr2 as primers (Prl,
GTGAAGATACAGTCCAGATCCTCA; Pr2, CCCAAACTGTTGCCAGAGT
GGTAAG), and another PCR product corresponding to the last three ESTs
(about 390 bp) was made with Pr3 and Pr4 as primers (Pr3, GGAGGCTATCA
AGATGAGTTGGTAGA; Pr4, TCTGTACTTCTGACATGGCCTGAAT).
The third PCR product was made with a set of primers (Pr5 and Pr6) from
R85823 (Pr5, TTCTTACCACTCTGGCAACAGTTTG) and F07076 (Pr6, TCT
ACCAACTCATCTTGATAGCCTCC), respectively. Human brain quick-clone
c¢DNA (Clontech) was used as the PCR template. The amino acid sequence
deduced from the DNA sequence of this third PCR product could be aligned
with that of the middle region of MTGS. A mixture of these three PCR products
was used as a probe for the screening of the size-fractionated cDNA library made
in pBluescript from poly(A) RNA of human KG-1 cells (33). Since the tran-
scripts of this MTGS-like gene were about 7.5 kb, we screened filters on which
pools of plasmids harboring inserts longer than 4.8 kb were blotted. The 5’ end
of the MTGR1 cDNA was determined with Marathon Race Ready cDNA from
human K562 cells (Clontech) as a template. The first PCR was carried out with
Pr2 (described above) and Adaptor Primer 1, included in the kit, as primers. The
second PCR was carried out with Pr7 (CAGGATTTATTGGTGGGAGGGG
TG) and Adaptor Primer 2, included in the kit, as primers and the diluted (1/100)
reaction mixture of the first PCR as a template. PCR products were cloned into
pGEM-T vector (Promega), and the sequences of the inserts were determined.

DNA sequencing and protein structural analysis. Sequencing reactions were
carried out with the Prism dye-terminator cycle-sequencing kit (ABI), and the
products were applied to an ABI 373S DNA sequencer. Primers made from
vector sequences and synthetic oligonucleotides were used as sequencing prim-
ers. DNA sequences were analyzed and joined with MacVector (Kodak) and
Assembly LIGN (Kodak). The structures of the proteins were analyzed with
protein analysis programs in Mac Vector and DNASIS (Hitachi).

Plasmid construction. The amino-terminal HA tag was fused to the AMLI-
MTGS8 cDNA with the oligonucleotide 5'-CCTAGGCCTCTAGACCATGGCA
TACCCATACGACGTGCCTGACTACGCCTCCCGTATCCCCGTAGATGC
C-3" as the upstream primer and the oligonucleotide 5'-AGACAGTGATGGT
CAGAGTG-3' as the downstream primer in a PCR. The PCR product was
digested with Stul and HindlIII and ligated to the HindlIlI site near the amino
terminus of AML1-MTGS. The C-terminal deletion mutant A582 was generated
by digestion with Stul and ligation of the Clal linker. A538, A487, and A398 were
generated by ligation of the Mfel-Clal-digested PCR fragments with the follow-
ing primers to the Mfel site of the C terminus of AML1-MTGS: 5'-ACCCTCG
TTCTGGGACTAGTGAACTCCACT-3' as the common upstream primer, and
5'-GCCGGATCGATTAATTCAATTCTTCCCGGT-3' for A538, 5'-TGATCA
ATCGATTCTTCTTGACGTGTGCCA-3' for A487, or 5'-GTCAAATCGATT
TTCTTTCCTTCTGTCTGG-3" for A398 as the downstream primer. The
FLAG-tagged MTGR1 was generated by ligation of the NotI-EcoRI-digested
fragment of the PCR products to the EcoRI site of the MTGR1 cDNA sequence
with 5'-GGATAAGCATGCGGCCGCACCATGGCAGACTACAAGGACGA
CGATGACAAGTCCGCTAAAGAATCTGGAATAAGCTTGAAA-3' as the
upstream primer and 5'-AGTGGAATTCCTCAATTGTCACTGTT-3' as the
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downstream primer. The sequences of the above constructs were checked by
sequencing.

Immunoprecipitations. Immunoprecipitations were performed as described
previously (18). Cells were metabolically labeled for 4 h with [**S]methionine (50
wCi/ml; Amersham) in methionine-free DMEM or *2P; (300 wCi/ml; Amersham)
in phosphorus-free DMEM. The cells were lysed by incubation at 4°C for 30 min
in lysis buffer (20 mM sodium phosphate [pH 7.0], 250 mM NaCl, 30 mM sodium
pyrophosphate, 0.1% Nonidet P-40, 5 mM EDTA, 10 mM NaF, 0.1 mM
Na;VO,, 1 mM phenylmethylsulfonyl fluoride) supplemented with 1 pg of leu-
peptin per ml, 1 pg of pepstatin per ml, and 1 g of aprotinin per ml. The lysates
were cleared by centrifugation at 30,000 X g for 30 min at 4°C, and the super-
natants were saved and stored at —80°C. The cell lysates were incubated with
anti-HA monoclonal antibody 12CAS5 (Boehringer Mannheim), anti-FLAG
monoclonal antibody M2 (Eastman Kodak), anti-AMLI1 polyclonal antibody,
anti-MTGR1 polyclonal antibodies, or anti-MTGS polyclonal antibody on ice for
1 h, followed by addition of protein G-Sepharose beads (Pharmacia) and shaking
on a rotary shaker at 4°C for 2 h. The beads were washed with 1 ml of lysis buffer
five times. The proteins were separated on sodium dodecyl sulfate (SDS)-poly-
acrylamide gels and visualized with an imaging analyzer (BAS2000; Fuji). The
anti-AMLI antibody, anti-MTGS8 antibody, and anti-MTGR1 antibodies were
generated by immunizing rabbits with a peptide corresponding to residues 8 to 24
of human AMLI1a, glutathione S-transferase (GST)-MTGS (residues 78 to 187 of
human MTGS8b), and GST-MTGRI1 (residues 295 to 335 and 538 to 604 of
human MTGR1), respectively, and affinity purified on antigen-conjugated col-
umns.

Western blotting. Cell lysates or immunoprecipitates were fractionated on
SDS-polyacrylamide gels and transferred to membrane filters (Hybond-C ECL;
Amersham) by electroblotting. The filters were blocked in 5% low-fat milk and
dissolved in phosphate-buffered saline plus 0.1% Tween-20 (PBST) at room
temperature for 2 h or at 4°C overnight. After extensive washing in PBST, the
filters were incubated for 1 h at room temperature with anti-MTG8 antibody or
anti-MTGRI1 polyclonal antibodies. After further washes in PBST, the filters
were incubated with horseradish peroxidase-conjugated second antibodies and
then washed extensively in PBST. The immune complexes were visualized by an
enhanced chemiluminescence detection system (Amersham).

CAT assay. The cells were harvested by centrifugation at 4°C at 3,000 X g for
5 min. The cell pellet was washed in PBS and resuspended in 0.25 M Tris-Cl (pH
7.5). The cells were disintegrated by four freeze-thaw cycles. After centrifugation
at 15,000 X g for 10 min at 4°C, aliquots of the clear supernatant were used for
the chloramphenicol acetyltransferase (CAT) assay. Cell lysates (30 wl) were
incubated in 0.11 M Tris-Cl (pH 7.8)-2.3 mM chloramphenicol-129 uM (1
nCi/ml) [**Clacetyl coenzyme A for 1 h at 37°C and then for 10 min at 65°C.
Acetylated chloramphenicol was extracted with ice-cold ethyl acetate, and its
radioactivity was measured by liquid scintillation counting.

Northern blotting. Northern blotting was performed as described previously
(17). Poly(A)" RNA was denatured and fractionated on a 1.0% agarose gel
containing 2.2 M formaldehyde, 20 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) (pH 7.0), 8 mM sodium acetate, and 1 mM EDTA. The RNAs were
transferred to nylon membranes (Amersham) in 20X SSC (1X SSC is 0.15 M
NaCl plus 0.015 M sodium citrate). Hybridization was performed at 42°C for 20 h
in 50% formamide-5X SSC-0.1% SDS-5X Denhardt’s solution-50 mM EDTA-
100 pg of denatured salmon sperm DNA per ml. The filters were washed several
times at 65°C in 0.2X SSC-0.1% SDS, and the hybridized transcripts were
visualized with an imaging analyzer (BAS2000; Fuji).

Nucleotide sequence accession number. The sequence data reported here have
been submitted to the DDBJ/EMBL/GenBank databases under accession no.
AF013970.

RESULTS

AMLI1-MTGS specifically interacts with a cellular phospho-
protein. The murine L-G cell line is an IL-3-dependent my-
eloid precursor cell line and can be induced to differentiate
into mature neutrophils in response to G-CSF (16). To clarify
the effect of expression of the AML1 protein and the leukemia-
associated AML1-MTGS protein on the differentiation of my-
eloid cells, L-G cells were infected with recombinant retrovi-
ruses which encoded either HA-tagged AML1-MTGS,
AMLI1b, or AMLIla proteins (Fig. 1A). Neomycin phospho-
transferase was used as a selectable marker, and cells were
selected with G418. A total of 10 to 30% of cells acquired
resistance to G418, and these were further characterized.
These infected cells were labeled with [**S]methionine or with
[>*PJorthophosphate. Then immunoprecipitation was per-
formed with anti-HA monoclonal antibody 12CAS. The
AMLI1-MTGS, AMLI1b, and AMLI1a proteins were efficiently
expressed in each infected-cell line, and they coprecipitated
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FIG. 1. Expression of AMLI-MTGS induces G-CSF-dependent proliferation of L-G cells and inhibits their differentiation to mature neutrophils. (A) Structures of
AMLI1-MTGS, AMLIb, and AMLla. AMLI-MTGS retains the runt homology domain (Runt) of AMLI and almost all of the region of MTGS8. AMLI-MTGS and
AML1a lack the C-terminal transactivation domain (PST) which is present in AMLI1b. (B and C) Immunoprecipitation of AML1-MTGS8, AML1b, and AMLIla. L-G
cells which expressed HA-AML1-MTGS, HA-AML1b, and HA-AML1a were labeled with [**S]methionine (B) or [**PJorthophosphate (C), and immunoprecipitations
were performed with the anti-HA monoclonal antibody 12CAS. The immunoprecipitates were subjected to electrophoresis on SDS-10% polyacrylamide gels. The
proteins were visualized with a BAS2000 phosphorimager (Fuji). The positions of bands of AML1a, AML1b, AMLI-MTGS, CBFB, p85, and p35 are indicated on the
right. (D and E) Growth curve of the infected L-G cells in response to IL-3 (D) or G-CSF (E). The growing cells which express AML1la, AMLIb or AMLI-MTGS8
were washed twice and cultured in the presence of 2 ng of G-CSF per ml (D) or 0.1 ng of IL-3 per ml (E). The relative numbers of viable cells are indicated. (F and
G) Morphology of the cells. The vector-control (F) or AML1-MTGS-expressing cells (G) were exposed to G-CSF for 7 days and stained with May-Gruenwald’s and
Giemsa’s solutions.
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FIG. 2. Identification of the region of AML1-MTGS required for induction of G-CSF-dependent cell proliferation. (A) Schematic representation of the structure
of AML1-MTGS deletion mutants. The runt homology domain (Runt), the proline-rich regions (P), and the Nervy homology regions (numbered 1 through 4) are
indicated. The numbers above the top bar indicate the positions of amino acid residues. (B) Immunoblot analysis of lysate of infected L-G cells which express either
wild-type (WT) or mutant AML1-MTGS8 with anti-MTGS polyclonal antibody. The asterisk indicates the position of intrinsic MTG8 or MTG8-like proteins. (C) Growth
curve of the L-G cells in response to G-CSF. The growing cells which express wild-type (WT) or mutant AML1-MTGS8 were washed twice and cultured in the presence
of 2 ng of G-CSF per ml. (D) Repression of AMLI-dependent transcriptional activation. P19 cells were cotransfected with 1.0 ug of TCRB-TK-CAT, 1.0 pg of either
pLNSX vector (—) or pPLNSX-AMLIb (+), 1.0 pg of either wild-type (WT) or mutant pLNSX-AML1-MTGS, and 0.5 pg of TK-luciferase in a 6-cm-diameter plate.
The results represent the mean of relative CAT activity from three experiments which were normalized with luciferase expressed from thymidine kinase-luciferase as

an internal control.

CBFB/PEBP2B proteins (Fig. 1B). When the infected cells
were labeled with [**PJorthophosphate, an 85-kDa protein
(p85) and a 35-kDa protein were precipitated with AMLI-
MTGS8 and AMLIDb, respectively (Fig. 1C). These proteins
were not precipitated with AML1a, suggesting that specific
interactions of AMLI-MTG8 and AMLI1b with the cellular
proteins took place.

AMLI1-MTGS inhibits G-CSF-dependent differentiation of
L-G cells. The cells which expressed AML1a and AML1b pro-
liferated, as did control cells, in the presence of IL-3. However,
AML1-MTGS-expressing cells showed slight growth retarda-
tion (Fig. 1D). In the presence of G-CSF, the control and
AMLI1b-expressing cells did not proliferate (Fig. 1E) but un-
derwent terminal differentiation to mature neutrophils (Fig.
1F). In contrast, cells which expressed AMLI1-MTGS prolifer-
ated exponentially in response to G-CSF (Fig. 1E) without

differentiating to mature granulocytes, as measured by changes
in morphology (Fig. 1G). Expression of AMLI1a slightly stim-
ulated cell proliferation in response to G-CSF. All of the in-
fectants died within 2 days when deprived of both IL-3 and
G-CSF (data not shown). Thus, expression of AMLI-MTG8
inhibited differentiation of L-G cells to mature granulocytes
and stimulated cell proliferation in response to G-CSF.
AMLI1-MTGS8 sequences that are responsible for stimula-
tion of G-CSF-dependent proliferation of L-G cells and for
interaction with p85. To identify the domain of MTGS8 which
is required for the induction of G-CSF-dependent prolifera-
tion of L-G cells, a series of C-terminal deletion mutants of
AMLI1-MTGS (Fig. 2A) were constructed and introduced into
L-G cells by infection with retroviruses as described above.
Immunoblotting analysis with anti-MTGS8 polyclonal antibody
indicated that each infected-cell line expressed the expected
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FIG. 3. p85, which interacts with AML1-MTGS, is recognized by anti-MTG8
antibody. (A) Immunoprecipitation of AML1-MTGS. Infected L-G cells which
express either wild-type (WT) or mutant HA-AML1-MTGS8 were labeled with
[**P]orthophosphate, and immunoprecipitations were performed with the an-
ti-HA monoclonal antibody 12CAS. The immunoprecipitates were subjected to
electrophoresis on SDS-10% polyacrylamide gels. The proteins were visualized
with a BAS2000 phosphorimager. The position of the p85 band is indicated on
the right. (B) Immunoblot of AMLI-MTGS8 complexes with anti-MTGS8 anti-
body. The immunoprecipitates with the HA antibody, using lysates of cells which
express wild-type (WT) or mutant HA-AML1-MTGS, were separated on SDS-
polyacrylamide gels and analyzed by immunoblotting with anti-MTGS polyclonal
antibody. The position of the p85 band is indicated on the right.

size of mutants of AML1-MTGS, as well as a protein which
may be intrinsic MTGS or its related proteins (Fig. 2B). Each
infected-cell line was then tested for its ability to proliferate in
the presence of G-CSF. The C-terminal deletion mutants A582
and A538, as well as wild-type AML1-MTGS, strongly stimu-
lated G-CSF-dependent cell proliferation (Fig. 2C). However,
further deletion to residue 487 eliminated this activity. These
results indicate that the region of residues 488 to 538 (corre-
sponding to residues 340 to 390 of MTG8b) is essential for the
stimulation of G-CSF-dependent proliferation of L-G cells.
This region contains the Nervy homology region 2 (NHR2)
(see Fig. 6).

AMLI1-MTGS can interfere with AML1-mediated activation
of a reporter gene containing the consensus AMLI1-binding
site (25). To identify the region that is required for repression
of transcription, deletion mutants of AML1-MTGS were trans-
fected together with AMLI1b and tested for the activity of
AMLI1-dependent transcription of the TCRB enhancer. A582
and A538, as well as wild-type AML1-MTGS, inhibited trans-
activation by AMLI1b, but A487 and A398 did not (Fig. 2D).
These results are consistent with those in a previous report
(20), which demonstrated that residues 470 to 540 are required
for transrepression by AML1-MTGS.

To determine the domain of AML1-MTGS which is respon-
sible for interaction with p85, the cells which expressed dele-
tion mutants of the HA-tagged AMLI-MTGS were labeled
with [**P]orthophosphate and the proteins were immunopre-
cipitated with anti-HA antibody. As shown in Fig. 3A, serial
deletion of the C terminus to residue 538 did not affect the
coprecipitation of p85. However, the coprecipitation was abol-
ished by further deletion to residue 487. Thus, the region of
residues 488 to 538 is required for interaction with p85. This
region is also responsible for AML1-MTGS8-mediated stimu-
lation of G-CSF-dependent proliferation of L-G cells and re-
pression of AMLI1-dependent transcription.

p85 is recognized by anti-MTGS8 antibody. To analyze the
AMLI1-MTGS protein complex, immunoprecipitation was per-
formed with anti-HA antibody by using cell lysates from the
L-G cells which expressed the HA-tagged AML1-MTGS pro-
tein. The immunoprecipitates were then analyzed by immuno-
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FIG. 4. Analysis of MTG8 and MTGRI1 transcripts in L-G and Kasumi-1
cells. Poly(A)" RNAs were prepared from L-G cells, L-G cells infected with
LNSX-HA-AML1-MTGS, and Kasumi-1 cells which have the t(8;21) transloca-
tion and express AML1-MTGS chimeric transcripts. A 2-pg sample of poly(A)™
RNAs was analyzed by Northern blotting with human MTGS8 (A) or human
MTGRI1 (B) cDNAs as probes. Note that the human MTGRI1 transcript (7.5 kb)
in Kasumi-1 cells is longer than the mouse MTGRI1 transcript (6.7 kb) in L-G
cells.

blotting with anti-MTGS8 polyclonal antibody. Surprisingly, the
band which corresponds to p85, as well as that corresponding
to AML1-MTGS, was detected (Fig. 3B). This band was also
observed in immunoprecipitates with C-terminal deletions to
residue 538 but not in those with further deletions. These
results indicate that p85 is recognized by the anti-MTGS poly-
clonal antibody.

Cross-reactivity of anti-MTGS8 antibody suggests that p85,
which coprecipitated with AML1-MTGS, may be an intrinsic
MTGS protein. However, no MTGS transcript was detected in
L-G cells (Fig. 4A), suggesting that p85 is unlikely to be the
intrinsic MTGS8. Moreover, p85 is not a degradation product of
AMLI-MTGS because (i) p85 is coprecipitated with deletion
mutants (A582 and A538) which migrated faster than p85 (Fig.
3) and (ii) the protein which corresponds to p85 is expressed in
L-G cells without expression of AML1-MTGS (Fig. 2B). From
these observations, we considered that p85 might be an MTGS-
like protein rather than the MTGS protein itself and that there
might be another member of the MTGS family which could
interact with AML1-MTGS8 and could be recognized by the
anti-MTGS8 antibody.

Cloning of a cDNA encoding a new member of the MTGS8
family, MTGRI1. To isolate cDNAs encoding MTGS8-related
proteins as candidates for AML1-MTGS8-binding proteins, we
initially compared the human MTGS8 protein sequence with
sequences from various databases. This search revealed signif-
icant similarities to randomly sequenced human cDNAs
(ESTs). Using these sequences as probes, a size-fractionated
cDNA library of human KG-1 cells was screened (see Materi-
als and Methods). From many positive clones, we selected nine
clones whose inserts were longer than 6 kb. By combining the
sequences of these clones and the sequence obtained by 5’
rapid amplification of cDNA ends, we determined the 6,406-bp
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1 CACCAGGTGAATGGCTAAAGAATCTGGAATAAGCTTGAAAGAAATACAGGTCCTGGCAAG
1 M A K E 5§ ¢ I 8§ L K E vV L A R
61 GCAATGGAAAGTTGGTCCTGAGAAAAGGGTGCCAGCGATGCCTGGATCGCCTGTGGAAGT
18 Q W K vV ¢ P E KRV P AM P G S P V E V
121 GAAGATACAGTCCAGATCCTCACCTCCCACCATGCCACCCCTCCCACCAATAAATCCTGG
38 K I 8 R 8 s P P T M P PL P P I NUP G
181 AGGACCGAGGCCAGTGTCCTTCACTCCTACTGCATTAAGCAATGGCATCAACCATTCTCC
58 6 P R P V 8 F T PTATUL S NGTINUHS P
241 TCCTACCCTGAATGGTGCCCCATCACCGCCACAGAGATTCAGCAATGGTCCTGCCTCCTC
78 P T L N G A P S P P Q R F S NG P A 8§ 8
301 CACATCATCTGCACTCACAAATCAGCAATTGCCAGCCACTTGTGGTGCTCGACAACTCAG
98 T 8 8§ A L T L P AT C G A R QL s
361 CAAGTTGAAACGCTTTCTTACCACTCTGCAACAGTTTGGCAATGACATCTCCCCTGAGAT
118 K L K R F L TTULIGQQQF GG NDI s P E I
421 TGGGGAGAAGGTGCGGACTCTTGTTCTTGCACTGGTGAACTCAACAGTGACAATTGAGGA
138 G E K V R T VvV L AL V N s T V I E E
481 ATTCCACTGTAAGCTCCAAGAAGCCACAAACTTTCCCCTTCGTCCTTTTGTGATTCCATT
158 F H ¢ K L E A TNV F P LR P F V I P F
541 TCTCAAGGCCAACCTGCCCCTGCTGCAGCGGGAACTGCTGCACTGCGCTCGGGCGGCCAA
178 L KA NL P L L Q R EL L HCAURAAIK
6§01 GCAGACCCCATCCCAGTACCTGGCTCAGCACGAACACCTTCTGCTCAACACAAGCATTGC
198 Q T P S Q Y L A H E HL L L N T 8 I A
661 ATCGCCTGCTGACTCGTCAGAGTTGCTCATGGAGGTGCACGGAAATGGGAAGAGGCCCAG
218 S P A DS 8 EL L M EV HG NG KR P 8
721 TCCAGAGAGGAGAGAAGAGAATAGTTTTGATAGAGACACAATTGCTCCTGAGCCTCCTGC
238 P ERREEN S F R DT I P P A
781 CAAGAGAGTATGTACCATCAGCCCTGCTCCTCGGCACAGTCCTGCTCTCACTGTGCCCCT
258 K RV ¢ TTI S P A PR RUHSPAULTV P L
841 CATGAATCCCGGGGGCCAATTCCATCCTACCCCTCCACCTCTTCAGCATTACACCTTAGA
278 M N P 6 G Q FH P TUPUPUPULQHY TTUL E
901 GGATATTGCAACTTCTCACCTGTATCGGGAACCCAACAAGATGCTAGAGCATCGAGAAGT
298 D I AT S HL YREUPNI KMTLEHTZRE YV
961 TCGTGATAGACACCACAGTCTTGGTCTAAATGGAGGCTATCAAGATGAGTTGGTAGATCA
318 R D RHEKHS UL GGLNUGG Y D E L V D H
1021 TCGTTTGACAGAAAGGGAATGGGCTGATGAATGGAAACATCTTGACCATGCGCTGAATTG
338 R L T ER EW A DEWI KU HTULUDHATLNC
1081 CATTATGGAAATGGTAGAGAAAACAAGGCGCTCTATGGCAGTTCTGCGGCGCTGTCAGGA
358 I M EM YV E KTRIZR S M AV L RR C Q E
1141 ATCAGATCGTGAAGAACTCAACTACTGGAAAAGACGGTACAATGAAAACACAGAGCTGAG
378 s DR EEULNYWI KR RTYNENTETUL R
1201 GAAAACGGGGACCGAGTTGGTCTCCAGGCAGCACAGCCCTGGGAGTGCAGATTCTCTCAG
398 K T 6 T E V S R Q H 8 P A D 8 L 8§
1261 CAATGATTCTCAGAGAGAGTTCAACAGCAGGCCAGGTACAGGATACGTACCTGTGGAGTT
418 N D S Q R E F NS RPGT G Y V P V E F
1321 TTGGAAAAAAACAGAAGAAGCTGTGAATAAGGTGAAAATTCAGGCCATGTCAGAAGTACA
438 W K K T E E A V N KV K I Q A M S E V Q
1381 GAAGGCCGTCGCTGAGGCAGAGCAGAAAGCCTTTGAAGTGATTGCAACAGAGAGAGCACG
458 K A V A E A E K A F E V E R A R
1441 AATGGAGCAAACCATAGCGGATGTCAAGCGGCAGGCCGCAGAGGATGCTTTCCTCGTCAT
478 M E T I A D V K R Q A A E A F L V I
1501 CAATGAGCAAGAGGAGTCCACGGAGAACTGCTGGAACTGTGGCCGCAAAGCCAGCGAGAL
498 N E Q E E 8 T E N C W NC G R KA 8 E T
1561 ATGCAGTGGCTGCAATATCGCGCGATACTGTGGCTCTTTCTGCCAGCACAAGGACTGGGA
518 ¢ 8 6 ¢C NI A R Y C G 8 F C H K D W E
1621 GCGGCACCACCGCCTCTGTGGTCAGAACCTGCATGGCCAGAGCCCCCACGGCCAGGGCCG
538 R HHRULCGQNTULHGQ S P HG Q G R
1681 GCCGCTGCTTCCTGTAGGCAS TCCTCTGCCAGGTCCGCCGACTGCAGCGTGCCCAG
558 P L L PV G R G S S A RS ADTC S V P S
1741 CCCAGCCCTCGACAAGACCTCGGCAACCACATCGCGTTCCTCAACACCTGCTTCTGTGAC
578 P AL D KT S A TT S R S S TP A S V T
1801 AGCTATCGACACCAACGGACTCTGAGCCCCGGACTCTGCTTACCCTGATGGCTGCTCAGC
598 A I DT N L *
1861 ACCACAGAGTGCTTGGGCTGAGGGACTGACTGTTGGAACCCGTGCATGTAGCTGCCGGGT

FIG. 5. Nucleotide sequence of the MTGR1 cDNA and the deduced amino
acid sequence of the MTGRI1 protein. The 3'-noncoding region (nucleotide 1921
to the 3’ end) is not shown.

cDNA sequence (Fig. 5). Because of the similarity to MTGS,
we named it MTGR1 (myeloid translocation gene-related pro-
tein 1). The coding sequence started at the first in-frame ATG
at nucleotide 11, which was preceded by the termination codon
TGA, and terminated at nucleotide 1822. The poly(A) addi-
tion signal started from nucleotide 6387 of the cDNA. Alu
consensus sequences were found from nucleotides 3207 to
3236 and from nucleotides 3690 to 3960 of cDNA. RNA blot-
ting indicates that transcripts detected by MTGR1 ¢cDNA are
ubiquitously expressed in various human tissues and in all the
cell lines tested, including L-G cells and Kasumi-1 cells, which
have the t(8;21) translocation (Fig. 4B) (30a).

The predicted protein product of the cDNA, which consists
of 604 amino acids, is highly related to MTGS8 (61% identity)
and is similar to Nervy (25% identity), a putative Drosophila
homolog of MTGS (7) (Fig. 6A). Comparison of amino acid
sequences among MTGR1, MTGS, and Nervy revealed that
there are four evolutionarily conserved regions (Fig. 6B). We
termed them NHR1 (Nervy homology region) (amino acids
113 to 209 of MTGR1), NHR2 (amino acids 346 to 372),
NHR3 (amino acids 436 to 484), and NHR4 (amino acids 507
to 544). While sequence similarity between MTGR1 and
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MTGS extended over the entire sequences, similarity between
MTGR1/MTGS and Nervy was restricted to these regions.
NHRI1 corresponded to the region which shows homology with
TAFs (TATA-binding protein-associated factors) (Fig. 6C) (5,
7). NHR2 is found in the domain of MTGS8 which is required
for interaction with p85. Analysis of the secondary structure
suggests that NHR2 is a helical domain with amphipathic char-
acteristics (Fig. 6D). NHR4 corresponded to two zinc finger
motifs (-C-x-x-C-7x-C-x-x-C-; -C-x-x-x-C-7x-H-x-x-x-C-). Three
Pro-rich regions (amino acids 39 to 116, 257 to 297, and 564 to
603 of MTGS8b) found in MTGS8 (29) were also present in
MTGRL1 at the corresponding regions.

AMLI1-MTGS specifically interacts with MTGR1. To ana-
lyze the MTGR1 protein, L-G cells were infected with a ret-
rovirus encoding the Flag-tagged human MTGRI1 protein
(Flag-hMTGR1). Immunoprecipitation analysis with anti-Flag
monoclonal antibody M2 indicated that Flag-hMTGRI1 is a
phosphoprotein and comigrates with p85 (Fig. 7A). MTGR1-
specific antibodies were prepared with the specific regions 295
to 335 and 539 to 604 of MTGRI1, which were expressed in
Escherichia coli as glutathione S-transferase fusion proteins.
To determine if MTGR1 forms a complex with AML1-MTGS,
infected L-G cells expressing the HA-tagged AMLI-MTG8
protein (HA-AML1-MTGS) as described above were further
infected with a retrovirus encoding the Flag-hMTGR1 and the
hygromycin phosphotransferase selectable marker and then
selected with hygromycin B. Cell lysates were prepared, and
HA-AML1-MTGS was immunoprecipitated with anti-HA an-
tibody. Immunoblotting with the anti-MTGRI1 antibodies in-
dicated that intrinsic mouse MTGR1 (Fig. 7B, lane 2) and
recombinant Flag-hMTGRI1 (lane 4) were coprecipitated with
the HA-AML1-MTGS. The electrophoretic mobility of Flag-
hMTGRI1 was very close to but slightly slower than that of the
intrinsic mouse MTGR1 protein. This is probably due to ad-
ditional sequences containing the Flag epitope (10 amino ac-
ids) and/or to the difference between mouse and human gene-
derived proteins. Immunoprecipitation of the Flag-MTGR1
proteins followed by immunoblotting with anti-MTGS indi-
cated that MTGR1 coprecipitated with AML1I-MTGS (Fig.
7B, lane 12). This coprecipitation was not detected in lysates
from cells which expressed either Flag-hMTGR1 (lane 11) or
HA-AML1-MTGS (lane 10), indicating that there was a spe-
cific interaction between MTGR1 and AML1-MTGS. The re-
combinant Flag-hMTGR1 was recognized by the anti-MTGS8
antibody (lanes 11 and 12). Taken together, these results indi-
cate that AML1-MTGS could form a stable complex with
MTGRI.

To determine the region of AML1-MTGS responsible for
interaction with MTGRI1, the deletion mutants above were
expressed together with MTGR1. Immunoprecipitation-immu-
noblotting analyses indicated that when Flag-hMTGR1 was
precipitated with anti-Flag antibody, the A582 and A538 mu-
tants but not the A487 or A398 mutants were coprecipitated
with MTGRI1 (Fig. 8B). When each deletion mutant of HA-
AMLI1-MTGS8 was precipitated with anti-HA antibody,
MTGRI1 was coprecipitated with A582 and A538 but was not
precipitated with A487 or A398 (Fig. 8D). These results indi-
cate that the region of residues 488 to 538 of AML1-MTGS is
required for interaction with MTGR1, as in the case of inter-
action with p85 (Fig. 2). From these and the above results, we
conclude that MTGRI is the p85 protein.

AMLI1-MTGS8 forms complexes with MTGR1 proteins in
t(8;21)-containing leukemic cells. We examined the interac-
tion between AMLI-MTGS8 and MTGR1 in Kasumi-1, which
is an AML cell line with the t(8;21) translocation. Immunoblot
analysis with anti-MTGS antibody indicated that in addition to
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FIG. 6. Structure of MTGRI. (A) Comparison of the amino acid sequences of MTGR1, MTGS, and Drosophila Nervy proteins. Residues identical among two or
more proteins are shaded. The conserved regions (NHR1 to NHR4) are indicated above the sequence. Cysteine residues of zinc finger motifs are marked underneath
the sequence. Epitopes for anti-MTGS and anti-MTGR1 antibodies are underlined. (B) Schematic representation of the structures of human MTGR1, human MTG8b,
and Drosophila Nervy. The conserved regions (NHR1 to NHR4) among these proteins are indicated by shaded boxes. The percentages represent identity to MTGR1.
Numbers above bars indicate the positions of amino acid residues. (C) Alignments of TAF homology regions of MTGR1, MTGS, Drosophila Nervy, and human and
Drosophila TAFs. Residues identical among four or more proteins are shaded. (D) A helical wheel of the NHR2 of MTG8. The numbers indicate the positions of amino
acid residues, where the first residue of the NHR?2 is position 1. The wheel of positions 3 to 22 is shown. Hydrophobic and hydrophilic amino acids are indicated by
gray and black, respectively. The hydrophobic and hydrophilic sides of the helix are indicated.

AMLI1-MTGS, three protein bands were detected in lysates of
Kasumi-1 cells (Fig. 9, lane 2). Since these proteins were also
recognized by both of the two MTGRI-specific antibodies

(lanes 4, 5, and 8), we consider that they are MTGR1 proteins. phosphorylation (Fig. 7A).

We do not know the exact reason for the difference in their
electrophoretic mobilities, but they may be isoforms generated
by alternative splicing and/or differential modifications such as
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hTAF105 194: KKCKNFLAMLIKLACSGSQSPEMGQNVKKLVEQLLDAKIE
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Nervy 254: VEEFRLALQEAINLPLRPYVVPLLKNSIALVQREILA
hTAF130 496: AEDFTSRLYRELNSSPQPYLVPFLKRSLPALRQLTPD
hTAF105 234: AEEFTRKLVVELKSSPQPHLVPFLKKSVVALRQLLPN
dTAF110 333: PEEFCDRLERLLNASPQPCLIGFLKKSLPLLRQALYTI

Hydrophobic

FIG. 6—Continued.

Immunoprecipitation analysis with anti-AMLI antibody in-
dicated that all of the three MTGR1 proteins in Kasumi-1 cells
were coprecipitated with AML1-MTGS8 (Fig. 9, lane 3). In
addition, AML1-MTGS8 was coprecipitated with MTGRI1
when either of the two MTGRI1-specific antibodies was used
(lanes 4 and 5). These results indicated that AML1-MTGS8
forms complexes with MTGR1 proteins in Kasumi-1 cells with
the t(8;21) translocation.

AML1-MTGS forms heterocomplexes with MTGR1 in pref-
erence to homocomplexes. Complex formation of AMLI-
MTGS8 and MTGRI1 suggests that AML1-MTGS8 may form a
homocomplex through the regions of MTG8 because MTGR1
is very similar to MTGS. To test this possibility, HA-tagged
wild-type AML1-MTGS and A582 mutant without the HA-tag
were expressed together in L-G cells. As shown in Fig. 10,
immunoblotting analysis with anti-MTGS8 antibody indicated
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FIG. 7. Characterization of MTGRI1. (A) MTGRI is an 85-kDa phosphoprotein. L-G cells were infected with LNSX vector, LNSX-HA-AML1-MTGS, or
LNSX-Flag-MTGRI, selected with G418. The infected cells were labeled with [**P]orthophosphate, and immunoprecipitations were performed with the anti-HA
monoclonal antibody or the anti-Flag monoclonal antibody. The immunoprecipitates were subjected to electrophoresis on SDS-10% polyacrylamide gels. The proteins
were visualized with a BAS2000 phosphorimager. The positions of bands of AMLI-MTGS8 and MTGRI1 are indicated on the right. (B) Interaction between
AMLI1-MTGS8 and MTGRI. Cell lysates were prepared from infected L-G cells which express the HA-tagged AMLI-MTGS8 and/or the Flag-tagged MTGRI.
Immunoprecipitations were performed with anti-HA monoclonal antibody (lanes 1 to 8) or anti-Flag monoclonal antibody (lanes 9 to 12). The immunoprecipitates were
separated on SDS-10% polyacrylamide gels and analyzed by immunoblotting with anti-MTGR1 polyclonal antibody (lanes 1 to 4) or anti-MTG8 polyclonal antibody

(lanes 5 to 12).

that both wild-type and mutant proteins were efficiently ex-
pressed as well as endogenous MTGR1 (p85). Immunoprecipi-
tation with anti-HA antibody followed by immunoblotting with
anti-MTGS antibody revealed that coprecipitation of endoge-
nous MTGRI1 was detected, but no band or only a very faint
band corresponding to A582 was observed. These results sug-
gest that AML1-MTGS forms a heterocomplex with MTGR1
in preference to a homocomplex in the presence of MTGRI1.

Overexpression of MTGR1 stimulates G-CSF-dependent
cell proliferation and represses AML1-dependent transactiva-
tion in concert with AML1-MTGS. To test the effects of over-
expression of MTGR1 on the function of AML1-MTGS, L-G
cells, which ectopically expressed AML1-MTGS and/or MTGR1,
were cultured in the presence of G-CSF or IL-3. In the pres-
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ence of G-CSF, the MTGRI1-expressing cells did not prolifer-
ate as well as the control L-G cells (Fig. 11A). On the other
hand, cells which expressed AML1-MTGS proliferated expo-
nentially in response to G-CSF, as shown in Fig. 1. Overex-
pression of MTGRI1 together with AML1-MTGS further stim-
ulated cell proliferation. Overexpression of MTGR1 did not
affect the growth response to IL-3 (Fig. 11B).

To determine if MTGRI1 affects the activity of AMLI1-
MTGS8, MTGR1 was cotransfected with AML1-MTGS8 and the
activity of AMLI1-dependent transcription from the TCR@ en-
hancer was tested. As shown in Fig. 11C, expression of AML1-
MTGS repressed transcriptional activation by AMLIb in a
dose-dependent manner. Expression of MTGR1 had no effect
on AMLI1b-dependent transcriptional activation. However, co-

C IP: anti-HA

D IP: anti-HA
WB:anti-MTG8

WB:anti-MTGR1

Vector
D582
D538
D487
D398
Vector
D582
D538
D487
D398

FIG. 8. Determination of the region of AML1-MTGS8 which is required for interaction with MTGR1. L-G cells were infected with LXSH-Flag-MTGRI1 and
LNSX-retrovirus, which encodes either wild-type or mutant HA-tagged AMLI1-MTGS. Control cells (vector) expressed only the Flag-tagged MTGR1. Immunopre-
cipitations were performed with anti-HA monoclonal antibody (C and D) or anti-Flag monoclonal antibody (B). The immunoprecipitates and total-cell lysates (A) were
separated on SDS-10% polyacrylamide gels and analyzed by immunoblotting with anti-MTGRI1 polyclonal antibody (D) or anti-MTGS polyclonal antibody (A to C).



VoL. 18, 1998

[
(]
s
=z =0
i} - -
. £,368683 o
P: = 235 g £ s
33550 <0
428885 5D 5 o
wB: a-MTG8 0-MTGR1M

¥

| — AML1-MTGS

3 MTGR1

123 456 7 8 9

FIG. 9. Interaction of AMLI-MTGS8 and MTGRI in Kasumi-1 cells. Cell
lysates were prepared from L-G cells which were infected with LNSX-HA-
AMLI1-MTGS (lane 1) and Kasumi-1 cells (lanes 2 to 9). Immunoprecipitations
were performed with anti-HA monoclonal antibody (lane 1), anti-AMLI anti-
body (lanes 3 and 8), anti-MTGR1 middle region antibody (a-MTGR1M; lane
4), anti-MTGR1 C-terminal region antibody (a-MTGRI1C; lane 5), anti-MTG8
antibody (lane 6), and rabbit immunoglobulin G (IgG) (lanes 7 and 9). The
immunoprecipitates were separated on SDS-7.5% polyacrylamide gels and an-
alyzed by immunoblotting with anti-MTGS8 antibody (lanes 1 to 7) or anti-
MTGRIM antibody (lanes 8 and 9).

transfection of MTGR1 with AML1-MTGS further repressed
AML1b-dependent transcriptional activation. These results in-
dicate that MTGR1 stimulates AML1-MTGS to induce G-
CSF-dependent cell growth and to repress AML1-dependent
transcription.

DISCUSSION

The present results indicate that ectopic expression of the
AMLI-MTGS gene in L-G mouse myeloid precursor cells in-
duces G-CSF-dependent cell proliferation and inhibits differ-
entiation to mature neutrophils. Analysis with deletion mu-
tants indicates that the MTGS8 sequence is required for the
fusion protein to stimulate G-CSF-dependent proliferation of
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FIG. 10. No detectable homocomplex of AML1-MTGS in L-G cells. Cell
lysates were prepared from L-G cells which were infected with LNSX-HA-
AMLI1-MTGS and/or LXSH-D582 without any tag. Immunoprecipitations were
performed with anti-HA monoclonal antibody. The immunoprecipitates were
separated on SDS-10% polyacrylamide gels and analyzed by immunoblotting
with anti-M TGS polyclonal antibody.
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myeloid cells. In addition, AML1a, which lacks the C-terminal
transactivation domain, does not stimulate G-CSF-dependent
cell proliferation under our conditions, although it could stim-
ulate the proliferation of 32Dcl3 cells when expressed at high
levels (51). These results support the hypothesis that a simple
truncation of the transactivation domain of AMLI is not suf-
ficient to promote leukemia and that the MTGS8 sequence is
also required.

In an attempt to clarify the mechanism by which AMLI-
MTGS8 promotes leukemogenesis, we investigated proteins
which interact with AML1-MTGS and found that a cellular
phosphoprotein, p85, specifically interacts with the region of
MTGS8 which is essential for the induction of G-CSF-depen-
dent cell proliferation. Since p85 is recognized by anti-MTG8
antibody, we considered p85 to be an the MTG8-related pro-
tein and isolated cDNA encoding a new member of the MTGS
family, MTGR1. Three lines of evidence support our conclu-
sion that MTGRI is at least one of the proteins which are
referred to as p85. First, MTGRI1 and p85 are phosphoproteins
with almost the same mobility on SDS-polyacrylamide gels and
are recognized by anti-MTGS antibody. Second, they specifi-
cally interact with the same region of AML1-MTGS. Third,
p85 is recognized by two anti-MTGR1 antibodies. These anti-
bodies are prepared with MTGRI1-specific sequences as anti-
gens (Fig. 6A) and are highly specific for MTGR1; they did not
react with MTGS (Fig. 7). From these results, we concluded
that MTGR1 is one of the components of the AML1-MTGS8
complex. However, we do not rule out the possibility of the
presence of other factors which interact with AML1-MTGS, as
does MTGRI1.

Based on the good correlation between activity of AMLI1-
MTGS and its interaction with MTGR1, AML1-MTGS is most
likely to function as a complex with MTGRI1. C-terminal de-
letion of AML1-MTGS to residue 538 affects neither its inter-
action with MTGRI1 nor its functions such as stimulation of
G-CSF-dependent cell proliferation and repression of
AML1b-dependent transcription. Further deletion to residue
487 eliminates its interaction with MTGR1 and its functions.
Overexpression of MTGR1 enhances AML1-MTG8-mediated
induction of cell proliferation and repression of transcription.
Since MTGRL1 is highly related to MTGS, we assumed that
AMLI1-MTGS might also form a homomeric complex through
MTGS8 sequences. However, coimmunoprecipitation analysis
indicated that the homomeric complex of AML1-MTGS was
not obvious, in contrast to the heteromeric complex of AMLI1-
MTGS8 and MTGRI1. The yeast two-hybrid system indicates
that MTGR1 can interact with MTGR1 and MTGS by using
the minimum sequences for protein interaction (30a). These
results suggest that AML1-MTGS8 forms a heteromeric com-
plex with MTGRI1 in preference to a homomeric complex
when enough MTGRL1 is present and that MTGR1 can form
both homomeric and heteromeric complexes with MTGS. Dif-
ferential interaction profiles have been identified in several
transcription factor complexes. In the case of Jun and Fos
family proteins, Jun forms both a homocomplex and a hetero-
complex with Fos but Fos is unlikely to form a homocomplex.
Jun-Fos and Jun-Jun complexes recognize the same DNA se-
quence, but Jun-Fos is a strong activator of transcription com-
pared with Jun-Jun (reviewed in reference 15). In the case of
the retinoic acid receptor (RAR) and the retinoid X receptor
(RXR), RAR forms a heterocomplex with RXR in preference
to the homocomplex but RXR also functions as a homocom-
plex. RAR-RXR and RXR-RXR bind the different DNA se-
quences and probably regulate the transcription of different
genes (reviewed in reference 23). Thus, MTG8-MTGR1 might
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FIG. 11. MTGRI1 enhances the activities of AML1-MTGS. (A and B) Growth curve of the infected L-G cells in response to G-CSF (A) or IL-3 (B). The growing
cells, which were infected with LNSX-AMLI-MTGS and/or LXSH-MTGRI1, were washed twice and cultured in the presence of 2 ng of G-CSF per ml (A) or 0.1 ng
of IL-3 per ml (B). Relative numbers of viable cells are indicated. (C) Repression of AML1-dependent transcriptional activation. P19 cells were cotransfected with 1.0
ug of TCRB-TK-CAT, 1.0 pg of either pPLNSX vector or pPLNSX-AMLIb, the indicated amounts (in micrograms) of pLNSX-AML1-MTGS8 and pLNSX-MTGRI1, and
0.5 pg of thymidine kinase-luciferase in a 6-cm-diameter plate. Results represent the mean relative CAT activity from three experiments which were normalized with

luciferase expressed from thymidine kinase-luciferase as an internal control.

have a different functional activity from the MTGR1 homo-
complex.

Comparison of amino acid sequences of MTGR1, MTGS,
and Drosophila Nervy reveals that there are four evolutionarily
conserved sequence motifs (NHR1 to NHR4) (Fig. 6A), sug-
gesting that they have important functions. NHR1 also shows
similarity to sequences of a central 80-amino-acid region of
human TAF105, human TAF130, and Drosophila TAF110 (3,
5, 7, 12, 52) (Fig. 6C). The locations of hydrophobic amino
acids within this region are highly conserved among MTGRI,
MTGS, Nervy, and the three TAFs. The NHR?2 is in the region
which is essential for interaction between MTGS8 family mem-
bers. By using the Chou-Fasman algorithm (1) and the Robson
algorithm (9), the region containing the NHR?2 is predicted to
present an a-helix. Analysis of helical wheels by the method of
Schiffer and Edmundson (48) suggests that the NHR2 is a
helical domain with amphipathic characteristics (Fig. 6D). The
hydrophobic residues which appear in the hydrophobic side of
the helix are conserved among MTGS8, MTGRI1, and Nervy.
This suggests that the hydrophobic sides of the NHR2 «-heli-

ces face each other to mediate protein interactions between
MTGS family members. Since hydrophobic residues are lo-
cated in a 3-4-3-4 spacing (from amino acid 348 of MTGR1
and from amino acid 354 of MTG8: W--L---L--1---V--
T---M/L--L--), this region of both proteins may form a
coiled-coil structure that is frequently observed in oligomer-
ization domains (41). A helical structure is also predicted in
the NHR3 by the Chou-Fasman and Robson algorithms. The
NHR4 regions correspond to the two zinc finger motifs (Fig.
6A). These regions are the most highly conserved regions
among the three proteins. The zinc finger motifs also showed
homology to those of programmed cell death-induced RP-8
protein of rat, mouse, and Caenorhabditis elegans (40) and to
that of Drosophila DEAF-1 protein, also known as Deformed
response element-binding protein (11). Although many of the
zinc finger motifs serve as DNA-binding domains, it is not
known if zinc finger motifs of MTGR1 and MTGS are involved
in DNA binding. The normal function of MTG8 and MTGR1
is unclear, but these structural characteristics, as well as their
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FIG. 12. Model for the action of AML1-MTGS on repression of transcrip-
tion. AML1-MTGS forms a heterotrimer complex with MTGR1 and CBFp/
PEBP2 through the regions containing the NHR2 and the rhd, respectively.
The complex binds to the DNA sequence for AMLI and represses transcription
from the adjacent target genes.

localization in the nucleus (6), suggest that they are likely to
function as transcriptional regulators.

The molecular mechanism for AMLI-MTGS to promote
leukemia has not yet been fully clarified, but two hypotheses
are possible. First, AML1-MTGS8 may affect the normal func-
tion of AMLI. Analysis with deletion mutants indicates that
repression of AMLI1-dependent transcription by AMLI-
MTGS is closely linked to G-CSF-dependent cell proliferation.
Cotransfection of MTGR1 further represses the AML1-de-
pendent transcription. Since AML1-MTGS retains the rhd, it
binds to CBFB/PEBP2B (Fig. 1B) as well as to the specific
DNA sequence for AMLI1 (25). Thus, AML1-MTGS is likely
to repress transcription as a heterotrimer with MTGR1 and
CBFB/PEBP2g by binding to the AML1-binding site (Fig. 12).
It is possible to speculate that the AML1-MTGS8/CBF@/
MTGR1 complex may inhibit the formation of a transcrip-
tional initiation complex because of its abnormal structure
and/or other functions. Second, AML1-MTGS8 may titrate out
MTGRI1 and/or affect the normal function of MTGR1 by
forming the AML1-MTG8/MTGRI1 complex. If this hypothesis
is true, the AML1-MTGS8-mediated induction of cell prolifer-
ation should be reversed by overexpression of MTGR1. How-
ever, our results indicate that overexpression of MTGR1 stim-
ulates the action of AML1-MTGS. On the other hand, we have
found that overexpression of AML1b could reverse the AML1-
MTGS-induced cell proliferation (18a). Therefore, we prefer
the former hypothesis that AMLI-MTG8 might repress
AML1-dependent transcription by binding to the DNA se-
quence for AMLI as the heterotrimer with MTGR1 and
CBFB.
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