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The retroviral oncogene vimyb is a mutated and
truncated version of the cmyb proto-oncogene and
encodes a transcription factor (v-Myb) that specifically
transforms myelomonocytic cells. Two different
variants of v-myh, transduced independently by the
oncogenic chicken retroviruses AMV and E26, have
been characterized. It is believed that both variants of
v-Myb transform myelomonocytic cells by affecting
the expression of specific genes; however, no target
genes common to both oncogenic viruses have been
identified. Here, we describe the identification of a
novel v-Myb target gene, designated asom-1 (target
of myb 1). The tom-1gene has two promoters, one of
which is Myb-inducible. tom-1is expressed at elevated
levels in AMV-transformed as well as in E26-trans-
formed myeloid cells. We show thattom-1 activation
by v-Myb does not require de novoprotein synthesis
and that the Myb-inducible tom-1 promoter contains
a functional Myb binding site. Thus, tom-1is the first
example of a direct target gene for both oncogenic
forms of the v-mybgene. Further analysis of the Myb-
inducible tom-1 promoter shows that a C/EBP binding
site is juxtaposed to the Myb binding site and that
C/EBP is required for the Myb-dependent activation
of the promoter. Together with previous work our
results suggest that C/EBP may be a general
cooperation partner for v-Myb in myelomonocytic
cells.

Keywords C/EBP/myelomonocytic cells/target gene/
tom-1gene/vmyboncogene

Introduction

The oncogene wayb of the avian myeloblastosis virus
(AMV) and avian leukemia virus E26 encodes a transcrip-
tion factor which is responsible for the transformation of
myelomonocytic cells by both viruses (for review see
Graf, 1992). vmybis a structurally altered form of the
chicken cmybgene (Klempnauest al., 1982, 1983) which

development from severe defects in fetal hepatic hemato-
poiesis (Mucensket al, 1991). cmybis also expressed

in certain non-hematopoietic cells, however, its role in
these cells has not been determined (Thetlal, 1987;
Deshienset al, 1991; Queveet al, 1992; Plazeet al,
1995; Sitzmanret al., 1995).

The proteins encoded bymyband cmyb(referred to as
v-Myb and c-Myb) bind to the sequence motif PyABGG
(Biedenkappet al, 1988) and activate promoters con-
taining such binding sites (Klempnauetral,, 1989; Ness
et al, 1989; Nishinaet al, 1989; Weston and Bishop,
1989; Ibanez and Lipsick, 1990). Transformation of myelo-
monocytic cells by mutants of mybcorrelates with their
ability to activate transcription of model reporter genes
(Laneet al,, 1990; Framptoret al,, 1993), suggesting that
cell transformation by ywybdepends on the activation of
crucial target genes. However, so far only a few genes
expressed in waybtransformed myeloblasts, such as the
mim-1 gene (Nesset al, 1989) or the lysozyme gene
(Intronaet al, 1990; Burk and Klempnauer, 1991), have
been identified as direct targets for v-Myb. Recently, it
has been shown that v-Myb activates then-1gene by
cooperating with members of the C/EBP transcription
factor family (Burk et al, 1993; Nesst al, 1993) and
that direct interaction of v-Myb and C/EBP is crucial for
the cooperation of both factors (Mirdt al,, 1996).

Themim-1and lysozyme genes are expressed at elevated
levels only in E26-transformed but not in AMV-trans-
formed myeloblasts (Nesst al, 1989; Intronaet al.,
1990), suggesting that the increased expression of these
genes itself is not essential formybinduced cell trans-
formation. Presumably, other as yet unknown genes are
activated by both oncogenic forms of theyb gene and
serve as crucial targets for v-Myb in myelomonocytic
cells. We have used a myelomonocytic cell line expressing
a conditional version of v-Myb to identify Myb-regulated
genes. Here, we describe the isolation and preliminary
characterization otom-1, a novel direct v-Myb target
gene which is activated by both versions ofmyh

Results

Cloning of a novel v-Myb target gene by
differential display
To identify v-Myb regulated genes we used a chicken
macrophage cell line expressing an estrogen receptor—
v-Myb fusion protein (Burk and Klempnauer, 1991).
Estrogen treatment of this cell line (referred to as 10.4)
leads to the activation of the known Myb-inducible genes,

is highly expressed in most hematopoietic progenitor cells such as mim-1 and the lysozyme gene (Burk and

and is essential for the development of the hematopoietic

system. The important role of myb in hematopoietic

cells has been demonstrated by the observation that mice

that lack a functional enyb gene die during embryonic

© Oxford University Press

Klempnauer, 1991). 10.4 cells were grown for 24 h with
or without estrogen and analyzed by differential display
(Liang and Pardee, 1992). We obtained several differenti-
ally amplified DNA fragments, one of which hybridized
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Tom-1B MDFLLGNPFSSPVGAQRIERATDGSLRGEDWSLNMEICDIINETEEGPKDA 50
- . .
e (R 4 Tom-1B FRAIKKRIVGNKNFHEVMLALTVLETCVKNCGHRFHILVASQDFVESVLV 100
> - 5 <
, . Tom-1B RTILPKNNPPAIVHDKVLTL IQSWADAFRSSPDLTGVVAVYEDLRRKGLE 150

Tom-1B FPMTDLDMLSPIHTPRRSVYSSNSQSGONSPAVNSPQQMESILHPVTLPS 200

Tom-1B GRDTSSNVPITPTQEQIKKLRSELEVVNGNVKVMSEMLTELVPSQAETSD 250

“ Tom-1B LELLQELNRTCRAMQQRVLELIPRVQHEQLTEELLL INDNLNNVFLRHER 300

Tom-1B FERVRTGQPVKAPSEAENNLIDLRPSTPPAVRQPEVTNNLSSQLAGMTLG 350

Tom-1A MIC 3

Tom-1B SRSVSAGLHSLDTSGKLEEEFDMFAVTRGSSLAEQRREVKYEDPQATKGL 400

+ - o+ -+ -

F|g 1. Induction oftom—lexpression by estrogen in Ce”S stably Tom-1A YSCKKGPGWRGNLMRASGRGFILLAWMDCFPQSAWIRWVKYEDPQATKGL 53
expressing a v-Myb—ER fusion protein. Polyadenylated RNA from

10.4 cells grown with ) or without (<) 2uM B-estradiol for 24 hrs Tom-1B AGALDARQONTGAEESSASSDCAQL TNWHHROGHVPVPOANFHED [EKWL 450
was analyzed by Northern blotting using the cloned differential display =~ Tom-1A AGALDARQANTGA--------------------- VPVPOANFMEDIEKWL 82
fragment A) or tom-1A-specific 8) or tom-1B-specific C) fragments

as probes See Figure 2 fOI’ the positions Of these probe fragments Tom-1B STDOVGESEDGKGVTSEEFDKFLEERAKVADRLPTLSSSSAGTPVSPAAAS 500
Control hybridizations of the blots with a S17-specific probe are Tom-1A STOVGESEDGKGVTSEEFDKFLEERAKVADRLPTLSSSSAGTPVSPAAAS 132
shown in the bottom panels. Them-1A andtom-1B RNAs are

Tom-1B RHQKQAKEDDAMFAL 515

marked by black and white arrowheads, respectively. O O L,
Tom-1A RHQKQAKEDDAMFAL 147

to a 2.1 kb mRNA whose expression was strongly induced B
by estrogen treatment of 10.4 cells (Figure 1A). As shown

in Figure 1A, the display fragment also hybridized to a —_ a
second 3 kb mRNA whose expression was not affected tom-1A ¥ 7 3
by the hormone. Screening of a cDNA library of AMV- =

transformed myeloblasts using the display fragment tom-1B

yielded two classes of clones sharing ~1600 bp of identical — 7

sequence at their’'3ends but containing different’5 5 7K1

sequences. We prepared hybridization probes containing
only specific sequences from thé énds of both types of _ _ _
clones and hybridized them to Northern blots containing F9- 2- Structure oftom-1RNAs and putative translation products.
from 10.4 cells grown with or without estrogen. As (A) Deduced amino acid sequences of the putative 14 and tom-153

_RNA . . g . _g proteins. B) Schematic illustration of the structure of ttem-1A and
illustrated in Flgure 1B and C, these SpeleIC probes tom-1B RNAs. Large boxes: ORFs; small boxes: presumed
detected either thenybinducible 2.1 kb mRNA or the untranslated sequences; hatched regions: sequences comtoom to
uninduced 3 kb mRNA. Further analysis of genomic ﬁ ?t:}géigﬁ;tc?r?cé?Cv%i\tlgit?r:g%ir?:r?: Iziqg::gtzsasgg‘?:‘gn‘ﬁc“’;"
clones (.See below) Shc.)wed that. both RNAs were d(_anved present only in a subfraction of the RNgs. The lines ma(qued by small
from a single gene having two different promoters, differ- |etters identify the probes used for Nothern blotting. a, differential
ent 8 exons but common’3exons. We have designated display fragment; b and ¢pm-1A and tom-1B-specific probes.
this novelmybregulated gene aem-1(target of myb 1).
For convenience, the 2.1 kb and 3 Kkbm-1 RNA the cells, the putativeom-1A protein lacks a hydrophobic
species will be referred to aem-1A and tom-1B RNA, signal sequence and thus appears not to be exported
respectively. through the endoplasmatic reticulum. Homology searches

Figure 2A shows the deduced amino acid sequences ofhave identified a human nucleotide sequence (EST08420;
the longest open reading frames (ORFs) of thm-1A Adamset al, 1993) which is highly related to the specific
and B transcripts. Thiom-1B transcript contains an ORF  part of thetom-1B transcript and presumably is derived
potentially encoding a 515 amino acid protein. Since the from the human homotogef Thus,tom-1seems to
longest of our cDNA clones derived from this transcript be conserved between chickens and humans.
is ~200 bp shorter than the estimated size of the tran-
script, it is possible that this ORF lacks the authentic 5 tom-1 is a direct v-Myb target gene activated in
end. Themybinducible tom-JA transcript contains an  AMV- and E26-transformed myeloblasts
ORF potentially encoding a 147 amino acid protein. The To examine whetinerl is a direct target gene for
carboxy-terminus of this predicted protein is identical to v-Myb we studied its activation in the absence a#
that of the protein encoded by thtem-1B transcript, novo protein synthesis. 10.4 cells were treated with
but the amino-terminal sequences of both proteins areestrogen in the presence or the absence of the protein
different. The structures of the two deduced proteins are synthesis inhibitor cycloheximide, followed by Northern
shown schematically in Figure 2B. Homology searches blotting. As illustrated in Figure 3, activation dabm-1
have not revealed significant homologies of the putative expression by v-Myb did not require ongoing protein
tom-1proteins to other proteins. Unlike chicken lysozyme synthesis, strongly suggesting that v-Myb activates the
and themim-1 protein, both of which are secreted from tom-1 gene directly.
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Fig. 3. Induction oftom-1expression in the presence of

cycloheximide. 10.4 cells were grown in the presene€yc) or

absence (-Cyc) of 50g/ml cycloheximide either with+) or without

(=) 2uM B-estradiol. The hormone was added to the cultures 15 min
later than cycloheximide. Cells were harvesteh after addition of
hormone. Polyadenylated RNA prepared from these cells was analyzed
by Northern blotting using the cloned differential display fragment as
probe. The bottom panel shows a control hybridization with a S17-
specific probe. Théom-1A andtom-1B RNAs are marked by black

and white arrowheads, respectively.

So far only two myeloid-specific genesim-1 and
the lysozyme gene, are known to be regulated directly
by v-Myb (Nesset al,, 1989; Intronaet al, 1990; Burk

and Klempnauer, 1991). Since both genes are activated

only in E26-transformed, but not in AMV-transformed
myelomonocytic cells, these genes do not appear to
play crucial roles in wnyb induced transformation. To
investigate whether the activation of them-1 gene is
specific for a particular version of myh we analyzed

its expression in a panel of chicken cell lines, including
E26- and AMV-transformed myeloblasttom-1A RNA
was abundantly expressed in bothmyb transformed
cell lines (Figure 4A) suggesting that both viruses
activate the gene. The expression tom-JA RNA in

v-Myb regulation of tom-1
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Fig. 4. Expression otom-1RNA in chicken cells. Polyadenylated (A,
B and D) or total (C) RNA of various chicken cells was analyzed by
Northern blotting using the cloned differential display fragmetapd

B) or atom-JA-specific cDNA fragment© andD) as probe. Control
hybridizations of the same blots with a S17-specific probe are shown
at the bottom. In (Can additional hybridization using mim-1

specific probe is shown in the middiem-1A and B RNAs are

marked by black and white arrowheads, respectively. CEF, primary
chicken embryo fibroblasts; HD11,myctransformed chicken
macrophage cell line; E26 and BM2, E26- and AMV-transformed
chicken myeloblast cell lines; SC2L and MSB1, chicken B- and
T-lymphoid cell lines; HD3, AEV-transformed chicken erythroblast
cell line; 26.1, 26.3 and 26.4, HD11 suclones expressing the AMV
version of v-Myb; 27.5, 27.10 and 27.11, HD11 subclones expressing
an E26 version of v-Myb; 28.2, 28.3 and 28.4, control HD11
subclones expressing no v-Myb; HD50 and HD57, E26-transformed
MEP cell lines; HD50E, derivative of HD50 committed to the
eosinophilic lineage; E26 tr and AMV tr, primary E26- and AMV-

these cell lines also demonstrates that the activation of transformed chicken myeloblasts. H/c-myb, HD11 subclone expressing

the gene is not an artifact of the v-Myb—-ER system.

We also generated stable transfectants of the HD11 cell

line using expression vectors for the E26 or AMV
versions of v-Myb or a frameshift control vector (Figure
4B). Nothern blot analysis of the resulting clones
showed that expression of them-1A transcript was
induced by both versions of myh

To confirm that the E26 and AMV versions of v-
myb both induce tom-JA expression we performed
Northern blot analyses of primary E26- or AMV-
transformed chicken myeloblasts, kindly provided by
T.Graf. As illustrated in Figure 4Gom-JA expression
was expressed at similar levels in cells transformed by
either virus.

Figure 4A also shows that neither erythroid nor
lymphoid cell-lines expressed detectable levels ottime-
1A transcript. E26-transformed multipotent progenitor
cell-lines (Metz and Graf, 1991; Kulessaal., 1995) also
did not expressom-1A mRNA; however, a variant of the
MEP HD50 cell line committed to the eosinophilic lineage

chicken c-Myb; H/cDNA3, HD11 subclone expressing no c-Myb.

expressenh-1A (Figure 4C). tom-1B RNA, whose
expression is not affected by v-Myb, is present at similar

levels in all cells analyzed so far, suggesting that its
function is not specific for a particular set of hematopoietic
cells. By contrast, thenybinducible tom-1A RNA is
expressed at detectable levels only in committed myelo-

monocytic or eosinophilic cells, suggesting that it has a
specific role in these cells.

To investigate whetimerlA is also activated by c-
Myb, we stably expressed c-Myb in the HD11 cell line.

We found thratlA mRNA is expressed in such
cells at elevated levels similar to those seen in v-Myb
transfectants (Figure 4D), indicatingpthalA is also

activated by c-Myb.

We analyzed further the lewehnA expression in
various normal chicken tissues. In hematopoietic tissues,
tom-1A expression was clearly visible only in a bone
marrow fraction enriched for immature cells (Figure 5B).
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Fig. 5. Expression otom-1A mRNA in normal chicken tissues. Total
RNA from different non-hematopoietidA) or hematopoieticH)

chicken tissues was analyzed by Northern blotting using the cloned
differential display fragment as probe. Control hybridizations of the
same blots with a S17-specific probe are shown at the bottom. RNA
was prepared from the following tissues: (A), lung (1); heart (2);
skeletal muscle (3); liver (4); kidney (5); brain (6); small intestine (7)
and in (B), bone marrow fraction containing mostly mature red blood
cells and granulocytes (1); bone marrow fraction enriched for
immature myeloid and lymphoid cells (2); spleen (3); thymus (4);
bursa (5).tom-1A and B RNAs are marked by black and white
arrowheads, respectively.

Weak tom-1A expression could be detected in the
thymus after longer exposure of this blot or analysis of
polyadenylated RNA (data not shown). The expression of
tom-JA in hematopoietic cells, particularly in immature
bone marrow cells, suggests thaim-1A normally per-
forms a role in these cells. The analysis of non-hemato-
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Fig. 6. Activation of thetom-1A promoter by Myb proteins.X) A

1.7 kb Xhd-Bglll genomic DNA fragment from théom-1gene
encompassing thesm-1A promoter is shown schematically at the top.
The white box at the left corresponds to the end of the ttarsi- 1B-

poietic tissues showed, surprisingly, that skeletal muscle specific exon, the black box at the right corresponds to the start of the

expressediom-1A RNA very abundantly (Figure 5A).
Thus, tom-1A expression is not restricted to hematopoi-
etic cells.

Identification and analysis of the myb-inducible
tom-1A promoter

To identify thetom-1A promoter we screened a phage
library of genomic chicken DNA with @&om-1probe and
identified several chicketom-1 clones. Further analysis
showed that thenybinducibletom-1A transcript is initi-
ated within an intron of théom-1gene (Figure 6A). The
precise start of thtom-1A RNA was identifed by nuclease

first tom-1A-specific exon and the thin line corresponds to an intron of
the tom-1gene. TheXhd and Bglll sites are present at position 1065—
1070 and position 161-166 of tihem-1B andtom-1A cDNA
sequences, respectively. The transcriptional start siternflA RNA

is marked by an arrow anehybbinding sites are marked by black
ellipses. Reporter genes containing the entihel—Bglll fragment
upstream of the luciferase gene drtBuncated parts of the fragment
are shown schematically belovB) Co-transfection experiments of the
reporter genes described in (A). QT6 cells were co-transfected with
3 ug of the reporter gene indicated at the top, @dLof the3-
galactosidase reference plasmid pCM&nhd 5ug of expression vector
for v-Myb (pVM134, black columns), v-Myb lacking the DNA-
binding domain (pVM130, cross-hatched columns), c-Myb (pCM100,
hatched columns) or a control vector not expressing Myb (pVM111,
white columns). Cells were harvested 24 h after transfection and

S1 mapping as well as by primer extension analysis (dataanalyzed for luciferase arfgtgalactosidase activity. The columns show

not shown). A potential TATA box is located immediately
upstream of the transcriptional start site. Interestingly,
consistent with the idea th&dm-1is a direct target gene
for v-Myb several Myb binding sites are present upstream
of the TATA box (Figure 6A).

To demonstrate that théom-JA promoter is Myb-

inducible and to delineate the sequences mediating its

Myb-responsiveness we constructed a seriesoof-1A
luciferase reporter genes containing nesteddletions of
thetom-1A promoter (Figure 6A). As shown in Figure 6B
the activity of most of the reporter genes was substantially
increased by v-Myb or c-Myb, indicating that the activity
of the tom-1A promoter is Myb-inducible. Deletion of

the average activation factors of the luciferase reporter genes. The
activity of each reporter in the absence of exogenous Myb protein was
designated as 1. Thin lines show standard deviations.

Figure 6B also shows the results of co-transfections of
the tom-J1A reporter genes with an expression vector
encoding a truncated v-Myb protein lacking the DNA-
binding domain. As expected, the activation of toen-
1A promoter requires the v-Myb DNA-binding domain.
To address the role of the two Myb binding sites located
in the —144 to —41 bp regiontoftHi& promoter we
destroyed each of them by point mutation. Gel retardation
assays using bacterially expressed v-Myb confirmed that

promoter sequences upstream of —41 bp resulted in athe protein recognizes both sites in tltoen-1A promoter

complete loss of thenybreponsiveness, suggesting that

and that the mutations had destroyed both of them

the sequences between —144 and —41 bp upstream of th€Figure 7B). As shown by the co-transfection experiments

start site are crucial for the activation of the promoter by
v-Myb or c-Myb. As shown in Figure 6A, this region of
the promoter contained two Myb binding sites (referred
to as MBS-A and MBS-B).
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Fig. 7. Mutation analysis of the Myb binding sites of ttem-1A promoter. A) tom-1A reporter genes (from top: p-144Luc; p-144Luc-mutMBS-B;
p-144Luc—-mutMBS-A, p-144Luc—mutMBS-AB) are shown schematically on the left. The TATA box (black box) and the Myb binding sites A and B
are highlighted. Numbers indicate positions relative to the transcriptional start site (arrow). The results of co-transfection experiments are illustrated
on the right. QT6 cells were co-transfected witlu@ of the appropriate reporter gene, ud of the B-galactosidase reference plasmid pCM&hd

5 ug of v-Myb expression vector pVM134 (black bars) or of control vector pyM111 (white bars). Cells were harvested 24 h after transfection and
analyzed for luciferase anf8tgalactosidase activity as described in Figure @8. Gel retardation experiments using bacterially expressed v-Myb

bound to radiolabeled oligonucleotides corresponding to unmutated (wt) or mutated (mut) Myb binding sites A (MBS-A) and B (MBS-B) of the
tom-1A promoter. Binding reactions containeg ) or lacked (-) v-Myb protein. Complex of v-Myb and the oligonucleotides are marked by an
arrowhead. The intense bands at the bottom correspond to unbound oligonucleotides.

A is crucial for the activation of théom-1A promoter by tion factor is involved in the Myb-dependent activation
v-Myb. of the tom-1A promoter. To substantiate this conclusion
and to determine whether the C/EBP binding site located
Activation of the tom-1A promoter by v-Myb immediately upstream of MBS-A is necessary for the
requires a C/EBP family member activation of the promoter, we mutated this C/EBP binding
Previous work has identified the C/EBP family members site. Gel retardation experiments confirmed that the muta-
as crucial partners for v-Myb in the activation of thmem- tion had effectively destroyed the C/EBP binding site
1 gene (Burket al, 1993; Nes®t al, 1993; Minket al, (Figure 8C). We then investigated whether the reporter
1996). Dissection of thenim-1promoter has delineated a gene containing the point-mutated C/EBP binding site was

composite response element, which mediates the activatiorstill activated by v-Myb. As shown in Figure 8A, mutation
of the promoter by v-Myb and consists of a binding site of the C/EBP binding site indeed substantially diminished
each for v-Myb and C/EBP (Minkt al, 1996). As shown  the Myb-responsiveness of the promoter. In control experi-

in Figure 8A, a potential C/EBP binding site is located ments (data not shown) we confirmed that mutation of

immediately upstream of the MBS-A site. It was therefore the C/EBP binding site did not affect binding of v-Myb

of interest to investigate whether C/EBP is also involved to the adjacent Myb binding site. Taken together, our

in the activation of thdom-1A promoter by v-Myb. results support the notion that v-Myb and a C/EBP
Figure 8C shows a gel retardation experiment con- family member cooperate in the activatiorioohtife

firming that different C/EBP isoforms indeed bind to the promoter. Furthermore, the data suggest that the C/EBP

C/EBP site located upstream of MBS-A. To explore further binding site located immediately upstream of the Myb

the role of C/EBP we first determined the effect of a binding site A is responsible for the effect of C/EBP on

dominant-negative variant of C/EBRN the activation of the activation of the promoter.

the tom-1A promoter by v-Myb. We used an amino- To show further that v-Myb and C/EBP transcription

terminally truncated C/EBB, which dimerizes and binds factors cooperate onttime-1A promoter we studied the

to DNA but which does not activate transcription due to effect of co-expressing v-Myb and C/EBP on the activity

deletion of its transactivation domain. As illustrated in of the promoter. Figure 9B shows thartrtHié promoter

Figure 8A, v-Myb activated théom-1A promoter much was activated by different C/EBP family members in the

less efficiently in the presence of the dominant-negative absence of v-Myb. The strongest activation was observed

C/EBP than in its absence. As a control, we performed a for C/EBRx and C/EB, whereas C/EBR was inactive.

similar experiment using the Myb-responsive but C/EBP- In the presence of v-Myb, synergistic activation was

independent reporter gene 3xATkLuc (which contains observed for all three C/EBP family members, most
three copies of the Myb binding site ‘A’ from thmim-1 notably for C/EBB®. As shown by the control experiment

gene, fused to the HSV Tk promoter). The activation of illustrated in Figure 8D, the amount of v-Myb present in

this reporter gene was not affected by the dominant- the transfected cells was not affected by C/EBP, and vice
negative C/EBPB (Figure 8A). As an additional control, versa. Mutation of the C/EBP binding site abolished C/

we showed that the amount of v-Myb was not decreased EBP-dependent transactivation as well as synergy with
in the presence of the dominant-negative C/BEPigure v-Myb, supporting the crucial role of the C/EBP site

8B). These observations indicated that a C/EBP transcrip- located immediately upstream of MBS-A (Figure 9C).
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Fig. 8. Effect of dominant-negative C/EBFon activation of theom-1A promoter by v-Myb. A) Relevant reporter genes (from top: p-144Luc;
p-144Luc—-mutCEBP; p3xATkLuc) are shown schematically on the left. Myb and C/EBP binding sites are indicated by black and white ellipses,
respectively, and the TATA box is shown as a black box. The reporter gene p3xATkLuc contains the Tk promoter and three Myb binding sites
derived from themim-1promoter. The results of co-transfection experiments are illustrated on the right. QT6 cells were co-transfectgagvath 3

the appropriate reporter gene, ud of the B-galactosidase reference plasmid pCM&nd different combinations of expression vectors for v-Myb
(pVM134, 5pug) and dominant-negative C/EBRpCRNC-CCRAN110, 0.5ug) as indicated. Control transfections contained equivalent amounts of

the appropriate empty expression vectors. Cells were harvested 24 h after transfection and analyzed for lucifBrgatactodidase activity as

described in Figure 6BB) QT6 cells were co-transfected with Qu pCMV[ and expression vectors for v-Myb (1@), dominant-negative

C/EBRB (1 pug) or the corresponding amount of the appropriate empty expression vector, as indicated at the top. After 24 h the cells were harvested
and total cellular protein was analyzed by SDS—-PAGE and Western blotting using Myb- or C/EBP-specific antibodies. Molecular weight markers (in
kilodaltons) are shown on the left. The activity of the co-transfected p@MMsmid was determined in aliquots of the transfected cells to ensure

that the transfection efficiencies were similat) Gel retardation experiments using nuclear extract of QT6 cells transfected with expression vectors
for rat C/EBRY, mouse C/EBB or mouse C/EB® or of mock-transfected cells bound to a radiolabeled oligonucleotide corresponding to the
unmutated (C/EBP-wt) or the mutated (C/EBP-mut) C/EBP binding site frontotinelA promoter. Lanes marked (-) show the oligonucleotides in

the absence of nuclear extract.

Comparison with themim-1 promoter revealed clear
differences in the relative activities of the different C/
EBP isoforms on the two promoters (Figure 9A). In
particular, the relative activities of C/EBPand C/EB®
were reversed and C/EBRwvas virtually inactive on the
tom-JA promoter. Thus, in addition to demonstrating
cooperation between v-Myb and members of the C/EBP
family our results also provide direct evidence for the
selective action of different C/EBP isoforms.

We have shown previously that ectopic expression of
v-Myb and C/EBP family members in fibroblasts results
in the activation of the endogenousim-1 gene (Burk
et al, 1993). By contrast, the endogendos-1 gene is

not activated under these conditions (data not shown).

Possibly, themybinducibletom-1promoter is not access-
ible to transcription factors in these cells.

Discussion

tom-1, a novel direct v-Myb target gene expressed
in AMV- and E26-transformed myelomonocytic
cells

Numerous studies have suggested that transformation of

myelomonocytic cells by the oncogenemyb of the
chicken retroviruses AMV and E26 is due to the activation

far, only two genes expressed imyly-transformed
myeloblasts have been identified as direct targets for v-
Myhim-1 and the lysozyme gene (Nes$ al., 1989;
Introna et al, 1990; Burk and Klempnauer, 1991).
Although both genes are directly activated by v-Myb they
are expressed only in cells transformed by the E26 virus
and not in AMV-transformed myeloblasts, suggesting that
neither of them is essential for the transformation of
myelomonocytic cells bymyle Genes acting as direct
targets for both oncogenic versions ofmyb have not
been identified so far.
The novel v-Myb target gene described hdmam-1, is
expressed at elevated levels in AMV-transformed as well
as in E26-transformed myeloid cells. The activation of
tom-1 expression by v-Myb does not requide novo
protein synthesis and, finally, theybinducible tom-1
promoter contains a Myb binding site the mutation of
which abolished transactivation by v-Myb. We conclude
from these data thabm-1is a direct target gene for both
oncogenic forms of vmyh Sincetom-1is the first example
of a v-Myb target gene activated in AMV- as well as in
E26-transformed cells, it will be very interesting to address
the molecular functiom-dfand its possible role in
v-mybkinduced cell transformation.
Our results showtdhmedl is also a target for cayb

of specific genes whose deregulated expression interferesand that it is expressed —and presumably functions— in

with the proliferation and differentiation of these cells. So
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Fig. 9. Synergistic activation of theom-1A and mim-1promoters by v-Myb and C/EBP transcription factors. The relevaint-1 (p-240Luc) @)

andtom-1A (p-144Luc and p-144Luc—mutCEBPB (@and C) reporter genes are shown schematically at the top of each panel. Myb and C/EBP
binding sites are marked by black and white ellipses. QT6 cells were co-transfected pgtofahe reporter genes shown at the top, gL

of the B-galactosidase reference plasmid pCMahd different combinations of expression vectors for v-Myb (pVM134g}, rat C/EBR

(PMSV-C/EBP), mouse C/EFP(pMSV/EBR3) and mouse C/EB®(pMSV/EBR) (0.3 ug each), as indicated below the columns. Control

transfections lacking v-Myb or C/EBP contained equivalent amounts of the appropriate empty expression vectors. Cells were harvested 24 h after
transfection and analyzed for luciferase gidalactosidase activity as described in Figure @8B. QT6 cells were co-transfected with Qb

pCMVp and expression vectors for v-Myb (i), mouse C/EB& (1.7 pg) or the corresponding amount of the appropriate empty expression vectors,
as indicated at the top. After 24 h the cells were harvested and total cellular protein was analyzed by SDS—-PAGE and Western blotting using Myb-
or C/EBR>-specific antibodies. Molecular weight markers (in kilodaltons) are shown on the left. The activity of the co-transfectefl pl@stivid

was determined in aliquots of the transfected cells to ensure that the transfection efficiencies were similar.

expression is very high in skeletal muscle. The significance v-Myb inducible genes whose activation by v-Myb has

of this finding will remain unclear, however, until we been studied in detaitom-1 mim-1and the lysozyme

know more about the possible role of the gene. Due to a gene, are activated by the synergistic interplay of v-Myb

lack of homology to other proteins or known amino acid with C/EBP transcription factors. Thus, C/EBP family

motifs the function oftom-1presently remains unknown. members may act as general cooperation partners for
v-Myb in myelomonocytic cells.

Cooperative activation of the Myb-inducible tom-1 The cooperation of v-Myb and C/EBP has been studied

promoter by v-Myb and C/EBP in detail at themim-1 promoter and involves a direct

Physiological Myb target genes are ideal tools to study at interaction between the two proteins (Miek al., 1996).

the molecular level how Myb affects the expression of In addition, v-Myb has been shown to recruit CREB-

other genes. Previous work, based onrfim-1promoter, binding protein (CBP) as a coactivator (Deti al., 1996;

has identified the C/EBP transcription factors as Oelgégehlat al, 1996). Activation by v-Myb thus
cooperation partners for v-Myb (Burét al,, 1993; Ness appears to involve at least a trimolecular complex of
et al, 1993). Recently, we have shown that a pair of v-Myb, C/EBP and CBP. We have shown recently that
closely spaced Myb and C/EBP binding sites in the CBP/p300 also interacts with C/EBP and thereby presum-
mim-1 promoter comprises the minimal Myb-responsive ably provides additional stabilization of the complex
element and is responsible for cooperation between v-Myb (S.Mink and K.-H.Klempnauer, manuscript in prepara-
and C/EBP (Minket al, 1996). tion). However, it remains to be seen whether or not all
The data presented here demonstrate that C/EBP is als@f these interactions are equally important for the activation
a partner for v-Myb at théom-1A promoter. As in the of different target genes.
mim-1 promoter the most relevant Myb binding site of It has been shown that myelomonocytic cells express
the promoter is juxtaposed to a C/EBP consensus binding high levels of several members of the C/EBP family, such
site. Our data show that a dominant-negative variant of as C/EBR, 3 and d and that individual C/EBP family
C/EBBRB inhibits activation of the promoter by v-Myb and, members have distinct temporal patterns of expression
furthermore, that mutation of the C/EBP binding site during myelomonocytic differentiation (Scat al, 1992).
abolishes both the inhibitory effect of dominant-negative A cascade of expression of different C/EBP isoforms has
C/EBP as well as the activation of the promoter by v-Myb. also been observed during fat cell differentiation (Cao
These results indicate that v-Myb activates then-1A et al, 1991; Yehet al, 1995). It is presumed that the
promoter in conjunction with a C/EBP family member different isoforms activate specific and perhaps over-
binding to the adjacent C/EBP binding site. Together with lapping sets of genes and thereby orchestrate the activation
previous work (Burket al, 1993; Nesst al, 1993), this of a large number of target genes. Our finding that the
leads to the interesting conclusion that in fact all direct tom-1A and mim-1 promoters have distinct patterns of
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responsiveness to different C/EBP isoforms provides direct bers fortom-1A and B cDNA sequences are Y08740 and Y08741,

evidence for the preferential activation of physiological
C/EBP target genes by specific C/EBP family members.

respectively. AAEMBL-3 Sp6/T7 genomic library of chicken liver
(Clontech) was screened under high stringency conditions with a 2100 bp
tom-1probe (position 738-2821 of thtem-1B cDNA sequence)Xhd

The availability of these genes and their promoters should insert fragments of positive phages were subcloned into pBluescript

facilitate further analysis of the molecular basis for this
specificity.

Materials and methods

Cell lines and chicken tissues

The chicken cell lines BM2 (AMV-transformed myeloblasts), HD11
(MC29-transformed macrophages) and HD3 (AEV-transformed erythro-
blasts) have been described (Klempnawgr al, 1983; Burk and
Klempnauer, 1993). 10.4 is a derivative of the HD11 cell line expressing
a v-Myb-ER fusion protein (Burk and Klempnauer, 1991). QT6 is a
line of quail fibroblasts derived from a methylcholanthrene-induced
fibrosarcoma (Moscovi@t al, 1977). QT6 cells were grown in Iscove’s
modified DMEM (IMDM) supplemented with 8% fetal calf serum and
2% chicken serum. An E26-transformed myeloblast cell line was obtained
from T.Graf and was grown in the same medium as QT6 cells. S2CL
(Chenet al, 1983) and MSB1 (Akiyama and Kato, 1974) are chicken
B- and T-cell lines grown in RMPI 1640 medium supplemented with
8% fetal calf serum, 2% chicken serum and |82 p-mercaptoethanol.
Chicken embryo fibroblasts were obtained from Flow laboratories and
were grown in the same medium as QT6 cells. The MEP cell lines
HD50 (Kulessaet al, 1995), HD57 (Metz and Graf, 1991) and
HD50E (Kulesseet al,, 1995) and primary E26- and AMV-transformed
myeloblasts were obtained from T.Graf and were used directly for
preparation of RNA. Subclones of the HD11 cell line expressimay-

or cimyb were generated by G418 selection of stable transfectants of
HD11 cells. Cells were transfected with expression vectors pVM116
(encoding the AMV version of v-Myb; clones 26.1, 26.3, 26.4), pVM134
(encoding an E26-like version of v-Myb; clones 27.5, 27.10, 27.11),
pVM111 (control vector encoding no v-Myb protein; clones 28.2, 28.3,
28.4), pcDNA3/c-Myb (encoding chicken c-Myb, clone H/c-myb) or
pcDNA3 (expressing no c-Myb protein, clone H/cDNA3). Cells were
selected in the presence of 4p@/ml G418 and cultivated further at
200 pg/ml G418. Normal tissues were prepared from 4-week-old
chickens. Bone marrow was prepared from 3-week-old chickens. Imma-
ture myeloid and lymphoid cells were separated from mature red blood
cells and granulocytes by centrifugation through a ficoll cushion (density
1.077 g/ml).

Differential display

Differential display was performed as described by Liang and Pardee
(1992) with the following modifications: total RNA was prepared from
10.4 cells treated with or without M B-estradiol for 24 h and
digested with DNase as described (Liaeg) al, 1993) to remove
contaminating genomic DNA. 2.Hg of total RNA was reverse tran-
scribed with 200 U MMLV—RT (Superscript, Gibco-BRL) in the presence
of 2.5 UM oligo(dT)-based primer and 50AM dNTP at 50°C in a
volume of 20pl. After heat inactivation of the enzyme at 95°C (5 min)
the reaction was diluted with 10 mM Tris—HCI, pH 7.5, 1 mM EDTA
to 250 pl. 2 pl of the diluted cDNA was then used for PCR [BM
dNTP, 2uCi [a-33P]dATP, 1 U nativeTaq polymerase (Perkin-Elmer),

2 uM oligo(dT)-based primer, UM random decamer primer in buffer
containing 50 mM KCI, 10 mM Tris—HCI, pH 8.4, 1 mM Mgg10.01%
gelatin]. Cycling parameters were as follows: 2 min at 94°C were
followed by 36 cycles of 94°C (30 s), 40°C (1 min), 72°C (30 s),
followed by final 5 min at 72°C. The amplified DNA was separated on
a 6% sequencing gel. Recovery and reamplification of fragments of
interest was performed as described (Li@b@l, 1993). The reamplified

vector. A Southern blot of these cloned fragments was hybridized with
a tom-JA 5’-specific probe (position 61-166 of them-1A cDNA
sequence) to identify the promoter region of then-1A transcript. An
~1.7 kb Xhd-Bglll fragment hybridizing with the probe was sequenced
(EMBL/GenBank/DDBJ accession number Y08742).

Western blotting

Monoclonal Myb-specific antibodies myb2-2 and polyclonal chicken
C/EBR3-specific antiserum have been described (Estaad., 1984; Mink

et al, 1996). Polyclonal mouse C/EBRpecific antiserum was obtained
from Santa Cruz. Immunostaining was performed using the ECL detection
system (Amersham).

Eukaryotic expression vectors

Expression vectors for v-Myb (pVM134 and pVM116), amino-terminally
truncated v-Myb lacking its DNA-binding domain (pVM130), c-Myb
(pCM100), the v-Myb frameshift vector (pVM111) and amino-terminally
truncated chicken C/EBP(pCRNC-CCRAN110) have been described
(Klempnaueret al, 1989; Burk and Klempnauer, 1991; Mirdt al,
1996). Expression vectors for rat C/EBRpMSV—-C/EBP) and mouse
C/EBR3 and & (pMSV/EBR3, pMSV/EBRS) were obtained from
S.McKnight (Friedmaret al,, 1989; Cacet al, 1991).

Reporter genes, transfections, luciferase and -galactosidase
assays

The reporter plasmids p-240Luc and p3xATkLuc have been described
(Nesset al,, 1989). pCM\3 was obtained from Clontech. Reporter genes
p-1580Luc, p-520Luc, p-144Luc and p-41Luc encompass lpromoter
sequences from the indicated upstream positions-166 bp (relative

to the transcriptional start site). These promoter fragments were generated
by digestion with restriction enzymes or by PCR, using appropriate
primer combinations, and cloned into the pGL-2 basic vector (Promega).
In addition, the following point-mutated derivatives of the reporter gene
p-144Luc were constructed. p-144Luc—-mutMBS-A contains a mutation
of the Myb binding site A (the promoter sequence between positions
—74 and —69 was changed from TAACGG to TCCAGG), p-144Luc—
mutMBS-B contains a mutation of the Myb binding site B (the promoter
sequence between positions —122 and —117 was changed from CAGTTG
to CATAAG), p-144Luc—-mutMBS-AB contains the combination of both
mutations described above. p-144Luc—mutCEBP contains a mutation of
a C/EBP binding site located adjacent to the Myb binding site A (the
promoter sequence between positions —86 and —78 was changed from
TGGCGCAAT to CCGCCCGCA). All mutants were generated by PCR
using appropriate primers and the identity of the PCR products was
confirmed by sequencing. DNA transfection using the quail fibroblast
cell line QT6 (Moscovicket al,, 1977) was performed as described (Burk

et al, 1993). The amounts of DNA used for transfection of cells in a
10 cm tissue culture dish are indicated in the figure legends. Cells were
harvested 24 h after transfection. Preparation of cell extract, luciferase and
B-galactosidase assays were performed as described éBaitk 1993).

Gel retardation assays

The following single-stranded oligonucleotides were annealed and used
for gel retardation assays: MBS-A-wt (-92 to —61 bp of then-1A
promoter), 5-CCAATGTGGCGCAATCCTTAACGGA-3 and 83-GCC-
TCAGTCCGTTAAGGATTGCGCC-3 MBS-A-mut, 5-CCAATGTG-
GCGCAATCCTTCCAGGA-3 and 3-GCCTCAGTCCTGGAAGGA-
TTGCGCC-3; MBS-B-wt (=131 to —110 bp of theom-1A promoter),
5'-GCTGAGGAACAGTTGGGCAGGG-3 and 3-CCCTGCCCAAC-
TGTTCCTCAG-3; MBS-B-mut, 3-GCTGAGGAACATAAGGGCA-

fragments were separated on agarose gels, the DNA extracted and clonedsGG-3 and 3-CCCTGCCCTTATGTTCCTCAG-3 C/EBP-wt (the
into pCR-Script vector (Stratagene). Sequencing was carried out using same oligonucleotides as for MBS-A-wt); C/EBP-mut,’-GC-

the T7 sequencing kit (Pharmacia). Them-1 differential display
fragment was obtained with the oligo(dT)-based primggClG and the
random primer GATCCAGTAC.

Isolation of tom-1 cDNA and genomic clones

A Agtll cDNA library of the BM2 cell line was screened under
conditions of high stringency with the clonéom-1differential display
fragment. EcoRl insert fragments of positive phages were subcloned

AATGCCGCCCGCACCTTAACGGA-3 and B-GCCTCAGTCCGTT-
AAGGTGCGGGCG-3
After annealing, oligonucleotides were radiolabeled by filling in the

ends using §-32P]dCTP. Bacterial v-Myb to be used for gel retardation
experiments was prepared as described (Oedtleal, 1990). Nuclear

extracts containing different C/EBP isoforms were prepared from QT6
cells transfected with the appropriate expression vectors as follows:

first, nuclei were prepared from the transfected cells 24 h after transfec-

into pBluescript vector (Stratagene) and sequenced using the T7 tion by washing the cells twice in hypotonic buffer (10 mM Tris—HCI,

sequencing kit (Pharmacia). The EMBL/GenBank/DDBJ accession num-
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buffer supplemented with 0.25% NP40 for 5 min on ice. Nuclei enhancer-binding protein activates the promoter of the serum albumin
were pelleted, washed twice with hypotonic buffer, pelleted again and  gene in cultured hepatoma cellSenes Dey 3, 1314-1322.

suspended in two volumes of hypotonic buffer containing 0.3 M NaCl. Graf,T. (1992) Myb: a transcriptional activator linking proliferation and

The suspension was kept on ice for 30 min and agitated occasionally. differentiation in hematopoietic cellCurr. Opin. Genet. Dey.2,

Finally, the nuclei were pelleted and the supernatant was used directly 249-255.

for electrophoretic mobility shift experiments as described (Barberis Ibanez,C.E. and Lipsick,J.S. (1990%ns activation of gene expression

et al, 1987). by v-myh Mol. Cell. Biol,, 10, 2285-2293.

Introna,M., Golay,J., Frampton,J., Nakano,T., Ness,S.A. and Graf,T.
Northern blotting (1990) Mutations in vnybalter the differentiation of myelomonocytic
Preparation of polyadenylated RNA, Northern blotting and detection of  cells transformed by the oncoger@ell, 63, 1287-1297.
the chickenmim-1 RNAs was performed as described (Buek al, Klempnauer,K.-H., Gonda,T.J. and Bishop,J.M. (1982) Nucleotide
1993). Total RNA was prepared according to Chomczynski and Sacchi  sequence of the retroviral leukemia genemyb and its cellular
(1987). To detectom-1A and B transcripts, the cloned 150 bp differential progenitor cmyh the architecture of a transduced oncogedell, 31,
display fragment was used. tam-1A-specific probe was derived from 453—463.
a tom-1A cDNA fragment (position 161-404 of theom-1A cDNA Klempnauer,K.-H., Ramsay,G., Bishop,J.M.,  Moscovici,M.G.,

sequence). Aom-1B-specific probe was derived fromtam-18 cDNA Moscovici,C., McGrath,J.P. and Levinson,A.D. (1983) The product of
fragment (position 119-743 of them-1B cDNA sequence). A probe the retroviral transforming gene mybis a truncated version of the
specific for gene encoding rlbosoms_al protein S17 was generated by PCR, protein encoded by the cellular oncogenegh Cell, 33, 345-355.
based on the sequence of the chicken S17 genélffet al, 1988). Klempnauer,K.-H., Arnold,H. and Biedenkapp,H. (1989) Activation of

S17 RNA is ubiquitously expressed and has been used previously for s ’ . .
standardization of RNA expression data (Leonetal, 1993). gicsgr'rfé%r]zg)iggqub evidence for two different mechanisnGenes

Kulessa,H., Frampton,J. and Graf,T. (1995) GATA-1 reprograms avian
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