Virology Journal

Research

@,

BiolVled Central

Regulation of FeLV-945 by c-Myb binding and CBP recruitment to

the LTR
Samantha L Finstad!, Sudha Prabhu!, Karen R Rulli'2 and Laura S Levy*!

Address: 'Department of Microbiology and Immunology, Program in Molecular and Cellular Biology and Tulane Cancer Center, Tulane University
Health Sciences Center, New Orleans, Louisiana, USA and 2Science Applications International Corporation, Frederick, Maryland, USA

Email: Samantha L Finstad - sfinstal @tulane.edu; Sudha Prabhu - sndprabhu@yahoo.com; Karen R Rulli - rullik@saic.com;
Laura S Levy* - llevy@tulane.edu

* Corresponding author

Published: 03 September 2004 Received: 06 July 2004

Virology Journal 2004, 1:3  doi:10.1186/1743-422X-1-3

Accepted: 03 September 2004

This article is available from: http://www.virologyj.com/content/1/1/3

© 2004 Finstad et al; licensee BioMed Central Ltd.
This is an open-access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: Feline leukemia virus (FeLV) induces degenerative, proliferative and malignant
hematologic disorders in its natural host, the domestic cat. FeLV-945 is a viral variant identified as
predominant in a cohort of naturally infected animals. FeLV-945 contains a unique sequence motif
in the long terminal repeat (LTR) comprised of a single copy of transcriptional enhancer followed
by a 21-bp sequence triplicated in tandem. The LTR is precisely conserved among independent
cases of multicentric lymphoma, myeloproliferative disease and anemia in animals from the cohort.
The 21-bp triplication was previously shown to act as a transcriptional enhancer preferentially in
hematopoietic cells and to confer a replicative advantage. The objective of the present study was
to examine the molecular mechanism by which the 21-bp triplication exerts its influence and the
selective advantage responsible for its precise conservation.

Results: Potential binding sites for the transcription factor, c-Myb, were identified across the
repeat junctions of the 2|-bp triplication. Such sites would not occur in the absence of the repeat;
thus, a requirement for c-Myb binding to the repeat junctions of the triplication would exert a
selective pressure to conserve its sequence precisely. Electrophoretic mobility shift assays
demonstrated specific binding of c-Myb to the 21-bp triplication. Reporter gene assays showed that
the triplication-containing LTR is responsive to c-Myb, and that responsiveness requires the
presence of both c-Myb binding sites. Results further indicated that c-Myb in complex with the 21-
bp triplication recruits the transcriptional co-activator, CBP, a regulator of normal hematopoiesis.
FelLV-945 replication was shown to be positively regulated by CBP in a manner dependent on the
presence of the 21-bp triplication.

Conclusion: Binding sites for c-Myb across the repeat junctions of the 21-bp triplication may
account for its precise conservation in the FeLV-945 LTR. c-Myb binding and CBP recruitment to
the LTR positively regulated virus production, and thus may be responsible for the replicative
advantage conferred by the 21-bp triplication. Considering that CBP is present in hematopoietic
cells in limiting amounts, we hypothesize that FeLV-945 replication in bone marrow may influence
CBP availability and thereby alter the regulation of CBP-responsive genes, thus contributing to
altered hematopoiesis and consequent hematologic disease.
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Background

Feline leukemia virus (FeLV) is a simple gammaretrovirus
that induces degenerative, proliferative and malignant
hematologic disorders in its natural host, the domestic
cat. Like other natural retroviruses, FeLV is not a single
genomic species but is a genetically complex family of
closely related viruses subject to selective pressures in the
host. Variant genomes are generated during virus replica-
tion as a result of both error-prone reverse transcription
and recombination. The consequence of this variation is a
diverse population that is continuously shaped in vivo and
from which variants with selective advantages arise as pre-
dominant species. The variable clinical outcome of FeLV
infection is thought to reflect this genetic diversity [1,2].
FeLV-945, a natural FeLV variant, was originally identified
as the predominant species in a temporal and geographic
cohort of infected cats. FeLV-945 was originally derived
from a multicentric lymphoma of unknown phenotype
and subsequently identified in degenerative and prolifer-
ative diseases of myeloid and erythroid origin from the
cohort. FelV-945 contains a unique sequence motif in the
long terminal repeat (LTR) comprised of a single copy of
transcriptional enhancer followed 25-bp downstream by
a 21-bp sequence triplicated in tandem. The sequence and
position of the 21-bp triplication in the FeLV-945 LTR was
observed to be precisely conserved among eight inde-
pendent multicentric lymphomas and in cases of myelo-
proliferative disease and anemia in animals from the
cohort [[3,4], Chandhasin et al., manuscript submitted].

The 21-bp triplication was previously shown to provide
transcriptional enhancer function to the LTR that contains
it, and to function preferentially in primitive hematopoi-
etic cells [5]. In K-562 cells, a human leukemia cell line
considered to be primitive and multipotential [6,7], the
FeLV-945 LTR was 12-fold more active than other natu-
rally occurring FeLV LTRs examined. Further, the FeLV-
945 LTR was preferentially active in K-562 cells, 4.2-fold
more active than in FEA feline embryo fibroblasts [5].
Interestingly, when the U3 region of the LTR containing
the 21-bp triplication was placed downstream of a heter-
ologous promoter, the preferential activity in K-562 cells
was lost. These findings suggest that the ability of the 21-
bp triplication to enhance transcription preferentially in
hematopoietic cells depends on the presence of the adja-
cent LTR binding sites in their natural array, a possibility
examined further in the present study. Previous studies
also showed that the 21-bp triplication in the FeLV-945
LTR confers a replicative advantage to the virus that con-
tains it, preferentially in hematopoietic cells [8]. This
growth advantage may account for the induction of
tumors of the type in which Fel.V-945 was identified, and
may represent a selective advantage that contributes to
precise conservation of the unusual LTR sequence.
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Regarding the molecular mechanism by which the 21-bp
triplication functions in the context of the LTR, at least
two possibilities have been considered. One possibility is
that the 21-bp triplication functions to maintain the
appropriate spacing in the LTR between the enhancer and
the promoter. A spacer function might be particularly rel-
evant in an LTR like FeLV-945 in which the enhancer is
not tandemly repeated. Substitution of the 21-bp repeat
element with unrelated sequence of the same length, how-
ever, was observed to ablate the replicative advantage,
thus indicating that the 21-bp triplication does not per-
form solely a spacer function [8]. An alternative mecha-
nism may be that the 21-bp triplication contributes
genuine enhancer function, perhaps via the binding of
nuclear transcription factors. Indeed, electrophoretic
mobility shift assay demonstrated that the 21-bp triplica-
tion contains binding sites for specific nuclear proteins.
These observations suggested that preserving the protein
binding sites may confer a selective advantage that
accounts for the precise sequence conservation of the 21-
bp triplication in this natural FeLV isolate [8]. The present
study examined this possibility further. Binding sites were
identified for the transcription factor, c-Myb, that crossed
the repeat junctions of the triplication. Further, once c-
Myb was bound to the triplication, the transcriptional co-
activator CBP was recruited and was shown to positively
regulate virus production. Considering that CBP is present
in hematopoietic cells in limiting amounts, these observa-
tions suggest that Fel.V-945 replication in bone marrow
may influence CBP availability and thereby alter the regu-
lation of CBP-responsive genes, thus contributing to
altered hematopoiesis and consequent hematologic
disease.

Results

As described above, previous studies suggested that pre-
serving the protein binding sites may confer a selective
advantage that accounts for the precise sequence conser-
vation of the 21-bp triplication in the FeLV-945 LTR [8].
In the present study, the sequence of the 21-bp triplica-
tion was compared to a transcription factor binding site
database (TFSEARCH, based on TRANSFAC; [9]) in order
to identify potential binding proteins. This analysis iden-
tified two putative binding sites for the transcription fac-
tor c-Myb formed across the repeat junctions of the
triplication (Figure 1). The sequence of those sites, 5'-
AAACTG, closely matched the consensus c-Myb binding
sequence, YAACG/TG (Y = pyrimidine; [10,11]). Mis-
match between the putative binding site and the consen-
sus sequence was observed at position 1, a position whose
change from T to A is known to have little effect on bind-
ing affinity [12]. To determine whether c-Myb binds to the
FeLV-945 21-bp triplication, EMSA was performed by
reacting a radiolabeled triplication-containing probe with
nuclear extracts from K-562 cells in the presence of
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Diagram of the U3 region of the FeLV-945 LTR, indicating the transcriptional enhancer (hatched box), 21-bp triplication (open
boxes) and transcriptional promoter (Pro). Below the diagram is shown the sequence of the 21-bp triplication, indicating puta-
tive binding sites for the c-Myb transcription factor formed across the repeat junctions. The c-Myb binding site consensus

occurs in the negative strand.
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Figure 2

Electrophoretic mobility shift assays (EMSA) performed using
a radiolabeled probe representing the 21-bp triplication from
the FeLV-945 LTR. Nuclear extracts (3.5 pg) from K-562
cells were incubated with the radiolabeled probe (I ng).
Double-stranded competitor oligonucleotides were omitted
from the reaction (lanes 0), or were included in increasing
amounts from |0-fold to 250-fold molar excess (10-, 25-, 50-
, 100- and 250-fold excess shown). The competitors used
contained a c-Myb consensus binding site (5'-TACAGGCAT-
AACGGTTCCGTAGTGA) or a CREB consensus binding
site (5'-AGAGATTGCCTGACGTCAGAGAGCTAG). Also
indicated is the migration of the radiolabeled probe without
the addition of nuclear extract (lanes C).

increasing amounts of a known high-affinity c-Myb bind-
ing site as competitor. K-562 cells were chosen because c-
Myb is known to be expressed and is thought to be a reg-
ulator of their differentiation along multiple hematopoi-
etic lineages [13]. The results demonstrated a significant

reduction in complex formation in the presence of the c-
Myb site competitor, especially at amounts in > 100-fold
molar excess. In contrast, 250-fold molar excess of the
unrelated CREB binding site had no effect (Figure 2). To
confirm the presence of c-Myb in the specific protein-
DNA complex formed on the 21-bp triplication, super-
shift EMSA was performed using nuclear extracts from K-
562 cells in the presence of a monoclonal anti-c-Myb anti-
body. The results clearly showed decreased mobility of the
specific complex in the presence of the c-Myb antibody
(Figure 3A), but not in the presence of an isotype control
antibody (Figure 3B). As a control to confirm that c-Myb
binding required repetition of the 21-bp element, EMSA
was repeated with a homologous probe derived from
FeLV-A/61E, a natural isolate that contains only a single
copy of the 21-bp sequence in the LTR. The results dem-
onstrated no specific complex formation on the FeLV-A/
61E-derived probe (Figure 3C), confirming that the spe-
cific complex formed on the FeLV-945-derived probe is
attributable to the 21-bp triplication.

To evaluate whether c-Myb binding to the 21-bp triplica-
tion regulates LTR function, reporter plasmids were con-
structed in which expression of the firefly luciferase gene
was driven by the U3 region of an FeLV LTR containing
one, two or three copies of the 21-bp element. Reporter
gene constructs were introduced by lipid-mediated trans-
fection into feline embryonic fibroblasts (FEA) along with
increasing amounts of a c-Myb expression vector. Fibrob-
lasts were selected because the level of endogenous c-Myb
expression in those cells is low or absent [14,15]. The
results (Figure 4) demonstrated that the FeLV-945 LTR (3
x 21) responds to increasing levels of c-Myb expression to
an extent statistically indistinguishable from the positive
control, i.e., a reporter plasmid containing five tandem
Myb-responsive elements (5X MRE). In contrast, an FeLV
LTR containing only a single 21-bp element was
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Figure 3

Supershift EMSA in the presence of a c-Myb-specific anti-
body. (A). Nuclear extracts (5 pg) from K-562 cells were
incubated with the radiolabeled GS945 probe (2.4 ng) repre-
senting the 21-bp triplication from the FeLV-945 LTR. Shown
are probe only (lane |), complex formation in the presence
of nuclear extract (lane 2), and complex formation in the
presence of 200-fold molar excess of non-specific (lane 3) or
specific competitor (lane 4). Reaction performed in the pres-
ence of monoclonal antibody to c-Myb (4 pg) resulted in
supershift of the specific complex (lane 5) which was not
observed in the presence of 200-fold molar excess of specific
competitor (lane 6). (B). Lanes |, 2 and 3 represent repeti-
tions of lanes |, 2 and 5 of (A). Reaction with a isotype con-
trol antibody (lane 4) did not result in supershift. Indicated
are the specific complex (solid arrow), non-specific com-
plexes (open arrows), and the supershifted complex (aster-
isk). (C). EMSA performed using the radiolabeled GS6I1E
probe, which contains only a single copy of the 21-bp ele-
ment. Shown are probe only (lane 1), reaction performed in
the presence of K-562 nuclear extract (5 ug; lane 2), and
reaction performed in the presence of 100-fold molar excess
of unlabeled GS945 (lane 3), GS6IE (lane 4) or non-specific
competitor (lane 5). The absence of complex formation using
the GS6|E probe demonstrates the requirement for the 21-
bp triplication.

unresponsive to c-Myb. The responsiveness of an LTR con-
taining two 21-bp elements was also examined, since the
21-bp duplication would be predicted to encode one c-
Myb binding site across the repeat junction. Interestingly,
this LTR responded to increasing c-Myb expression to a
low but statistically significant extent (p < 0.05 as com-
pared to 1 x 21; Figure 4). These data show that the tripli-
cation-containing LTR is responsive to c-Myb in a dose-
dependent manner and suggest that full responsiveness
requires the presence of both c-Myb binding sites. To con-
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Response to exogenous c-Myb expression of FeLV LTRs
containing variable numbers of the 21-bp element. Recom-
binant FeLV LTRs were constructed that contained |, 2 or 3
copies of the 21-bp element and were cloned into a firefly
luciferase reporter plasmid. LTR reporter plasmids or a 5X
MRE positive control plasmid (500 ng) were introduced by
lipid-mediated transfection in triplicate into feline embryonic
fibroblasts (FEA) together with the Renilla luciferase reporter
plasmid pRL-SV40 (5 ng) and a c-Myb expression plasmid in
increasing concentrations (0 — 500 ng). Cell lysates were har-
vested 24 hours later and luciferase activity was quantified.
Data are reported as a ratio of firefly to Renilla luciferase
activity. Shown are data from a representative experiment
repeated three times independently.

firm the latter finding, a point mutation previously shown
to ablate c-Myb binding [16] was introduced alternately
into each of the sites (Figure 5A). Synthetic oligonucle-
otides containing the respective mutations were substi-
tuted into the LTR, and luciferase reporter gene constructs
containing the mutant LTRs were introduced into FEA
cells along with increasing concentrations of a c-Myb
expression vector. LTRs in which either c-Myb binding site
was ablated were observed to respond only weakly to
increasing levels of c-Myb, and to significantly lower lev-
els than the wild type LTR containing both binding sites
(p < 0.05; Figure 5B).

Previous studies had shown that the 21-bp triplication
contributes enhancer function to the LTR in a cell type-
specific manner, and that it is significantly more active in
K-562 cells as compared to a fibroblast line [5]. In
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Response to exogenous c-Myb expression of FeLV LTRs
containing c-Myb binding site mutations. (A). Diagram of the
21-bp triplication as contained in the FeLV-945 LTR, indicat-
ing the sequence of c-Myb binding sites across the repeat
junctions of the triplication (+/+). LTRs were constructed in
which the first (-/+) or second (+/-) binding site was mutated.
(B). Firefly luciferase reporter gene plasmids containing the
FeLV LTR with wild type or mutant c-Myb binding sites (500
ng) were introduced by lipid-mediated transfection in tripli-
cate into feline embryonic fibroblasts (FEA) together with
the Renilla luciferase reporter plasmid pRL-SV40 (5 ng) and a
c-Myb expression plasmid in increasing concentrations (0 —
500 ng). Cell lysates were harvested 24 hours later and luci-
ferase activity was quantified. Data are reported as a ratio of
firefly to Renilla luciferase activity. Shown are data from a
representative experiment repeated three times
independently.

hindsight, these results may be explained by the relatively
high levels of c-Myb expression in K-562 cells and its rel-
ative absence in fibroblasts [14,15]. When the U3 region
of the Fel.V-945 LTR was placed downstream of a heterol-
ogous promoter, however, the cell type-specific preference
for enhancer function was lost [5]. One explanation for
these findings is that c-Myb bound to the 21-bp triplica-
tion may function through interactions with other pro-
teins bound to the LTR, and that such interactions require

http://www.virologyj.com/content/1/1/3
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Supershift EMSA in the presence of antibody specific for c-
Myb or CBP. (A - C). Nuclear extracts (5 ng) from K-562,
3201 or FEA cells were incubated with the radiolabeled
GS945 probe (2.4 ng) representing the 21-bp triplication
from the FeLV-945 LTR. Shown in each panel is specific com-
plex formation in the presence of nuclear extract (closed cir-
cle), and with the addition of monoclonal antibody to c-Myb
or CBP (4 pug). Reduced mobility of the complex (supershift)
is indicated (asterisk). (D) shows the same reactions per-
formed with nuclear extracts from FEA cells in which c-Myb
was exogenously overexpressed.

the LTR binding sites to be present in their natural array.
Indeed, c-Myb is known to function in a combinatorial
manner with other transcription factors and co-activators
to activate target gene expression [14]. Studies were
performed in the present study to evaluate this possibility
further. First, an oligonucleotide containing only the 21-
bp triplication was cloned into a luciferase reporter plas-
mid upstream of a heterologous SV40 promoter. This con-
struct, when introduced into FEA cells, was observed to be
unresponsive to increasing levels of c-Myb expression
(data not shown). Thus, the presentation of c-Myb
binding sites through the 21-bp triplication is apparently
insufficient to regulate transcription in the absence of the
normally adjacent LTR enhancer and promoter. These
findings are consistent with the possibility that ¢-Myb
binding to the 21-bp triplication functions to activate
transcription by interacting with proteins bound to adja-
cent sites on the LTR. c-Myb is known to interact directly
with a number of different proteins, including the tran-
scriptional co-activator CREB-binding protein (CBP)
[14,15]. Indeed, CBP is thought to act as a bridge that
physically connects c-Myb to the promoter-bound basal
transcription machinery, thus stabilizing the transcrip-
tion-preinitiation complex [14,15,17]. Experiments were
therefore performed in the present study to examine the
possibility that ¢-Myb bound to the 21-bp triplication
interacts with CBP.
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Supershift EMSA was used to evaluate whether c-Myb and
CBP might be present in the specific complex that forms
on the 21-bp triplication. Specific complex formation was
observed using a radiolabeled probe representing the 21-
bp triplication in the presence of nuclear extracts from
either K-562 cells or feline 3201 T-cells. In both cases,
mobility of the complex was reduced (supershifted) when
reacted with antibody to c-Myb. When the same reaction
was performed in the presence of an antibody to CBP, an
identical supershift was observed (Figure 6A,6B). No com-
plex formation was observed when the probe was reacted
with nuclear extracts from FEA cells (Figure 6C), consist-
ent with the lack of ¢-Myb expression in fibroblasts
[14,15]. CBP is ubiquitously expressed [14]; therefore,
this observation indicates that CBP does not participate in
complex formation on the 21-bp triplication in the
absence of c-Myb. When c¢-Myb was expressed exoge-
nously in FEA cells, specific complex formation and super-
shift were observed in the presence of antibody to either
c-Myb or CBP (Figure 6D). Finally, analysis of FeLV-945
replication indicated a regulatory role for c-Myb binding
and recruitment of CBP to the 21-bp triplication. K-562
cells were infected with recombinant FeLV [8] containing
the LTR of either FelV-945 or FelLV-A/61E, the latter
having only a single copy of the 21-bp element. A CBP
expression vector was introduced into cells chronically
infected with either virus, and virus production was meas-
ured three days later by quantifying reverse transcriptase
activity in the culture supernatants. The results showed
significantly increased levels of production of virus con-
taining the FeLV-945 LTR. In contrast, virus containing the
FeLV-A/61E LTR was unaffected (Figure 7). These findings
indicate that the 21-bp triplication in the LTR renders the
virus responsive to the amount of available CBP.

Discussion

The natural FeLV isolate, FeLV-945, was originally identi-
fied from lymphoid and other hematopoietic disorders in
a geographic and temporal cohort. A unique 21-bp repeat
motif in the FeLV-945 LTR was observed to be precisely
conserved among animals in the cohort that exhibited
malignant, proliferative or degenerative hematopoietic
diseases of non-T-cell origin [[3,4], Chandhasin et al.,
manuscript submitted]. The 21-bp triplication was shown
to enhance transcription from the FeLV LTR and to confer
areplicative advantage to the virus, at least in part through
the specific binding of unidentified nuclear proteins to
the repeat motif [5,8]. In the present study, sequence anal-
ysis revealed two potential c-Myb binding sites formed
across the repeat junctions of the 21-bp triplication (Fig-
ure 1). While the sequence of the potential binding sites
(AAACTG) did not match the consensus c-Myb binding
site precisely (YAACG/TG; Y = pyrimidine; [10,11]), the
sequence was observed to be as closely related to the con-
sensus binding site as are several sites in the HTLV-1 LTR
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Regulation of FelV replication in response to exogenous
overexpression of CBP. K-562 cells were chronically infected
with recombinant FelV containing the LTR of FeLV-945 or
FeLV-A/6 |E. A CBP expression plasmid was then introduced
by lipid-mediated transfection. Culture supernatants were
collected 3 days later and reverse transcription activity was
quantified as a measure of virus production. Results are
reported as cpm/ml of 3H-TTP incorporated. The data
shown were pooled from two independent experiments
each performed in triplicate.

that are known to bind c-Myb [18,19]. Indeed, electro-
phoretic mobility shift assays indicated the specific bind-
ing of c-Myb to the 21-bp triplication by showing that a
known high-affinity ¢-Myb binding site competed for
DNA-protein complex formation but an unrelated site did
not. It was noteworthy in these assays that significant
competition for complex formation occurred only when
the competitor was present at relatively high amounts (>
100-fold molar excess; Figure 2). By comparison, c-Myb
binding to a consensus sequence in the bcl-2 promoter
was shown to be effectively competed by 50-fold molar
excess of a cold oligonucleotide carrying a high affinity c-
Myb binding site [20]. A possible explanation for this
difference may be that, while c-Myb can recognize a single
consensus binding site such as that found in the competi-
tor oligonucleotide we used, the natural recognition sites
are generally found in multiple, closely aligned copies as
in the 21-bp triplication. Thus, the affinity of binding to
the triplication may be higher than to the competitor. It is
further known that sequences flanking the consensus
binding site may also be important in determining c-Myb
binding affinity [21]. Electrophoretic mobility shift assays
performed in the presence of an antibody to c-Myb con-
firmed the presence of c-Myb in the specific DNA-protein
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complex (Figure 3A,3B), and confirmed that repeat of the
21-bp element was required for complex formation (Fig-
ure 3C).

The c-Myb transcription factor is a critical regulator of
gene expression, proliferation and differentiation in early
hematopoietic progenitors [14,15,22] and has been
exploited as a transcriptional regulator by many viruses
that infect bone marrow cells [19,23-25]]. Considering
that FeLV is known to replicate in the bone marrow
[26,27], and that FeLV-945 infection was associated with
various diseases of hematopoietic origin [Chandhasin et
al., manuscript submitted], it is likely that the tropism of
FeLV-945 in vivo included the hematopoietic progenitors
in which c-Myb is expressed. Considering this possibility,
we hypothesized that c-Myb may act as a transcriptional
regulator of FeLV-945. In support of this hypothesis,
reporter gene assays showed that an LTR containing the
triplication was responsive to c-Myb in a dose-dependent
manner (Figure 4), and that optimal responsiveness
required the presence of both c-Myb binding sites (Figure
5). The identification of c-Myb binding sites that spanned
the repeat junctions of the 21-bp triplication was
particularly noteworthy because such sites would not
occur in the absence of the repeat. Thus, a requirement for
c-Myb binding to the repeat junctions of the triplication
would exert a selective pressure to conserve its sequence
precisely. Results indicated further that when c-Myb binds
to the 21-bp triplication, it interacts with the transcrip-
tional co-activator CBP, a critical regulator of normal
hematopoiesis [17]. Identical electrophoretic mobility
supershifts were observed when protein-DNA complexes
were formed in the presence of antibody either to c-Myb
or CBP, consistent with the hypothesis that both proteins
are present in the same complex (Figure 6A,6B). The data
further indicated that c-Myb recruits CBP to the 21-bp
triplication, since no CBP-containing complex formation
could be demonstrated unless c-Myb was also expressed
(Figure 6C,6D). Finally, virus production was shown to be
positively regulated by CBP in a manner dependent on the
presence of the 21-bp triplication (Figure 7). These results
indicated that the interaction between c-Myb and CBP is
functional, and suggest that the c-Myb-mediated recruit-
ment of CBP to the FeLV-945 LTR could be responsible for
the previously reported replicative advantage conferred by
the 21-bp triplication [8].

CBP and c-Myb are thought to activate target genes in
hematopoietic progenitors through various mechanisms
of interaction. One of those mechanisms involves a bridg-
ing function in which CBP links c-Myb with components
of the basal transcription machinery, thereby establishing
and/or stabilizing the transcription complex [14,15,17].
While the mechanism of interaction was not investigated
in the present study, the bridging function is an intriguing
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possibility because it might explain the observed require-
ment of the 21-bp triplication for an intact LTR enhancer
and promoter. Specifically, when the isolated 21-bp trip-
lication was positioned upstream of a heterologous pro-
moter, it did not confer responsiveness to exogenously
supplied c-Myb (data not shown). Previous studies had
similarly shown that the 21-bp triplication could not exert
its influence when placed downstream of a heterologous
promoter [5]. These observations indicated that transcrip-
tional activation of the FeLV-945 LTR through ¢-Myb/CBP
interaction requires that the LTR binding sites be present
in their natural array. The possibility that CBP exerts its
influence on the FeLV-945 LTR through a bridging func-
tion is significant because it implies that CBP acts
stoichiometrically. CBP is known to be present in bone
marrow cells in limiting amounts, playing a major role in
hematopoiesis through competitive utilization on target
promoters [17,28-31]]. Considering the competitive utili-
zation of limiting amounts of CBP in hematopoiesis, its
stoichiometric recruitment to the FeLV-945 LTR might
interfere with CBP availability and thereby alter the regu-
lation of CBP-responsive genes. Such alteration might
then contribute to altered hematopoiesis and consequent
hematologic disease.

Conclusions

FeLV-945 contains a unique 21-bp triplication in the LTR,
conserved among animals in a geographic cohort with
multicentric ymphoma, myeloproiferative disease or ane-
mia. Binding sites for the c-Myb transcription factor were
identified across the repeat junctions of the 21-bp triplica-
tion. Optimal responsiveness of the FeLV-945 LTR to c-
Myb was shown to require the presence of both c-Myb
binding sites. Since the binding sites would not occur in
the absence of the repeat, a requirement for c-Myb bind-
ing would be predicted to exert a selective pressure for
conserving the 21-bp triplication precisely. c-Myb binding
to the 21-bp triplication was shown to recruit CBP, a tran-
scriptional co-activator essential for hematopoiesis and
known to be present in limiting amounts. Interaction of c-
Myb and CBP with the 21-bp triplication was shown to
positively regulate virus production, and thus may be
responsible for the replicative advantage conferred by the
repeat sequence. Considering that CBP is present in
hematopoietic cells in limiting amounts, we hypothesize
that Fel.V-945 replication in bone marrow may influence
CBP availability and thereby alter the regulation of CBP-
responsive genes, thus contributing to altered hematopoi-
esis and consequent hematologic disease.

Methods

Cell lines and viruses

K-562, a malignant multipotential human hematopoietic
cell line, was obtained from the American Type Culture
Collection (CCL-243) and was maintained in RPMI 1640
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medium with 10% FBS. The FEA cell line, a continuous
line of feline embryonic fibroblasts, was obtained from
Dr. Jennifer Rojko and was grown in Eagle minimal essen-
tial culture medium supplemented with 10% fetal bovine
serum (FBS), 0.1 mM non essential amino acids and 50
pg/ml gentamicin reagent solution (Invitrogen, Carlsbad,
CA,). 3201 is an FeLV-negative thymic lymphoma cell line
of feline origin [32] and was maintained in 50% Leibovitz
L-15 medium/50% RPMI 1640 supplemented with 15%
FBS. Infectious recombinant FeLVs GA-945L and GA-61EL
were constructed from an infectious molecular clone of
FeLV-B/Gardner-Arnstein into which was substituted the
LTR of FelV-945 or of FeLV-A/61E, respectively, between
EcoRV and Hinc II restriction enzyme sites [5,8]. The FeLV-
A/61E LTR was selected because it represents a naturally
occurring isolate of FeLV typical of those horizontally
transmitted among cats in nature, and it contains only a
single copy of the 21-bp element [33].

Electrophoretic mobility shift assays

A double-stranded oligonucleotide probe containing the
21-bp triplication and 40 bp of flanking sequence from
the FeLV-945 LTR was radiolabeled using the synthetic
oligonucleotide GS945 as template (5'-
GCTGAAACAGCAGAAGTTTCAAGGCCACTGCCAGCAG
TTTCAAGGCCACTGCCAGCAGTTTCAAGGCCACT-
GCCAGCAGTCTCCAGGCTCCCCAGTTGAC -3'), the fill-
ing primer (5'-CTGGTCAACTGGGGAGCCT-3') and the
Klenow fragment of DNA polymerase (Invitrogen,
Carlsbad, CA) to complete the duplex. A homologous
probe containing only a single copy of the 21-bp element
was similarly synthesized using the oligonucleotide
GS61E as template (5'-GCTGAAACAGCAGAAGTT-
TCAAGGCCACTGCCAGCAGTCTCCAGG CIC-
CCCAGITGAC-3"). Nuclear extract from K-562 cells was
obtained from Active Motif (Carlsbad, CA). Nuclear
extracts from FEA and 3201 cells were prepared using the
Nuclear Extract Kit from Active Motif (Carlsbad, CA)
according to manufacturer specifications. Nuclear extracts
were also prepared from FEA cells following the lipid-
mediated transfection (Lipofectamine Plus reagent; Invit-
rogen, Carlsbad, CA) of FL-Myb, a c-Myb expression vec-
tor in which full length murine c-Myb ¢cDNA was inserted
into the multiple cloning site of pcDNA3.1 (a gift of Dr.
Linda Wolff, National Cancer Institute). DNA-protein
binding reactions included 5 pg of nuclear extract and 2.4
ng of radiolabeled probe in a 20 pl reaction containing 1
mM Tris pH 7.5, 7.5 mM NaCl, 1 mM EDTA, 0.7% glyc-
erol, 0.1 mM DTT and 2 pg poly(dI-dC). Reactions con-
taining nuclear extracts from K-562 cells were incubated at
4°C for 30 minutes. Reactions containing nuclear extracts
from 3201 or FEA cells were incubated at 30°C for 30
minutes. In some reactions, unlabeled probe was added to
the reaction as a specific competitor, or HindIIl/Haelll-
digested bacteriophage lambda DNA was included as

http://www.virologyj.com/content/1/1/3

non-specific competitor. Some reactions included as com-
petitor a double-stranded oligonucleotide containing a
known high-affinity ¢-Myb consensus binding site (5'-
TACAGGCATAACGGTITCCGTAGTGA) or a CREB consen-
sus binding site (5'-AGAGATTGCCIGACGTCAGA-
GAGCTAG). Protein-DNA complexes were resolved by
6% polyacrylamide gel electrophoresis in 0.25X TBE
buffer (1X TBE buffer is 89 mM Tris base, 89 mM Boric
acid and 2 mM EDTA). Gels were then dried at 80°C and
exposed to radiographic film for varying periods of time.
In some reactions, monoclonal antibody (4 pg) to either
c-Myb or CBP, or isotype control antibody, was added
after the 30-minute incubation period and incubated
overnight at 4°C. Complexes were then resolved by 6%
polyacrylamide gel electrophoresis as described above.
The mouse monoclonal IgG1l antibody to c-Myb was
raised against a recombinant protein corresponding to
amino acids 500-640 of the human protein (Santa Cruz
Biotechnology, Santa Cruz, CA). The mouse monoclonal
IgG1 antibody to CBP was raised against a peptide corre-
sponding to amino acids 2422-2441 of CBP of human
origin (Santa Cruz Biotechnology, Santa Cruz, CA).

Reporter gene constructs and luciferase expression assays
Luciferase reporter plasmids were constructed to contain
the U3 region of an FeLV LTR containing one, two or three
copies of the 21-bp element. The U3 region of the FeLV-A/
61E LTR, containing one copy of the 21-bp element, was
cloned into the firefly luciferase reporter plasmid pGL2-
Basic (Promega Corp., Madison, WI). The LTR was then
substituted between Pstl and Hincll restriction sites with
homologous sequences from a naturally occurring LTR
containing two 21-bp elements [Chandhasin et al., manu-
script submitted] or from FeLV-945, which contains three
21-bp elements. Luciferase reporter plasmids were also
constructed in which point mutations were introduced
into either the first or second c-Myb binding site in the 21-
bp triplication of the FeLV-945 LTR. Binding site mutants
were constructed by designing synthetic oligonucleotides
-[+ (5'-GCTGAAACAGCAGAAGTTTCAAGGCCACT-
GCCAGCAGATTCAAGGCCACTGCCAGCAGTITTCAAG-

GCCACTGCCAGCAGTCTCCAGGCTCCCCAGTTGAC-3")
and +/- (5'-GCTGAAACAGCAGAAGTTTCAAGGCCACT-
GCCAGCAGTTTCAAGGCCACTGCCAGCAGATTCAAG-

GCCACTGCCAGCAGTCTCCAGGCTCCCCAGTTGAC-3")
that contained a point mutation in the first or second
binding site, respectively (mutated base indicated by
boldface and underline). The indicated point mutation
had previously been shown to ablate c-Myb binding [16].
A double-stranded form of each sequence was generated
using the filling primer (5'-GAACTCTGGTCAACT-
GGGGAGCCTGGAGACTGCTG-3") and the Klenow frag-
ment of DNA polymerase. The resulting double stranded
oligonucleotides were digested with Alul/Hincll and sub-
stituted into the LTR of FeLV-A/61E. The KpnlI/Pstl frag-
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ment of the resulting recombinant LTR was then excised
and cloned into the pGL2-Basic luciferase reporter plas-
mid. Finally, a luciferase reporter plasmid was developed
that contained the isolated 21-bp triplication cloned
upstream of the SV40 promoter in pGL2-Promoter
(Promega Corp., Madison, WI). A double-stranded DNA
fragment containing the 21-bp triplication was generated
by PCR amplification using the oligonucleotide GS945
(described above) as template and primers fw945-kpn1
(5'- GCTCGGTACCAGCTGAAACAGCAGAAGTTTC) and
wv945-sacl (5'- ATGCTGAGCTCAACTGGGGAGCCT-
GGAGACT). The resulting amplification product was
digested with Kpnl/Sstl and inserted into the multiple
cloning site upstream of the SV40 promoter in the
reporter plasmid.

For reporter gene assays, 2 x 10> cells were seeded in trip-
licate into 6-well tissue culture plates. The next day,
reporter plasmids (500 ng) were introduced into cultured
cells by lipid-mediated transfection (Lipofectamine Plus;
Invitrogen, Carlsbad, CA) in the presence of pRL-TK (5
ng) in a 100:1 ratio. pRL-TK encodes Renilla luciferase and
was used as an internal control for transfection efficiency.
Firefly and Renilla luciferase activities were quantified 24
hours later using the Dual-Luciferase Reporter Assay Sys-
tem (Promega Corp., Madison, WI). Data from triplicate
wells were analyzed statistically using one-way ANOVA
and Bonferroni post test. Statistical significance was con-
sidered as p < 0.05. In some assays, the c-Myb expression
vector FL-Myb (described above) was added to the trans-
fection in increasing amounts (50 ng - 500 ng). The
5XMRE plasmid was used in reporter gene assays as a pos-
itive control. This plasmid contains five tandem c-Myb
binding sites cloned upstream of a luciferase gene (a gift
of Dr. Linda Wolff, National Cancer Institute).

Virus Replication Assay

5 x 10° K-562 cells, uninfected or chronically infected
with recombinant FeLVs GA-945L and GA-61EL
(described above) were seeded in triplicate into 24-well
tissue culture plates. A full-length CBP expression vector
(4 pg a gift from Dr. Matthew Burow, Tulane University
Medical School) was introduced into the cells by lipid
mediated transfection using Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA). Culture supernatants were
collected three days later and reverse transcriptase activity
was quantified as previously described [8]. Data from trip-
licate wells were analyzed statistically using one-way
ANOVA and Bonferroni post test. Statistical significance
was considered as p < 0.05.

Competing interests
None declared.

http://www.virologyj.com/content/1/1/3

Authors' contributions

SLF developed reporter gene constructs and performed
binding assays, gene expression and virus replication
assays. SP identified and initially demonstrated c-Myb
binding sites. KRR developed the reporter gene assays. LSL
directed the experimental design, implementation and
interpretation of data. All authors read and approved the
final manuscript.

Acknowledgements

This work was supported by PHS grant CA83823 and by Development
Funds of the Tulane Cancer Center. SLF was supported in part by a grant
from the Cancer Association of Greater New Orleans. The authors grate-
fully acknowledge Drs. Matthew Burow and Linda Wolff for helpful discus-
sions and for the gift of reagents. Patricia Lobelle-Rich is gratefully
acknowledged for valuable technical assistance.

References

I. Rohn JL, Gwynn SR, Lauring AS, Linenberger ML, Overbaugh J: Viral
genetic variation, AIDS, and the multistep nature of carcino-
genesis: the feline leukemia virus model. Leukemia 1996,
10(12):1867-1869.

2. Levy LS, Starkey CR, Prabhu S, Lobelle-Rich PA: Cooperating
events in lymphomagenesis mediated by feline leukemia
virus. Leukemia 1997, 1 1(Suppl 3):239-241.

3. Levesque KS, Bonham L, Levy LS: flvi-1, a common integration
domain of feline leukemia virus in naturally occurring lym-
phomas of a particular type. | Virol 1990, 64(7):3455-3462.

4.  Athas GB, Choi B, Prabhu S, Lobelle-Rich PA, Levy LS: Genetic
determinants of feline leukemia virus-induced multicentric
lymphomas. Virology 1995, 214(2):431-438.

5. Athas GB, Lobelle-Rich P, Levy LS: Function of a unique sequence
motif in the long terminal repeat of feline leukemia virus iso-
lated from an unusual set of naturally occurring tumors. J Virol
1995, 69(6):3324-3332.

6. Lozzio BB, Lozzio CB, Bamberger EG, Feliu AS: A multipotential
leukemia cell line (K562) of human origin. Proc Soc Exp Biol Med
1981, 166:546-550.

7.  Burger SR, Zutter MM, Sturgill-Koszycki S, Santoro SA: Induced cell
surface expression of functional alpha2betal integrin during
megakaryocytic differentiation of K562 leukemic cells. Exp
Cell Res 1992, 202:28-35.

8. Prabhu S, Lobelle-Rich PA, Levy LS: The FeLV-945 LTR confers a
replicative advantage dependent on the presence of a tan-
dem triplication. Virology 1999, 263(2):460-470.

9.  Heinemeyer T, Wingender E, Reuter |, Hermjakob H, Kel AE, Kel OV,
Ignatieva EV, Ananko EA, Podkolodnaya OA, Kolpakov FA, et al.:
Databases on transcriptional regulation: TRANSFAC, TRRD
and COMPEL. Nucleic Acids Res 1998, 26(1):362-367.

10. Biedenkapp H, Borgmeyer U, Sippel AE, Klempnauer KH: Viral myb
oncogene encodes a sequence-specific DNA-binding activity.
Nature 1988, 335(6193):835-837.

I'l. Ness SA, Marknell A, Graf T: The v-myb oncogene product binds
to and activates the promyelocyte-specific mim-1 gene. Cell
1989, 59(6):1115-1125.

12.  Tanikawa J, Yasukawa T, Enari M, Ogata K, Nishimura Y, Ishii S, Sarai
A: Recognition of specific DNA sequences by the c-myb pro-
tooncogene product: role of three repeat units in the DNA-
binding domain. Proc Natl Acad Sci U S A 1993, 90(20):9320-9324.

3. Rosson D, O'Brien T: Constitutive c-myb expression in K-562
cells inhibits induced erythroid differentiation but not tetra-
decanoyl phorbol acetate-induced megakaryoctyic
differentiation. Mol Cell Biol 1995, 15:772-779.

14. Ness SA: Myb binding proteins: regulators and cohorts in
transformation. Oncogene 1999, 18(19):3039-3046.

I15.  OhIH, Reddy EP: The myb gene family in cell growth, differen-
tiation and apoptosis. Oncogene 1999, 18(19):3017-3033.

16.  Guehmann S, Vorbrueggen G, Kalkbrenner F, Moelling K: Reduction
of a conserved Cys is essential for Myb DNA-binding. Nucleic
Acids Res 1992, 20(9):2279-2286.

Page 9 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8946923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8946923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8946923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9209353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9209353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9209353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=249607
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=249607
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=249607
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2161948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/viro.1995.0053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/viro.1995.0053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/viro.1995.0053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8553544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=189044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=189044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=189044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7745680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7194480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7194480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1511736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1511736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1511736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/viro.1999.9974
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/viro.1999.9974
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/viro.1999.9974
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10544118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=147251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=147251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=147251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9399875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1093/nar/26.1.362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/335835a0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/335835a0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3185713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0092-8674(89)90767-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0092-8674(89)90767-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2688896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=47559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=47559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=47559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8415700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=231948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=231948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=231948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7823945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.onc.1202726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.onc.1202726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10378699
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.onc.1202839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.onc.1202839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10378697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=312342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=312342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1594446

Virology Journal 2004, 1:3

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Blobel GA: CBP and p300: versatile coregulators with impor-
tant roles in hematopoietic gene expression. | Leukoc Biol 2002,
71(4):545-556.

Bosselut R, Lim F, Romond P, Frampton |, Brady ], Ghysdael J: Myb
protein binds to multiple sites in the human T cell lympho-
tropic virus type | long terminal repeat and transactivates
LTR-mediated expression. Virology 1992, 186:764-769.

Dasgupta P, Reddy CD, Saikumar P, Reddy EP: The cellular proto-
oncogene product Myb acts as transcriptional activator of
the long terminal repeat of human T-lymphotropic virus
type 1. J Virol 1992, 66(1):270-276.

Taylor D, Badiani P, Weston K: A dominant interfering Myb
mutant causes apoptosis in T cells. Genes Dev 1996,
10(21):2732-2744.

Garcia A, LaMontagne K, Reavis D, Stober-Grasser U, Lipsick JS:
Determinants of sequence-specific DNA-binding by p48v-
myb. Oncogene 1991, 6(2):265-273.

Friedman AD: Transcriptional regulation of granulocyte and
monocyte development. Oncogene 2002, 21(21):3377-3390.
Dasgupta P, Saikumar P, Reddy CD, Reddy EP: Myb protein binds
to human immunodeficiency virus | long terminal repeat
(LTR) sequences and transactivates LTR-mediated
transcription. Proc Natl Acad Sci U S A 1990, 87(20):8090-8094.
Nieves A, Levy LS, Lenz J: Importance of a c-Myb binding site for
lymphomagenesis by the retrovirus SL3-3. | Virol 1997,
71(2):1213-1219.

Rulli K, Lenz J, Levy LS: Disruption of hematopoiesis and thy-
mopoiesis in the early premalignant stages of infection with
SL3-3 murine leukemia virus. J Virol 2002, 76(5):2363-2374.
Rojko JL, Hoover EA, Mathes LE, Hause WR, Schaller |JP, Olsen RG:
Detection of feline leukemia virus in tissues of cats by a par-
affin embedding immunofluorescence procedure. | Natl Cancer
Inst 1978, 61(5):1315-1321.

Rojko JL, Hoover EA, Mathes LE, Olsen RG, Schaller JP: Pathogen-
esis of experimental feline leukemia virus infection. | Nat/ Can-
cer Inst 1979, 63(3):759-768.

Horvai AE, Xu L, Korzus E, Brard G, Kalafus D, Mullen TM, Rose DVV,
Rosenfeld MG, Glass CK: Nuclear integration of JAK/STAT and
Ras/AP-1 signaling by CBP and p300. Proc Natl Acad Sci U S A
1997, 94(4):1074-1079.

Takahashi T, Suwabe N, Dai P, Yamamoto M, Ishii S, Nakano T: Inhib-
itory interaction of c-Myb and GATA-I via transcriptional
co-activator CBP. Oncogene 2000, 19(1):134-140.

Yamamoto H, Kihara-Negishi F, Yamada T, Suzuki M, Nakano T,
Oikawa T: Interaction between the Hematopoietic Ets Tran-
scription Factor Spi-B and the Coactivator CREB-binding
Protein Associated with Negative Cross-talk with c-Myb. Cell
Growth Differ 2002, 13(2):69-75.

Manabe N, Yamamoto H, Yamada T, Kihara-Negishi F, Hashimoto Y,
Mochizuki M, Oikawa T: Prevention of PU.l-induced growth
inhibition and apoptosis but not differentiation block in
murine erythroleukemia cells by overexpression of CBP. Int
J Oncol 2003, 22(6):1345-1350.

Rojko JL, Kociba GJ, Abkowitz JL, Hamilton KL, Hardy WD |r, Ihle JN,
O'Brien §J: Feline lymphomas: immunological and cytochem-
ical characterization. Cancer Res 1989, 49(2):345-351.

Donahue PR, Hoover EA, Beltz GA, Riedel N, Hirsch VM, Overbaugh
J, Mullins JI: Strong sequence conservation among horizontally
transmissible, minimally pathogenic feline leukemia viruses.
J Virol 1988, 62(3):722-731.

http://www.virologyj.com/content/1/1/3

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 10 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11927640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11927640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0042-6822(92)90044-P
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0042-6822(92)90044-P
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0042-6822(92)90044-P
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1733110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=238284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=238284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=238284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1727489
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8946914
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8946914
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2000220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2000220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2000220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.onc.1205324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.onc.1205324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=54898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=54898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=54898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2236022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=191175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=191175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8995644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=135944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=135944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=135944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11836414
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1128/jvi.76.5.2363-2374.2002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=213612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=213612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=213612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=224237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=224237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9037008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1073/pnas.94.4.1074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.onc.1203228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.onc.1203228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.onc.1203228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10644988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11864910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11864910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11864910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12739003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12739003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12739003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2535958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2535958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=253625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=253625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2828667
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Discussion
	Conclusions
	Methods
	Cell lines and viruses
	Electrophoretic mobility shift assays
	Reporter gene constructs and luciferase expression assays
	Virus Replication Assay

	Competing interests
	Authors' contributions
	Acknowledgements
	References

