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Abstract
Background: The LAT gene encodes an intracellular adaptor protein that links cell-surface
receptor engagement to numerous downstream signalling events, and thereby plays an integral role
in the function of cell types that express the gene, including T cells, mast cells, natural killer cells,
and platelets. To date, the mechanisms responsible for the transcriptional regulation of this gene
have not been investigated.

Results: In this study we have mapped the transcriptional start sites for the human LAT gene and
localized the 5' and 3' boundaries of the proximal promoter. We find that the promoter contains
both positive and negative regulatory regions, and that two binding sites for the Ets family of
transcription factors have a strong, positive effect on gene expression. Each site binds the Ets family
member Elf-1, and overexpression of Elf-1 augments LAT promoter activity. The promoter also
contains a Runx binding site adjacent to one of the Ets sites. This site, which is shown to bind Runx-
1, has an inhibitory effect on gene expression. Finally, data is also presented indicating that the
identified promoter may regulate cell-type specific expression.

Conclusion: Collectively, these results provide the first insights into the transcriptional regulation
of the LAT gene, including the discovery that the Ets transcription factor Elf-1 may play a central
role in its expression.

Background
The LAT gene encodes a 36–38 kD transmembrane pro-
tein that connects various cell surface receptors to down-
stream signaling events. Following receptor engagement,
LAT becomes heavily tyrosine phosphorylated and subse-
quently binds a number of proteins containing SH2
domains, including members of the Grb2 family (Grb2,
Gads, Grap) and phospholipase C-γ (PLC-γ) [1,2]. The
interaction of Grb2, PLC-γ and other proteins with LAT
facilitates their activation and leads to additional bio-
chemical events required for a productive cellular

response, including activation of the Ras-MAPK signaling
pathway and an elevation in intracellular calcium levels
[1,2].

One receptor type whose engagement results in LAT tyro-
sine phosphorylation is the T cell receptor (TCR) [3,4].
The essential role of LAT in TCR signaling has been
revealed through the study of mutant Jurkat T cell lines
that fail to express the LAT gene [5,6]. These LAT-deficient
T cells display a number of signaling defects that prevent
T cell activation and effector cell function. An analysis of
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LAT-deficient mice has also shown that the LAT protein is
necessary for T cell maturation within the thymus [7]. In
addition to its requirement for T cell development and
function, LAT has important roles in other cell-types. For
example, LAT is required for mast cell activation following
engagement of the high affinity receptor for immunoglob-
ulin E, for Natural Killer (NK) cell-mediated cytotoxicity,
and for collagen, collagen-related peptide, and convulxin-
mediated activation of platelets [8-12]. Moreover, engage-
ment of the pre-B cell receptor on developing B cells
induces LAT tyrosine phosphorylation, an event that may
contribute to B cell differentiation [13-15].

The identified role of LAT in these cell-types is reflective of
its expression pattern. LAT RNA and/or protein has been
detected in the thymus, spleen, and peripheral blood cells
but is absent in the colon, brain, small intestine, ovary,
testis, prostate, kidney, skeletal muscle, and liver [3,4,16].
Examination of specific cell-types indicates that LAT gene
expression is restricted to a subset of cell-types generated
during hematopoiesis, namely T cells, mast cells, platelets,
and NK cells [3,4,16]. LAT is also expressed at low levels
during the early stages of B cell development and is subse-
quently down-regulated prior to B cell maturation
[14,15].

To date, the means by which the LAT gene is transcription-
ally regulated has not been investigated. In the present
work, we have mapped the transcriptional start sites for
the human LAT gene and localized the proximal promoter
region to approximately 800 bp extending upstream of
the translation start site. Within the promoter, we have
identified a negative regulatory region and two Ets bind-
ing sites that are bound by the Elf-1 transcription factor.
Mutation of these Ets sites significantly reduces promoter
activity, and consistent with these findings, overexpres-
sion of Elf-1 potently enhances LAT promoter function. A
Runx binding site is also identified that binds Runx-1, and
which when mutated results in an increase in LAT pro-
moter activity. The data presented also suggests that the
identified promoter region may mediate cell-type specific
expression of the LAT gene. Collectively, these results pro-
vide the first insights into the transcriptional regulation of
the LAT gene, which encodes an essential adaptor protein
linking cell-surface receptors to critical downstream sign-
aling events.

Results
The LAT gene contains multiple transcription start sites
As an initial step in the identification and characterization
of the LAT promoter, we mapped the transcription start
site(s) for the human LAT gene using RNA ligase-medi-
ated rapid amplification of cDNA ends (RLM-RACE) and
poly(A) RNA isolated from Jurkat T cells or human thy-
mus. The products of RLM-RACE, which are only derived
from RNA transcripts extending to the terminal 5' cap
structure [17,18], were ligated into the pBluescript® vector
and 15 of the resulting clones from each source of RNA
were sequenced. The results indicate that the LAT gene
possesses multiple transcription start sites that lie in a
region spanning roughly 75 bp and located between 250
to 335 bp upstream of the translation start site (Fig. 1).
The transcription start sites mapped to the same general
region in Jurkat T cells and human thymus, and in many
cases the same sites were utilized. Analysis of the DNA
sequence surrounding the transcription start sites revealed
that the region is G/C-rich but lacks consensus sites for
either a TATA box or initiator elements. Similar to this sit-

A 450 bp region of the proximal LAT promoterFigure 1
A 450 bp region of the proximal LAT promoter. The 
DNA sequence extending 450 bp upstream of the translation 
start site for the human gene and the homologous region 
from the mouse genome are shown. Bases conserved 
between the human and mouse are shaded. The 'A' nucle-
otide in the translation start site ATG codon (underlined) for 
the human sequence has been designated as +1 in this study. 
The transcription start sites identified for the endogenous 
LAT gene in Jurkat T cells have a '● ' above the site, those 
mapped using RNA isolated from human thymus have a '■' 
above the site, and those that were identified in both Jurkat 
cells and thymus are indicated with a '�' above the site. 
Potential binding sites for transcription factors of the Ets and 
Runx family are indicated with a bar above the site and the 
transcription factor name. Specific point mutations intro-
duced into the -1000 to -1 promoter fragment are indicated 
below each site.
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uation, it has been observed that other G/C-rich promot-
ers which lack a TATA box or initiator elements also
possess multiple transcription start sites that span regions
of 75 bp or more [19].

The LAT promoter extends 800 bp upstream of the 
translation start site
To ascertain whether regions 5' and 3' of the transcription
start sites possess promoter activity, a DNA fragment
extending 1200 bp upstream from the translation start site
was amplified by PCR and inserted adjacent to the firefly
luciferase gene in the pGL3-basic vector. Of note, in this
study the 'A' nucleotide of the translation start site ATG
codon has been designated +1. Thus, the transcription
start sites lie in the region from -335 to -250 and the 1200
bp fragment extends from -1200 to -1. Transient transfec-
tion into Jurkat T cells with the luciferase reporter con-

struct containing the -1200 to -1 DNA fragment resulted
in a greater than 10-fold increase in luciferase activity rel-
ative to the empty, promoterless pGL3-basic vector, dem-
onstrating that this DNA fragment contains significant
promoter activity (Fig. 2A). In order to more precisely
map the boundaries of the promoter, sequential 5' and 3'
deletions of 200 bp were introduced and the effect on pro-
moter activity was determined in Jurkat cells. Deletion of
the region from -1200 to -800 did not have an appreciable
effect on promoter activity. However, deletion of the
region from -800 to -600 resulted in a decrease in pro-
moter activity, and a further decrease was observed when
the region from -600 to -400 was removed. Finally, when
the -400 to -200 region was deleted, promoter activity
dropped to background levels (Fig. 2A).

Surprisingly, when the 3' 200 bp was removed from the -
1000 to -1 promoter fragment (-1000 to -200), a substan-
tial increase in promoter activity occurred (Fig. 2B). How-
ever, removal of an additional 200 bp from the 3' end (-
1000 to -400) completely abrogated promoter activity
(Fig. 2B). This latter result is most likely a consequence of
eliminating all the transcription start sites (see Fig. 1). In
summary, these results indicate that the proximal pro-
moter for the LAT gene lies in a region extending from -
800 to -1 relative to the translation start site, with the
region from -800 to -200 having an overall stimulatory
effect on promoter activity while the region from -200 to
-1 has an inhibitory effect.

In this initial study of the LAT promoter, we chose to focus
on the region spanning from -600 to -200 since it con-
tained a significant portion of promoter activity (Fig. 2A).
To more precisely map the positive regulatory elements
within this region, a series of sequential 50 bp deletions
from the 5' end of the -600 to -1 fragment were created
and the resultant promoter activity of each DNA fragment
was determined in Jurkat T cells. As shown in Fig. 2C,
deletion of the region from -600 to -450 did not result in
a significant loss in promoter function. In contrast, dele-
tion of the region from -450 to -350 reduced promoter
activity to background levels (Fig. 2C). These results indi-
cate that the region spanning from -450 to -350 contains
a substantial portion of the positive regulatory elements
mediating transcription of the human LAT gene. Consist-
ent with these data, a DNA fragment spanning from -450
to -300, which contains the -450 to -350 stimulatory
region and a number of transcription start sites found
between -350 to -300, displayed robust promoter activity
(Fig. 2D).

Linker scanning mutagenesis of the -450 to -350 region 
within the LAT promoter
Linker scanning mutagenesis throughout the -450 to -350
region, conducted by introducing sequential 10 bp muta-

Mapping the 5' and 3' boundaries of the LAT promoterFigure 2
Mapping the 5' and 3' boundaries of the LAT pro-
moter. A.-D. Jurkat T cells were transiently transfected 
with a pGL3-basic firefly luciferase reporter vector contain-
ing various DNA fragments extending upstream of the trans-
lation start site for the human LAT gene. Cells were also co-
transfected with the internal control pRL-TK Renilla luci-
ferase plasmid. Following incubation, cells were harvested, 
luciferase activity was quantitiated and after normalization of 
each sample based on Renilla luciferase activity, the fold acti-
vation relative to the empty pGL3-basic vector was calcu-
lated. Results presented are the average fold induction and 
the standard error of the mean (s.e.m.) from three or more 
independent experiments. For each graph, the human LAT 
promoter fragments inserted into pGL3-basic are shown 
schematically on the left. Arrows depict the two clusters of 
transcription start sites for the LAT gene.
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tions containing a NotI restriction site sequence, was per-
formed with the -1000 to -1 promoter fragment and the
effects on promoter activity were tested in Jurkat T cells
(Fig. 3A and 3B). Each 10 bp mutation resulted in a
decrease in promoter activity, with the most dramatic
reduction occurring when the region from -390 to -350
was altered (Fig. 3B).

To ensure that the effects observed in the linker scanning
mutagenesis experiments were not an artifact of the intro-
duced sequence, we also constructed an additional set of
linker scanning mutations throughout the -400 to -350
region, sequentially mutating the same 10 bp segments
except introducing a sequence containing the NheI restric-
tion site. Transient transfection of these reporter con-
structs in Jurkat T cells yielded results similar to those
obtained in Fig. 3B except for the region spanning from -
380 to -371, which when mutated in this latter set of
experiments yielded only a ~50% decrease in promoter
function (data not shown).

Collectively, the data from linker scanning mutagenesis
indicates that the entire region from -450 to -350 is
required for optimal LAT promoter activity in Jurkat T
cells, with DNA sequences from -390 to -350 having the
most prominent role.

Two Ets sites are required for LAT promoter activity
Analysis of the -450 to -350 region using a variety of tran-
scription factor binding site databases, including TRANS-
FAC®, JASPAR, and MatInspector [20-22], revealed a
number of possible regulatory elements, including two
sites that contain the core binding sequence (5'-TTCC-3')
for the Ets family of transcription factors (see Fig. 1) [23-
26]. These potential Ets sites, which lie within the critical
-390 to -350 region, were of particular interest in light of
the well-documented role Ets transcription factors play in
the development and function of T cells and other cell
types that express the LAT gene [24-26].

To determine the function of each putative Ets site in the
regulation of the LAT promoter, point mutations were
introduced into each of these sites (see Fig. 1) in the con-
text of the -1000 to -1 promoter fragment and the effect of
each mutation was determined in Jurkat T cells. When
either Ets site was mutated, a significant decrease in pro-
moter activity was observed (Fig. 4). Furthermore, simul-
taneous deletion of both Ets sites resulted in a level of
promoter activity less than when either site alone was
mutated. These data demonstrate that both putative Ets
sites have a strong, positive effect on LAT promoter func-
tion in T cells.

Both Ets sites bind Elf-1, a member of the Ets transcription 
factor family
Electrophoretic mobility shift assays (EMSAs) were used
to identify protein complexes that specifically bind each
of the putative Ets sites. 32P labeled DNA probes encom-
passing each Ets site were incubated with nuclear extracts
from Jurkat T cells and then analyzed by nondenaturing
polyacrylamide gel electrophoresis and autoradiography.
Two major complexes were detected binding to the Ets site
centered at -360 (Fig. 5A). One of these complexes was
competed for with a 100-fold excess of unlabeled wild-
type probe (self wt) but was not competed for when the
Ets site was mutated (self mutEts), demonstrating that this
complex specifically interacted with the Ets site. Of note,
the mutant probe used in these competition experiments
contained the same bp changes as those introduced into
the Ets site in the promoter construct used in transient
transfections.

Additional competition experiments were performed with
an unlabeled probe containing a consensus Ets site (cons.
wt) or the same probe except that the Ets site was dis-
rupted by a point mutation (cons. mutEts) (Fig. 5A). The
loss of binding in the presence of the consensus wild-type
Ets sequence but not with the mutated sequence suggested
that the specific complex contains members of the Ets
family of transcription factors. In an effort to identify the
particular Ets family members capable of binding the -360
Ets site, we performed antibody supershift experiments.
The human genome contains 27 genes that encode mem-
bers of the Ets family of transcription factors, 16 of which
have been shown to be expressed in Jurkat cells [27]. We
chose to focus on Ets-1, Ets-2, Elf-1, and Fli-1, Ets family
members implicated in the regulation of gene expression
in T cells and other cell types that express the LAT gene
[23-26]. Although addition of antibodies to Ets-2 or Fli-1
had no discernible effect, in the presence of the Elf-1 anti-
body a significant decrease in the intensity of the specific
complex was observed, and upon longer exposure of the
gel, supershifted complexes were detected (Fig. 5B and
5C). It was also evident upon addition of the Elf-1 anti-
body that the specific complex contains at least two distin-
guishable bands, one of which appears unaffected by the
Elf-1 antibody (Fig. 5B). Finally, in the presence of the Ets-
1 antibody, a novel slower mobility band appeared.
Although the appearance of this band was not accompa-
nied by an appreciable decrease in the intensity of the spe-
cific complex, it is known that antibodies to Ets-1 can
enhance its DNA binding capability, and thus we can not
presently exclude the possibility that Ets-1 may also bind
to this site in the LAT promoter. In summary, these results
indicate that the -360 Ets site in the LAT promoter is capa-
ble of binding the Ets transcription factor Elf-1, and also
possibly Ets-1.
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When the Ets site centered at -390 was examined by
EMSA, three complexes were detected (Fig. 6A). Two of
these complexes were competed for with a 100-fold excess
of unlabeled wild-type probe, but not when the Ets site
was mutated, demonstrating that the binding of these
complexes required an intact Ets site. When the consensus
Ets site was used in competition experiments, the more
prominent specific complex was competed for while the
less prominent one was unaffected (Fig. 6A), suggesting
that the more prominent complex contains Ets family
members. The composition of the less prominent com-
plex is uncertain at this time but may contain a transcrip-
tion factor that binds to a site that overlaps the Ets site. In
supershift experiments, addition of antibodies to Ets-1,
Ets-2, and Fli-1 had no appreciable effect on the specific
complexes, but when the Elf-1 antibody was added to the
binding reaction an almost complete loss of the most
prominent complex was observed, and this was accompa-

nied by the appearance of slower mobility, supershifted
bands (Fig. 6B). These data demonstrate that Elf-1 is capa-
ble of binding both Ets sites in the LAT promoter.

Activation of the LAT promoter by overexpression of Elf-1
To further explore the potential role of Elf-1 in the regula-
tion of LAT gene expression, overexpression studies were
conducted. Preliminary experiments were performed in
Jurkat T cells and failed to reveal an effect of Elf-1 overex-
pression on LAT promoter activity (data not shown), a
result likely attributable to the high endogenous levels of
this transcription factor in these cells [27,28]. We there-
fore used HeLa cells for these experiments, which in con-
trast to Jurkat T cells express low to undetectable levels of
the Elf-1 [27-29]. Overexpression of Elf-1 in HeLa cells
resulted in a greater than 10-fold increase in LAT pro-
moter activity (Fig. 7). Of note, identical results were
obtained when either the -400 to -1 promoter fragment

Linker scanning mutagenesis of the -450 to -351 region of the LAT promoterFigure 3
Linker scanning mutagenesis of the -450 to -351 region of the LAT promoter. Sequential 10 bp mutations were 
introduced throughout the -450 to -351 region in the context of the -1000 to -1 promoter fragment and the effects on pro-
moter activity were determined in Jurkat T cells. A. The wild-type promoter sequence from -450 to -351 is shown on top. The 
lower strand depicts each 10 bp change, which incorporates a Not I restriction site (GCGGCCGC) plus one flanking nucleotide 
on each side. Base pair numbering is according to the translation start site, which was designated +1. B. Promoter activity for 
each linker scanning mutant was determined following transient transfection into Jurkat T cells. Following normalization of 
each sample based on the activity of co-transfected control pRL-TK plasmid encoding Renilla luciferase, the fold activation rela-
tive to empty pGL3-basic was calculated. The graph depicts the average fold activation and s.e.m. from three or more inde-
pendent experiments.
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(Fig. 7) or the -1000 to -1 promoter fragment (data not
shown) were used. To determine whether the observed
activation by Elf-1 occurred through the Ets sites centered
at -360 and -390, Elf-1 was overexpressed in the presence
of the promoter construct containing point mutations in
both these sites. Mutation of the Ets sites resulted in dra-
matic decrease in the ability of Elf-1 to stimulate promoter
function (Fig. 7), results that clearly demonstrate Elf-1 can
stimulate gene expression through both of the Ets sites in
the LAT promoter.

Role of the LAT promoter in cell-type specific expression
The LAT gene is expressed in T cells, NK cells, mast cells,
platelets, and developing B cells but not in other cells
types [3,4,16] To explore the potential role of the LAT pro-

moter in mediating cell-type specific gene expression, we
investigated promoter activity in various cell-types that
either do or do not express the endogenous LAT gene. In
addition to Jurkat T cells, the RBL-2H3 mast cell line has
been shown to express the endogenous LAT gene while
the HeLa epithelial cell line, the 70Z pre-B cell line, and
the Raji mature B cell line do not [3,15]. Reporter vectors
containing LAT promoter fragments of various lengths
were transfected into each of these cell-types and follow-
ing incubation the cells were harvested and promoter
activity quantitated.

In addition to Jurkat cells, the -1000 to -1 LAT promoter
fragment displayed significant activity in RBL-2H3 and
HeLa cells but was relatively inactive in the 70Z and Raji
B cell lines (fig. 8A). Experiments were also conducted in
each cell line using the pGL3-control vector which con-
tains the SV40 promoter and enhancer. The average fold
activation for the pGL3-control vector was 50.1 for 70Z,
245.2 for Raji, 110.3 for RBL-2H3, and 300.6 for HeLa,
indicating that the lack of appreciable LAT promoter func-
tion in 70Z and Raji cell lines is not a consequence of low
transfection efficiencies. These data suggest that the lack of
promoter activity in 70Z and Raji cells may explain why
the endogenous LAT gene is not expressed in these cell-
types. However, additional means of inhibiting LAT gene
expression likely exist since the promoter retained activity
HeLa cells, another cell-type that fails to express the
endogenous LAT gene.

In contrast to results obtained in Jurkat T cells, a promoter
fragment spanning from -400 to -1 was unable to support
gene expression in RBL-2H3 cells (Fig. 8A). This result
implies that this region of the promoter may operate dif-
ferently in these two cells-types, and it was conceivable
that the Ets sites located at -360 and -390 do not contrib-
ute to LAT promoter activity in mast cells. In order to
determine the role of the Ets sites in mast cells, we tested
the activity of the -1000 to -1 promoter fragment in the
absence or presence of mutations in each site. Our results
found that mutation of either Ets site caused a reduction
in promoter activity, and a further decrease was seen when
both Ets sites were mutated (Fig. 8B). Thus, the Ets sites
centered at -360 and -390 are required for LAT promoter
function in both Jurkat T cells and RBL-2H3 mast cells.

We also explored whether the inhibitory region spanning
from -200 to -1 may be more active in mast cells since this
could also explain why the -400 to -1 region was unable
to support gene expression in RBL-2H3 cells. When the -
1000 to -200 promoter construct was transfected into
RBL-2H3 cells, promoter activity increased over 6-fold rel-
ative to the -1000 to -1 construct (Fig. 8C). When similar
experiments were conducted in Jurkat cells, an approxi-
mately 3-fold increase was observed (Fig. 2B). Thus, the

Effect of mutating the Ets sites within the LAT promoterFigure 4
Effect of mutating the Ets sites within the LAT pro-
moter. Site-directed mutagenesis was used to mutate the 
Ets site centered at -360 (mutEts -360), the Ets site centered 
at -390 (mutEts -390), or both Ets sites (mutEts -360/-390). 
Mutations were introduced into the -1000 to -1 promoter 
fragment within the pGL3-basic vector. Specific base pair 
changes are shown in Fig. 1. Reporter plasmids were tran-
siently transfected into Jurkat T cells and fold activation was 
determined as previously described. The results depict the 
average fold induction and s.e.m. from three or more inde-
pendent experiments.
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greater suppressive effect of the -200 to -1 region on LAT
promoter activity in RBL-2H3 cells may provide one
explanation why the -400 to -1 region lacks activity in this
cell line.

The LAT promoter contains a potential Runx binding site 
adjacent to the Ets site centered at -360
Alignment of the human LAT promoter sequence with the
region upstream of the translation start site for the mouse
LAT gene revealed that the Ets sites are 100% conserved

between the two species. Interestingly, sequences adjacent
to the Ets sites are also conserved, and close inspection of
the region 5' of the Ets site centered at -360 revealed a
potential binding site for the Runx family of transcription
factors. The Runx family, also called CBFα, AML, or
PEBP2, consists of three members: Runx-1, -2, and -3
[30,31]. These transcription factors contain a conserved
128 amino acid DNA binding domain that interacts with
the consensus sequence 5'-ACCPuCA-3', and they can
either activate or repress gene expression depending on
the context of the specific promoter or enhancer [30,31].
Interestingly, in a number of instances Runx and Ets bind-
ing sites have been found adjacent to one another in gene
regulatory regions. Moreover, it has been shown that one
Runx family member, Runx-1, can physically interact with
certain Ets proteins, resulting in cooperative DNA binding
and thereby facilitating the activation of gene expression
[30,32-38]. It was therefore conceivable that in a manner
similar to other regulatory regions, Runx-1 and Ets pro-
teins cooperatively interact at the LAT promoter to acti-
vate gene expression.

As a first step in testing this possibility, EMSA was used to
determine if Runx-1 could bind to the putative Runx site
in the LAT promoter. In these experiments a 32P labeled
probe encompassing both the Runx site and the adjacent
Ets site at -360 was used, in contrast to results shown in
Fig. 5 in which case the 32P labelled probe contained the
Ets site but not the Runx site. In the presence of Jurkat
nuclear extracts, a complex formed that contained a dif-
fuse band that extended above and below a more defined
central band (Fig. 9A). Both the diffuse and central band
were effectively competed for by an excess of unlabeled
wild-type probe. When the unlabeled competitor con-
tained a mutation in the Ets site, the diffuse band was
competed for but the more defined central band was not.
Conversely, when the unlabeled competitor contained a
mutation in the Runx site, the central band was competed
for but not the more diffuse band. (Fig. 8A). Finally, when
the unlabeled competitor contained a mutation in both
the Runx and Ets sites, no bands were competed. Taken
together, these results demonstrate that the diffuse band
represents proteins specifically interacting with the Runx
site while the more defined central band represents pro-
teins specifically binding to the Ets site. Of note, the
prominent central band that remained in the presence of
the competitor containing a mutation in the Ets site could
be supershifted with an antibody to Elf-1 (Fig. 9B), which
is consistent with our earlier data identifying Elf-1 as the
major Ets family member binding to this site.

To determine whether the diffuse band may contain
Runx-1, the member of the Runx family shown to cooper-
ate with Ets proteins, we performed supershift assays. The
addition of the Runx-1 antibody to the binding reaction

The transcription factor Elf-1 binds to the -360 Ets site in the LAT promoterFigure 5
The transcription factor Elf-1 binds to the -360 Ets 
site in the LAT promoter. A. A DNA probe encompass-
ing the Ets site centered at -360 (-360 Ets wt) was labeled 
with 32P and incubated with nuclear extracts from Jurkat T 
cells in the absence or presence of 100-fold molar excess of 
competitor DNA. Samples were subsequently loaded onto a 
nondenaturing polyacrylamide gel, electrophoresed, and then 
subjected to autoradiography. For competition experiments, 
the unlabeled competitor DNA was the same sequence as 
that of the probe (self wt), the same sequence as the probe 
except containing point mutations within the Ets site (self 
mutEts), the consensus sequence for Ets family members 
(cons. wt) or the consensus sequence except for point muta-
tions within the Ets site (cons. mutEts). The arrow indicates 
the specifically bound complex. B. Experiments were con-
ducted as in Fig. 5A except that the indicated antibody was 
added in place of competitor DNA. C. A longer exposure of 
the lane containing the Elf-1 antibody. The supershifted com-
plexes are indicated with arrows.
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caused a loss of the diffuse band and the appearance of a
supershifted complex (Fig. 9C). Thus, the identified Runx
site in the LAT promoter is capable of binding Runx-1. To
investigate the role of the Runx site in LAT promoter func-
tion, we introduced a point mutation within the putative
Runx site in the context of the -1000 to -1 promoter con-
struct and tested its activity in both Jurkat and RBL-2H3

cells. In contrast to our expectations, mutation of the
Runx site resulted in an increase in LAT promoter function
in both Jurkat and RBL-2H3 cells (Fig. 9D), implying that
this site has an inhibitory effect on LAT promoter func-
tion.

Discussion
This is the first study to examine the mechanisms regulat-
ing transcription of the human LAT gene. The data pre-
sented indicates that the gene contains numerous
transcription start sites and that the proximal promoter
extends approximately 800 bp upstream of the translation
start site. Within the promoter we identified two Ets sites
which when mutated dramatically reduced transcriptional
activity. Both Ets sites were shown to bind Elf-1, and con-
sistent with this finding, promoter activity was signifi-
cantly augmented following Elf-1 overexpression. We also
identified a binding site for Runx-1 that appears to sup-
press promoter activity. Finally, the absence of apprecia-
ble LAT promoter activity in 70Z and Raji B cell lines may
contribute to the cell-type specific expression of this gene.

Our results demonstrate that deletion of the region from -
200 to -1 leads to a 3-fold or greater increase in LAT pro-
moter activity. Since this region lies downstream of the
transcription start sites, the effects observed could con-
ceivably be mediated at the level of transcription or a sub-
sequent step in the gene expression process, such as
mRNA stability or the efficiency of translation. However,
this region still possesses inhibitory activity when moved
upstream of the transcription start sites in the LAT pro-
moter (data not shown), suggesting that the effect occurs
at the level of transcription. Although the biological rele-
vance of the inhibitory region is presently unknown, the
fact that the magnitude of its activity varies between Jurkat
and RBL-2H3 cells suggests that it may modulate cell type
specific expression levels for the LAT gene.

Deletion analysis and linker scanning mutagenesis
revealed that the region from -390 to -350 was particularly
important for LAT promoter function. Within this region
we identified two Ets sites and demonstrated that these
sites bind the Ets transcription factor Elf-1. The finding
that the LAT gene is regulated by Elf-1 is consistent with
the known functions of Elf-1 and other members of this
transcription factor family. Ets proteins have been shown
to play a critical role in the development and function of
T cells as well as other cell types of the immune system
[25,26], and Elf-1 has been implicated in the regulation of
a number of genes expressed in cells of hematopoietic ori-
gin, including genes for the TCRζ chain, the CD4 co-
receptor, the immunoglobulin heavy chain, the cytokine
IL-2, and CD1D1 molecule [39-42]. The fact that both Ets
sites are 100% conserved in human, mouse, and rat (Fig.
1 and data not shown) also suggests that these sites play a

Elf-1 interacts with the -390 Ets siteFigure 6
Elf-1 interacts with the -390 Ets site. A. A DNA probe 
encompassing the Ets site centered at -390 (-390 Ets wt) was 
labeled with 32P and incubated with nuclear extracts from 
Jurkat T cells in the absence or presence of 100-fold molar 
excess of competitor DNA. Samples were processed as 
described in the legend for Fig. 5. For competition experi-
ments, the unlabeled competitor DNA was the same 
sequence as that of the probe (self wt), the same sequence as 
the probe except containing point mutations within the Ets 
site (self mutEts), the consensus sequence for Ets family 
members (cons. wt) or the consensus sequence except for 
point mutations within the Ets site (cons. mutEts). The 
arrows indicates the specifically bound complex. B. Experi-
ments were conducted as in Fig. 5A except that the indicated 
antibody was added in place of competitor DNA.
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fundamental role in the regulation of LAT gene expres-
sion.

Adjacent to the Ets site centered at -360 we identified a
Runx site that is capable of binding Runx-1. Like the Ets
sites, this Runx site is 100% conserved in human, mouse,
and rat (Fig. 1 and data not shown). Similar to Ets, Runx
family members have been shown to be critical for hemat-
opoiesis and the expression of hematopoietic genes,
where they positively or negatively regulate gene expres-
sion depending on the context of their binding site and/or
prevailing intracellular conditions [30,31,43]. For exam-

ple, during T cell development and/or in mature T cells,
Runx family members positively regulate expression of
the interleukin-3, granulocyte macrophage-colony stimu-
lating factor, and TCR α and β genes [44-47] while they
inhibit expression of the CD4 gene [48].

A number of genes contain promoter or enhancer ele-
ments with adjacent Ets and Runx binding sites, including
the TCR α and β enhancers, the osteopontin promoter, the
immunoglobulin µ heavy chain enhancer, and the
enhancers of the polyomavirus and the Moloney leuke-
mia virus [33,34,49-52]. Both Runx and Ets proteins con-
tain intramolecular inhibitory domains that can impede
DNA binding and studies have shown that Runx-1 and
certain members of the Ets family, namely Ets-1, MEF, and
NERF [32,34,36-38,53], can interact with each other, dis-
placing the inhibitory domains and thereby stimulating
DNA binding and transactivation. Elf-1 has also been
shown, at least in vitro, to be capable of interacting with
Runx-1 [32]. Based on these findings, and the close prox-
imity of the Ets and Runx sites within the LAT promoter,
we hypothesized that the Runx site would behave simi-
larly to the Ets site and contribute to the activation of LAT
gene expression. However, our results revealed that the
Runx site actually has a repressive effect on LAT promoter
activity, a result analogous to the inhibitory role of Runx
sites in the CD4 gene silencer region [30]. It is possible
that Runx-1 does not interact with Elf-1 at the LAT pro-
moter and thus no cooperative effects would be expected.
Consistent with this possibility, our EMSA data demon-
strate that Elf-1 and Runx-1 can independently bind their
respective sites in the LAT promoter (Fig. 9). Runx pro-
teins also interact with a number of other proteins that
influence whether they have a positive or negative effect
on gene expression [30,31,43]. Thus, Runx-1 may recruit
to the LAT promoter proteins that actively inhibit gene
expression. It is also possible that under different circum-
stances, for example during hematopoiesis or in other
cell-types, members of the Runx and Ets families coopera-
tively bind to the adjacent sites in the LAT promoter to
facilitate gene expression.

Our data from the analysis of LAT promoter activity in
various cell-types is intriguing. The lack of significant LAT
promoter activity in 70Z and Raji B cells, which do not
express the endogenous LAT gene, suggests that the pro-
moter region identified in this study may mediate cell-
type specific expression of this gene. However, other
mechanisms are likely to be involved in cell-type specific
expression since the LAT promoter retains substantial
activity in HeLa cells, another cell line that fails to express
the endogenous gene [3]. In this latter situation, it is con-
ceivable that chromatin structure may play a more pre-
dominate role in cell-type specific regulation. It should
also be noted that since Elf-1 is expressed in B cells and

Overexpression of Elf-1 stimulates LAT promoter activityFigure 7
Overexpression of Elf-1 stimulates LAT promoter 
activity. The pGL3-basic reporter vector containing the -
400 to -1 wt region (wt) of the LAT promoter or the -400 to 
-1 region with point mutations within both Ets sites (mutEts) 
were transiently transfected into HeLa cells in the presence 
of the parental pCB6 vector or the expression vector for Elf-
1, pCB6-Elf-1. Twenty to twenty four hours later cells were 
harvested and fold activation was determined as described. 
The luciferase activity for each construct in the absence of 
co-transfected Elf-1 was then set at 1-fold. The resulted 
shown are the average fold induction and s.e.m. for at least 
three independent experiments. p < 0.05 for Elf-1 activation 
of the mutant promoter relative to that of wild-type as 
determined using the two-tailed t test.
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has been shown to activate gene expression in B cells
[39,54], it is unlikely that this transcription factor alone
plays a central role cell-type specific expression of LAT.

The results analyzing LAT promoter function in Jurkat and
RBL-2H3 cell lines, both of which express the endogenous
LAT gene [3], indicates that functional differences exist. In
particular, a promoter fragment spanning from -400 to -1
fails to support gene expression in the RBL-2H3 mast cell
line. One possible explanation of this result is that the Ets
sites do not exert a positive effect on gene expression in
mast cells. However, our data indicates that this is not the
case and instead points to another explanation, namely
that the -200 to -1 region and the Runx sites have a greater
suppressive effect in mast cells, and thereby may mitigate
any positive contribution made by factors binding to the
Ets sites. The results in RBL-2H3, Jurkat, and HeLa cells
also indicate that additional regulatory elements exist in
the region upstream of -400, and in particular in the
region spanning from -450 to -400. We have identified a
number of potential Sp-1 binding sites within this section
of the promoter and are currently exploring the role these
sites may play in LAT gene regulation (data not shown).
This and additional research will further elucidate the role
of various transcription factors in the regulation of LAT
gene expression, and should provide further insights into
the role each of these factors play in the cell-type specific
expression of this gene.

Conclusion
The goal of this study was to investigate the mechanisms
regulating transcription of the LAT gene, which is
expressed in a number cell-types generated during hemat-
opoiesis. We have defined the proximal promoter region
and found binding sites for two families of transcription
factors, Runx and Ets, which are known to play important
roles in the development and function of hematopoietic
cells. These sites are capable of binding Runx-1 and Elf-1
and appear to have opposing effects on LAT promoter
function. These results provide initial insights into the reg-
ulation of the LAT gene and provide a framework for fur-
ther research.

Methods
Cell lines
All cell lines were obtained from the American Type Cul-
ture Collection. The Jurkat human acute Leukemia T cell
line, the 70Z/3.12 (70Z) mouse pre-B cell line, and the
Raji human lymphoblast-like B cell line were each grown
in RPMI-1640 media. The rat RBL-2H3 mast cell line and
the human HeLa epithelial cell line were grown in DMEM
media. All media was supplemented with 10% fetal calf
serum, penicillin, and streptomycin. The 70Z cell media
also contained 50 µM β-mercaptoethanol.

LAT promoter activity in various cell-typesFigure 8
LAT promoter activity in various cell-types. A. 
Reporter constructs containing the indicated regions of the 
human LAT promoter were transiently transfected into the 
indicated cell-types. Following incubation, samples were har-
vested and after normalization to Renilla luciferase activity 
fold activation was calculated relative to that obtained with 
the promoterless pGL3-basic vector which was set at 1-fold. 
B. RBL-2H3 cells were transiently transfected with either the 
wild-type -1000 to -1 reporter plasmid or reporter plasmids 
containing the -1000 to -1 fragment with the indicated site(s) 
mutated. Following incubation, samples were harvested and 
after normalization to Renilla luciferase activity, the activity 
obtained with the wild-type promoter was set at 100%. p < 
0.05 for mutant reporters relative to wild-type using the 
two-tailed t test C. RBL-2H3 cells were transfected with the 
-1000 to -1 or -1000 to -200 reporter plasmids. Following 
incubation, samples were harversted, luciferase activities 
were measured and normalized to Renilla luciferase, and the 
activity obtained with empty pGL3-basic was set at 1-fold. 
For Fig. 8A-8C, the results shown are the average fold induc-
tion and s.e.m. from three or more independent experi-
ments. For 8B and 8C, p < 0.05 for the mutant reporters 
relative to wild-type as determined using the two-tailed t 
test.
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Plasmids
A pBAC plasmid containing the human LAT gene and the
surrounding genomic region was digested with NcoI and a
3543 bp DNA fragment extending approximately 3200 bp
upstream of the LAT translation start site was subcloned
into pBluescript KS II+ (Stratagene). This plasmid and
primers incorporating flanking KpnI and NheI restriction
sites were used in PCR to generate putative promoter frag-
ments that were then subcloned into KpnI and NheI
digested pGL3-Basic plasmid (Promega Corp.). This
placed the putative LAT promoter fragments immediately
upstream of the firefly luciferase gene in pGL3-Basic. For
linker scanning mutagenesis, sequential 10 bp mutations
incorporating a NotI restriction site were constructed as
follows: two fragments of the promoter region were gen-
erated by PCR. For one fragment (KpnI-NotI), the sense
primer at -1000 contained a flanking KpnI restriction site
while the anti-sense primer contained a NotI site spanning
the region to be mutated. For the second fragment, the
sense primer contained the NotI site and the anti-sense
primer at -1 contained a flanking NheI site. PCR products
were purified, then digested with KpnI and NotI or NotI
and NheI, and finally cloned into KpnI and NheI digested
pGL3-Basic.

Site-directed mutatgenesis of the putative Ets and Runx
DNA binding sites was conducted using the QuikChange®

II Site-Directed Mutagenesis kit (Stratagene). The specific
base pair changes were as follows: The Ets site centered at
-390 was changed from GATTTCCTGC to GATTTTTTGC,
the Runx site at -365 was changed from ACCACA to ATT-
ACA, and the Ets site centered at -360 was changed from
AGCTTCCTGC to AGCTTTTTGC. All plasmids created for
these studies were sequenced to ensure that unwanted
mutations were not incorporated during their construc-
tion.

The internal control pRL-TK Renilla lucifierase vector and
the pGL3-Control vectors were purchased from Promega
Corp. The expression vectors pCB6-Elf-1, along with the
parental pCB6 vector, were provided by Dr. Scott W. Hie-
bert, Vanderbilt University School of Medicine, Nashville,
Tennessee.

RLM-RACE
RNase Ligase-mediated Rapid Amplification of cDNA
ends (RLM-RACE) was performed using the FirstChoice®

RLM-RACE kit (Ambion, Inc). In this procedure, Poly(A)
RNA was isolated from Jurkat T cells using the PolyATtract
mRNA isolation System III (Promega Corp) and treated
with calf intestinal phosphatase to remove the 5' phos-
phate from truncated mRNA species. Tobacco acid pyro-
phosphatase treatment then removed the 5' cap structure
from full length RNA, followed by ligation of the 5' RACE
adaptor. Reverse transcription followed by two rounds of

PCR resulted in amplification of the 5' portion of the LAT
cDNA. PCR products were separated by agarose gel elec-
trophoresis, gel-purified, and cloned into pBluescript II
KS+ for DNA sequencing. A similar series of steps were
used to map the LAT transcription start sites using Human
Thymus RACE-Ready cDNA (Ambion, Inc.).

Transient transfection and Luciferase assay
Jurkat, RBL-2H3, and Raji cells were transiently trans-
fected by electroporation at 950 µF and either 240 V (Jur-
kat, Raji) or 300 V (RBL-2H3) using 1-5 × 106 cells, 2.5 µg
of pGL3 firefly luciferase reporter plasmid and 0.25 µg of
the internal control phRG-TK Renilla luciferase plasmid
per sample. HeLa cells were also transfected by electropo-
ration as described above except for experiments involv-
ing the overexpression of Elf-1, in which case 4 µg of the
parental pCB6 vector or Elf-1 expressing pCB6-Elf-1 was
included. For all tranfections, pBluescript II KS+ plasmid
DNA was also added to bring the final amount of DNA to
10 µg. 70Z cells were transfected using 2.5 × 105 cells, 0.9
µg of pGL3 reporter plasmid, 0.1 µg of phRG-TK plasmid,
and 3 µl of FUGENE 6 reagent (Roche Applied Science)
per sample according to the manufacturer's protocol. Fol-
lowing transfection, cells were resuspended in their
respective media, incubated 20–24 hr, then harvested and
assayed for firefly and Renilla luciferase activity using the
Dual-Luciferase Reporter Assay System (Promega Corpo-
ration). The ratio of firefly to Renilla luciferase activity was
calculated for each sample and the value obtained using
the promoterless pGL3-basic vector was set at one-fold
activation except for Elf-1 overexpression studies in HeLa
cells. In these experiments, the ratio of firefly to Renilla
luciferase activity obtained with the wild-type or mutEts
LAT reporter constructs and pCB6 was set at one-fold acti-
vation.

Duplicate or triplicate samples were included for all trans-
fections and the average and standard error of the mean
(s.e.m.) for each reporter plasmid or condition was calcu-
lated from three or more independent transfection exper-
iments using at least two preparations of each test
plasmid.

Preparation of nuclear extracts and the electrophoretic 
mobility shift assay
For the preparation of nuclear extracts, Jurkat T cells were
washed once with PBS, then lysed in a buffer containing
10 mM HEPES, pH 7.6, 60 mM KCl, 1 mM EDTA, 0.075%
NP-40, 1 mM DTT, 1 mM PMSF, 5 µg/ml each of apro-
tinin, leupeptin, and pepstatin. The resulting lysate was
centrifuged at 1500 rpm for 4 min and the nuclear pellet
washed once with lysis buffer lacking NP-40. The nuclear
pellet was then resuspended in nuclear extract buffer (20
mM Tris, pH 8.0, 400 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 0.5 mM PMSF, and 20% glycerol) and incubated
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on ice for 10 min. Centrifugation at 14 K rpm for 15 min
followed, and the protein concentration in the resulting
supernatant (nuclear extract) was determined by the Bio-
Rad DC Protein Assay prior to storage at -80°C.

The 32P labeled probes used in the electrophoretic gel
mobility shift assay (EMSA) were prepared by filling in
annealed oligonucleotides with the Klenow fragment of

DNA polymerase in the presence of [α-32P]dCTP and
other dNTPs followed by purification using NucTrap
probe purification columns (Stratagene). The sequence of
the probes used in EMSAs are as follows (mutations are
underlined): -390 wt : 5'-GCTTGATGATTTCCT-
GCCCTCGCC-3'; -390 mut Ets: 5;-GCTTGATGATTTTTT-
GCCCTCGCC-3'; -360 wt: 5'-
GGCACAGCTTCCTGCCGCAGGCC-3'; -360 mut Ets: 5'-
GGCACAGCTTTTTGCCGCAGGCC-3'; Runx/-360 Ets wt:
5'-GCGCTCACCACAGCTTCCTGCCGCAGG-3'; Runx/-
360Ets mutRunx: 5'-GCGCTCATTACAGCTTCCTGCCG-
CAGG-3'; Runx/-360Ets mutEts: 5'-GCGCTCAC-
CACAGCTTTTTGCCGCAGG-3'; Runx/-360Ets mutEts/
Runx: 5'-GCGCTCATTACAGCTTTTTGCCGCAGG-3'; con-
sensus Ets: 5'-GATCTCGAGCAGGAAGTTCGA-3'; consen-
sus mutEts: 5'-GATCTCGAGCAAGAAGTTCGA-3'. Note
that the GG at the 5' end of the -360 Ets probe and the ter-
minal C nucleotide at the 3' end were added to aid in 32P
labeling.

For EMSAs, 5 µg of nuclear extract was used in DNA bind-
ing reactions containing 10 mM HEPES, pH 7.6, 50 mM
KCl, 1 mM EDTA, 1 mM DTT, 5% glycerol, and 0.2 µg
sheared salmon sperm DNA. For competition experi-
ments a 100-fold molar excess of unlabeled competitor
DNA was also added, while for supershift experiments 1
µl of antibody was used. The Ets-1 (C-20), Ets-2 (H-140),
Elf-1 (C-20), Fli-1 (C-19), and Runx1 (N-20) antibodies
used in supershift experiments were purchased from Santa
Cruz Biotechnology, Inc. Samples were incubated on ice
for 15 min, 20 K cpm of labeled probe was then added,
and samples incubated an additional 30 min prior to
loading onto a 4.5% nondenaturing polyacrylamide gel.
Samples were electrophoresed at 4°C and 20 mA using a
0.5× TBE running buffer. After the separation of com-
plexes, the gel was dried and exposed overnight to Kodak
Biomax film at -80°C using an intensifying screen.

Accession numbers
The accession number for the human, mouse and rat DNA
sequences are: [GenBank:AC109460](human); [EMBL:
AJ438435](mouse); [EMBL: AJ001184] (rat).
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The transcription factor Runx1 binds to the LAT promoterFigure 9
The transcription factor Runx1 binds to the LAT pro-
moter. A. A DNA probe encompassing the Runx site and 
the Ets site centered at -360 (Runx/-360 Ets wt) was labeled 
with 32P and incubated with nuclear extracts from Jurkat T 
cells in the absence or presence of 100-fold molar excess of 
unlabeled competitor DNA. Samples were processed as 
described in the legend for Fig. 5. For competition experi-
ments, the unlabeled competitor DNA was the same 
sequence as that of the labelled probe (self wt), the same 
sequence as the probe except containing point mutations 
within the Ets site (self mutEts), the Runx site (self mutRunx) 
or both sites (self mutEts/Runx). B. Experiments were con-
ducted as in Fig. 9A, with the exception that the Elf-1 anti-
body was also added to the indicated sample. C. Experiments 
were conducted as described in Fig. 9A except that the 
Runx-1 antibody was added instead of unlabeled competitor. 
For A-C, the arrow denotes specific complexes. D. Jurkat 
and RBL-2H3 cells were transfected with the wild type -1000 
to -1 reporter plasmid or the -1000 to -1 reporter plasmid 
with a mutation within the Runx site. Following incubation, 
samples were harversted, luciferase activities were measured 
and normalized to Renilla luciferase, and the activity obtained 
with empty pGL3-basic was set at 1-fold. The results shown 
are the average fold induction and s.e.m. from three or more 
independent experiments. p < 0.05 for the mutant reporters 
relative to wild-type as determined using the two-tailed t 
test.

A. 

comp: no
ne

no
ne

NE: -- + + + + +

se
lf 

w
t

se
lf 

m
ut

Et
s

se
lf 

m
ut

R
un

x
se

lf 
m

ut
Et

s/
R

un
x

Ab:

se
lf 

m
ut

Et
s

comp: se
lf 

m
ut

Et
s

--
---- Elf-1

B. 

Ab: -- R
un

x1

C. 

0

50

100

150

200

250

D. 

wt   mut
 Runx
   

  mut
 Runx
  

pe
rc

en
t a

ct
iv

ity

Jurkat
           RBL-2H3

probe: Runx/-360 Ets site
Page 12 of 14
(page number not for citation purposes)

http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AC109460
http://www.ebi.ac.uk/cgi-bin/dbfetch?AJ438435
http://www.ebi.ac.uk/cgi-bin/dbfetch?AJ001184


BMC Molecular Biology 2006, 7:4 http://www.biomedcentral.com/1471-2199/7/4
Acknowledgements
The authors would like to thank Adeline Ashmore, Yuan Mei, Cindy Zheng, 
Jennilee Robinson, Emily Burnham, Kateena Johnson, and Hameeda Bello 
for their technical assistance, Sara Scherer and Dr. Douglas Fantz for their 
critical reading of the manuscript, and Dr. Scott W. Hiebert for the pCB6 
and pCB6-Elf-1 expression vectors. The work is supported by a grant (MCB 
– 0234997) from the National Science Foundation.

References
1. Samelson LE: Signal transduction mediated by the T cell anti-

gen receptor: The role of adapter proteins.  Annu Rev Immunol
2002, 20:371-394.

2. Horejsi V, Zhang W, Schraven B: Transmembrane adaptor pro-
teins: Organizers of immunoreceptor signalling.  Nat Rev
Immunol 2004, 4:603-616.

3. Zhang W, Sloan-Lancaster J, Kitchen J, Trible RP, Samelson LE: LAT:
The ZAP-70 tyrosine kinase substrate that links T cell recep-
tor to cellular activation.  Cell 1998, 92:83-92.

4. Weber JR, Orstavik S, Torgersen KM, Danbolt NC, Berg SF, Ryan JC,
Tasken K, Imboden JB, Vaage JT: Molecular cloning of the cDNA
encoding pp36, a tyrosine-phosphorylated adaptor protein
selectively expressed by T cells and natural killer cells.  J Exp
Med 1998, 187:1157-1161.

5. Finco TS, Kadlecek T, Zhang W, Samelson LE, Weiss A: LAT is
required for TCR-mediated activation of PLCgamma1 and
the ras pathway.  Immunity 1998, 9:617-626.

6. Zhang W, Irvin BJ, Trible RP, Abraham RT, Samelson LE: Functional
analysis of LAT in TCR-mediated signaling pathways using a
LAT-deficient jurkat cell line.  Int Immunol 1999, 11:943-950.

7. Zhang W, Sommers CL, Burshtyn DN, Stebbins CC, DeJarnette JB,
Trible RP, Grinberg A, Tsay HC, Jacobs HM, Kessler CM, Long EO,
Love PE, Samelson LE: Essential role of LAT in T cell develop-
ment.  Immunity 1999, 10:323-332.

8. Pasquet JM, Gross B, Quek L, Asazuma N, Zhang W, Sommers CL,
Schweighoffer E, Tybulewicz V, Judd B, Lee JR, Koretzky G, Love PE,
Samelson LE, Watson SP: LAT is required for tyrosine phospho-
rylation of phospholipase cgamma2 and platelet activation
by the collagen receptor GPVI.  Mol Cell Biol 1999, 19:8326-8334.

9. Jevremovic D, Billadeau DD, Schoon RA, Dick CJ, Irvin BJ, Zhang W,
Samelson LE, Abraham RT, Leibson PJ: Cutting edge: A role for
the adaptor protein LAT in human NK cell-mediated cyto-
toxicity.  J Immunol 1999, 162:2453-2456.

10. Saitoh S, Arudchandran R, Manetz TS, Zhang W, Sommers CL, Love
PE, Rivera J, Samelson LE: LAT is essential for fc(epsilon)RI-
mediated mast cell activation.  Immunity 2000, 12:525-535.

11. Judd BA, Myung PS, Obergfell A, Myers EE, Cheng AM, Watson SP,
Pear WS, Allman D, Shattil SJ, Koretzky GA: Differential require-
ment for LAT and SLP-76 in GPVI versus T cell receptor sig-
naling.  J Exp Med 2002, 195:705-717.

12. Klem J, Verrett PC, Kumar V, Schatzle JD: 2B4 is constitutively
associated with linker for the activation of T cells in glycoli-
pid-enriched microdomains: Properties required for 2B4
lytic function.  J Immunol 2002, 169:55-62.

13. Su YW, Herzog S, Lotz M, Feldhahn N, Muschen M, Jumaa H: The
molecular requirements for LAT-mediated differentiation
and the role of LAT in limiting pre-B cell expansion.  Eur J
Immunol 2004, 34:3614-3622.

14. Su YW, Jumaa H: LAT links the pre-BCR to calcium signaling.
Immunity 2003, 19:295-305.

15. Oya K, Wang J, Watanabe Y, Koga R, Watanabe T: Appearance of
the LAT protein at an early stage of B-cell development and
its possible role.  Immunology 2003, 109:351-359.

16. Facchetti F, Chan JK, Zhang W, Tironi A, Chilosi M, Parolini S,
Notarangelo LD, Samelson LE: Linker for activation of T cells
(LAT), a novel immunohistochemical marker for T cells, NK
cells, mast cells, and megakaryocytes: Evaluation in normal
and pathological conditions.  Am J Pathol 1999, 154:1037-1046.

17. Maruyama K, Sugano S: Oligo-capping: A simple method to
replace the cap structure of eukaryotic mRNAs with oligor-
ibonucleotides.  Gene 1994, 138:171-174.

18. Schaefer BC: Revolutions in rapid amplification of cDNA ends:
New strategies for polymerase chain reaction cloning of full-
length cDNA ends.  Anal Biochem 1995, 227:255-273.

19. Smale ST, Kadonaga JT: The RNA polymerase II core promoter.
Annu Rev Biochem 2003, 72:449-479.

20. Wingender E, Chen X, Fricke E, Geffers R, Hehl R, Liebich I, Krull M,
Matys V, Michael H, Ohnhauser R, Pruss M, Schacherer F, Thiele S,
Urbach S: The TRANSFAC system on gene expression regu-
lation.  Nucleic Acids Res 2001, 29:281-283.

21. Quandt K, Frech K, Karas H, Wingender E, Werner T: MatInd and
MatInspector: New fast and versatile tools for detection of
consensus matches in nucleotide sequence data.  Nucleic Acids
Res 1995, 23:4878-4884.

22. Sandelin A, Alkema W, Engstrom P, Wasserman WW, Lenhard B:
JASPAR: An open-access database for eukaryotic transcrip-
tion factor binding profiles.  Nucleic Acids Res 2004, 32:D91-4.

23. Sementchenko VI, Watson DK: Ets target genes: Past, present
and future.  Oncogene 2000, 19:6533-6548.

24. Graves BJ, Petersen JM: Specificity within the ets family of tran-
scription factors.  Adv Cancer Res 1998, 75:1-55.

25. Sharrocks AD: The ETS-domain transcription factor family.
Nat Rev Mol Cell Biol 2001, 2:827-837.

26. Oikawa T, Yamada T: Molecular biology of the ets family of
transcription factors.  Gene 2003, 303:11-34.

27. Hollenhorst PC, Jones DA, Graves BJ: Expression profiles frame
the promoter specificity dilemma of the ETS family of tran-
scription factors.  Nucleic Acids Res 2004, 32:5693-5702.

28. Bassuk AG, Barton KP, Anandappa RT, Lu MM, Leiden JM: Expres-
sion pattern of the ets-related transcription factor elf-1.  Mol
Med 1998, 4:392-401.

29. Davis JN, Roussel MF: Cloning and expression of the murine elf-
1 cDNA.  Gene 1996, 171:265-269.

30. Wheeler JC, Shigesada K, Gergen JP, Ito Y: Mechanisms of tran-
scriptional regulation by runt domain proteins.  Semin Cell Dev
Biol 2000, 11:369-375.

31. de Bruijn MF, Speck NA: Core-binding factors in hematopoiesis
and immune function.  Oncogene 2004, 23:4238-4248.

32. Mao S, Frank RC, Zhang J, Miyazaki Y, Nimer SD: Functional and
physical interactions between AML1 proteins and an ETS
protein, MEF: Implications for the pathogenesis of t(8;21)-
positive leukemias.  Mol Cell Biol 1999, 19:3635-3644.

33. Erman B, Cortes M, Nikolajczyk BS, Speck NA, Sen R: ETS-core
binding factor: A common composite motif in antigen recep-
tor gene enhancers.  Mol Cell Biol 1998, 18:1322-1330.

34. Wotton D, Ghysdael J, Wang S, Speck NA, Owen MJ: Cooperative
binding of ets-1 and core binding factor to DNA.  Mol Cell Biol
1994, 14:840-850.

35. Sun W, Graves BJ, Speck NA: Transactivation of the moloney
murine leukemia virus and T-cell receptor beta-chain
enhancers by cbf and ets requires intact binding sites for
both proteins.  J Virol 1995, 69:4941-4949.

36. Gu TL, Goetz TL, Graves BJ, Speck NA: Auto-inhibition and part-
ner proteins, core-binding factor beta (CBFbeta) and ets-1,
modulate DNA binding by CBFalpha2 (AML1).  Mol Cell Biol
2000, 20:91-103.

37. Kim WY, Sieweke M, Ogawa E, Wee HJ, Englmeier U, Graf T, Ito Y:
Mutual activation of ets-1 and AML1 DNA binding by direct
interaction of their autoinhibitory domains.  EMBO J 1999,
18:1609-1620.

38. Goetz TL, Gu TL, Speck NA, Graves BJ: Auto-inhibition of ets-1 is
counteracted by DNA binding cooperativity with core-bind-
ing factor alpha2.  Mol Cell Biol 2000, 20:81-90.

39. Geng Y, Laslo P, Barton K, Wang CR: Transcriptional regulation
of CD1D1 by ets family transcription factors.  J Immunol 2005,
175:1022-1029.

40. Sarafova S, Siu G: A potential role for elf-1 in CD4 promoter
function.  J Biol Chem 1999, 274:16126-16134.

41. Rellahan BL, Jensen JP, Howcroft TK, Singer DS, Bonvini E, Weissman
AM: Elf-1 regulates basal expression from the T cell antigen
receptor zeta-chain gene promoter.  J Immunol 1998,
160:2794-2801.

42. Thompson CB, Wang CY, Ho IC, Bohjanen PR, Petryniak B, June CH,
Miesfeldt S, Zhang L, Nabel GJ, Karpinski B: Cis-acting sequences
required for inducible interleukin-2 enhancer function bind a
novel ets-related protein, elf-1.  Mol Cell Biol 1992, 12:1043-1053.

43. Otto F, Lubbert M, Stock M: Upstream and downstream targets
of RUNX proteins.  J Cell Biochem 2003, 89:9-18.

44. Takahashi A, Satake M, Yamaguchi-Iwai Y, Bae SC, Lu J, Maruyama M,
Zhang YW, Oka H, Arai N, Arai K: Positive and negative regula-
Page 13 of 14
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11861607
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11861607
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15286727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15286727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9489702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9489702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9489702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9529333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9529333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9529333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9846483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9846483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9846483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10360968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10360968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10360968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10204488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10204488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10567557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10567557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10567557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10072481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10072481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10072481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10843385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10843385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11901197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11901197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11901197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12077228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12077228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12077228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15549729
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15549729
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15549729
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12932362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12807480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12807480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12807480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10233842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10233842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10233842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8125298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8125298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8125298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7573945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7573945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7573945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12651739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11125113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11125113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8532532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8532532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8532532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11175369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11175369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9709806
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9709806
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11715049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12559563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12559563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15498926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15498926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15498926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10780882
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10780882
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8666284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8666284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11105901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11105901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15156179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15156179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10207087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10207087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10207087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9488447
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9488447
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9488447
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8264651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8264651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7609063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7609063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7609063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10594012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10594012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10594012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10075931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10075931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10075931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10594011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10594011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10594011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16002702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16002702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10347164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10347164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9510181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9510181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1545787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1545787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1545787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12682904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12682904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7605990


BMC Molecular Biology 2006, 7:4 http://www.biomedcentral.com/1471-2199/7/4
tion of granulocyte-macrophage colony-stimulating factor
promoter activity by AML1-related transcription factor,
PEBP2.  Blood 1995, 86:607-616.

45. Halle JP, Haus-Seuffert P, Woltering C, Stelzer G, Meisterernst M: A
conserved tissue-specific structure at a human T-cell recep-
tor beta-chain core promoter.  Mol Cell Biol 1997, 17:4220-4229.

46. Uchida H, Zhang J, Nimer SD: AML1A and AML1B can transac-
tivate the human IL-3 promoter.  J Immunol 1997,
158:2251-2258.

47. Bae SC, Ogawa E, Maruyama M, Oka H, Satake M, Shigesada K, Jenkins
NA, Gilbert DJ, Copeland NG, Ito Y: PEBP2 alpha B/mouse
AML1 consists of multiple isoforms that possess differential
transactivation potentials.  Mol Cell Biol 1994, 14:3242-3252.

48. Taniuchi I, Osato M, Egawa T, Sunshine MJ, Bae SC, Komori T, Ito Y,
Littman DR: Differential requirements for runx proteins in
CD4 repression and epigenetic silencing during T lym-
phocyte development.  Cell 2002, 111:621-633.

49. Gunther CV, Graves BJ: Identification of ETS domain proteins
in murine T lymphocytes that interact with the moloney
murine leukemia virus enhancer.  Mol Cell Biol 1994,
14:7569-7580.

50. Mayall TP, Sheridan PL, Montminy MR, Jones KA: Distinct roles for
P-CREB and LEF-1 in TCR alpha enhancer assembly and
activation on chromatin templates in vitro.  Genes Dev 1997,
11:887-899.

51. Sato M, Morii E, Komori T, Kawahata H, Sugimoto M, Terai K,
Shimizu H, Yasui T, Ogihara H, Yasui N, Ochi T, Kitamura Y, Ito Y,
Nomura S: Transcriptional regulation of osteopontin gene in
vivo by PEBP2alphaA/CBFA1 and ETS1 in the skeletal tis-
sues.  Oncogene 1998, 17:1517-1525.

52. Kamachi Y, Ogawa E, Asano M, Ishida S, Murakami Y, Satake M, Ito Y,
Shigesada K: Purification of a mouse nuclear factor that binds
to both the A and B cores of the polyomavirus enhancer.  J
Virol 1990, 64:4808-4819.

53. Cho JY, Akbarali Y, Zerbini LF, Gu X, Boltax J, Wang Y, Oettgen P,
Zhang DE, Libermann TA: Isoforms of the ets transcription fac-
tor NERF/ELF-2 physically interact with AML1 and mediate
opposing effects on AML1-mediated transcription of the B
cell-specific blk gene.  J Biol Chem 2004, 279:19512-19522.

54. Akbarali Y, Oettgen P, Boltax J, Libermann TA: ELF-1 interacts
with and transactivates the IgH enhancer pi site.  J Biol Chem
1996, 271:26007-26012.
Page 14 of 14
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7605990
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7605990
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9234679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9234679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9234679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9036972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9036972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8164679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8164679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8164679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12464175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12464175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12464175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7935472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7935472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7935472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9106660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9106660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9106660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9794229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9794229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9794229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2168969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2168969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14970218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14970218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14970218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8824239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8824239

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	The LAT gene contains multiple transcription start sites
	The LAT promoter extends 800 bp upstream of the translation start site
	Linker scanning mutagenesis of the -450 to -350 region within the LAT promoter
	Two Ets sites are required for LAT promoter activity
	Both Ets sites bind Elf-1, a member of the Ets transcription factor family
	Activation of the LAT promoter by overexpression of Elf-1
	Role of the LAT promoter in cell-type specific expression
	The LAT promoter contains a potential Runx binding site adjacent to the Ets site centered at -360

	Discussion
	Conclusion
	Methods
	Cell lines
	Plasmids
	RLM-RACE
	Transient transfection and Luciferase assay
	Preparation of nuclear extracts and the electrophoretic mobility shift assay
	Accession numbers

	Authors' contributions
	Acknowledgements
	References

