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Understanding the mechanisms by which the transcription rate
of a particular gene is controlled is a common goal of many investigators. A general approach taken to study transcriptional regulation has been to first identify a protein-binding site(s) using
methods such as DNase footprinting or gel mobility shift assays
and then to remove the binding site(s) from its natural context by
placing single or multiple copies of the site(s) upstream of a heterologous minimal promoter. This approach has the advantage that a
large degree of transcriptional activity can be observed when multiple copies of a factor are brought to a promoter that can recruit
very few other site-specific DNA-binding proteins. However, analysis of synthetic promoter constructs provides information concerning what a transcription factor has the potential to do but does not
necessarily provide information about the specific contribution of a
factor to the regulation of a natural promoter. Throughout the text,
“context-dependent” transcriptional regulation refers to instances
in which the transcriptional properties of a particular factor are
influenced either by its position relative to other factors bound to a
given promoter or by the abundance of transcriptional cofactors in
a given cell type. It should be emphasized that context-dependent
regulation can be lost when transferring a binding site to a heterologous promoter, when the position of a binding site is changed
within a natural promoter, or when the cellular expression levels of
critical transcriptional cofactors are altered. The purpose of this
minireview is to describe various ways in which the specific context
of a binding site in a promoter influences the ability of a DNA
site-specific transcription factor to regulate gene expression. For
simplicity, we have limited our examples to four different transcription factors: YY1, lymphocyte enhancer-binding factor 1 (LEF1),1 Sp1, and E2F.
YY1 is a ubiquitously expressed mammalian transcription factor
that can function as an activator, a repressor, or an initiator protein, depending upon promoter context (1). YY1 binds to a specific
DNA sequence element (CCATNTT) via a DNA-binding domain
that contains four C-terminal zinc finger motifs of the Cys2-His2
class. YY1 can bend DNA, and it physically interacts with a variety
of basal and site-specific transcription factors (p300, TATA-binding
protein (TBP), TBP-associated factor (TAF) 55, TFIIB, RNA polymerase II, Sp1, c-Myc, and cAMP-regulated enhancer-binding protein (CREB) binding protein. These two characteristics are responsible for the fact that YY1 function, perhaps to a greater degree
than many other transcription factors, is critically dependent upon
promoter structure.
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LEF-1 is a member of the T cell factor (TCF)/LEF family of
transcription factors, which in mammals also includes TCF-1,
TCF-3, and TCF-4 (2). Members of this family of transcription
factors contain an 85-amino acid DNA-binding domain that is
homologous to high mobility group (HMG) proteins. One subclass
of HMG proteins has a high affinity for DNA structures containing sharply angled bends, four-way junctions, or crossovers; this
subset of factors has little sequence specificity for DNA binding.
LEF-1 is a member of a second subclass of HMG proteins, which
binds to specific sequence elements that are variants of the
consensus CCTTTGAA. The HMG factors are believed to modulate both gene expression and chromatin structure. The ability of
LEF-1 to bend DNA contributes to its context-dependent activation properties.
Sp1 is a member of a family of transcription factors consisting of
Sp1, Sp2, Sp3, and Sp4 (3). These proteins bind to GC-rich sequences (e.g. GGGCGG) found in the promoters of many cellular
genes. Sp1 can activate transcription through a variety of mechanisms, functioning as both a basal promoter element and as an
upstream activator, depending on promoter context. In many genes
lacking TATA boxes, a proximally positioned Sp1 site serves as the
critical determinant of promoter activity and positions the start
site of transcription. However, Sp1 can also enhance transcription
from a distance through DNA looping mediated by protein-protein
interactions.
The E2F family of transcription factors functions as heterodimers that bind a consensus DNA sequence TTTSSCGC (S5C
or G) (4). To date six different mammalian E2F proteins (E2F1– 6)
have been cloned, and each of these heterodimerizes with DP1 or
DP2 proteins. The E2F proteins contain central DNA-binding and
dimerization domains and (except for E2F6) a C-terminal transactivation domain. The DP proteins contribute to the DNA binding
activity of the heterodimer but do not contain a transactivation
domain. Nested within the transactivation domain of the E2F
proteins is a protein interaction domain that mediates contact with
the retinoblastoma (Rb) family of proteins (Rb, p107, and p130),
which function to repress transcription. Thus, the interaction of
E2F with Rb determines the activation and repression functions of
an E2F heterodimer bound to a promoter and is critical for mediating cell cycle-regulated expression of E2F target genes.
Five Mechanisms by Which Context-dependent
Transcriptional Activation Can Be Achieved
Transcription Factor-induced DNA Bending Can Influence Promoter Activity—Using simple synthetic promoters, Kim and Shapiro (5) have shown that a YY1 site can stimulate promoter activity
if placed between a binding site for nuclear factor 1 (NF1) and a
TATA box but not if the positions of the YY1 and NF1 sites are
switched (Fig. 1A). These results suggest that the robust activity of
the NF1-YY1-TATA promoter is not simply because of synergy of
two weak transcriptional activation domains. Rather, the authors
suggested that a YY1-induced DNA bend brings the NF1 protein in
proximity to the basal transcription complex only if YY1 is placed
between NF1 and the TATA box. To test this hypothesis, the
rotational orientation of the YY1-induced bend was changed (by
deleting 4 base pairs of DNA between YY1 and the TATA box) so
that YY1 bent the NF1 site in the opposite direction. The synergy
between YY1 and NF1 was lost, supporting the hypothesis that the
YY1-induced bend is the critical determinant in activation of the
promoter. However, a YY1-induced bend does not have the same
function at all promoters. For example, a similar YY1-induced DNA
bend represses transcription from the c-fos promoter (6) and can
repress activating protein 1 (AP1)-mediated transcription from a
synthetic AP1-YY1-TATA promoter (5). Thus, these studies show
that, because of YY1-mediated DNA bending, changing the context
of a YY1-binding site can dramatically change the effects of YY1 on
promoter activity. The ability of LEF-1 to bend DNA can also
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FIG. 1. Transcription factor-induced DNA bending can influence
promoter activity. A, DNA bending induced by a properly positioned YY1
protein brings NF1 closer to the basal transcription complex (e.g. TBP);
placement of YY1 upstream of NF1 abolishes YY1-mediated activation. B,
Sp1-mediated DNA bending at the SV40 early promoter brings the enhancer
closer to the basal promoter complex; mutation of the Sp1 sites (indicated by
the Xs) reduces DNA bending and transcriptional activation.

influence the transcriptional activity of specific promoters. For
example, the T-cell receptor a (TCRa) enhancer contains a LEF-1
site flanked on either side by a CREB and an Ets-binding site;
activation of the TCRa enhancer requires proteins that bind all
three sites (7). Increasing the spacing between the LEF-1 site and
either the Ets or CREB site reduces transcriptional activation,
suggesting that the precise distance between the sites is critical.
These studies led to the hypothesis that DNA bending caused by
LEF-1 promotes interactions between the proteins bound to the
CREB and Ets sites. In support of this model, further studies
showed that placing the Ets and CREB sites next to each other
abrogates the need for LEF-1 (7). Also, studies using variant LEF1-binding sites show a correlation between the extent of DNA
bending and transcriptional activation of the TCRa enhancer, supporting the hypothesis that LEF-1-induced DNA bending contributes to promoter activity (8).
Sp1 can also achieve context-dependent transcriptional activation by altering the structure of DNA. The simian virus 40 (SV40)
early promoter is composed of three 21-base pair repeats, with each
repeat containing two binding sites for Sp1. Robust transcriptional
activity from this promoter also requires an upstream enhancer
that binds a number of different transcription factors. The 21-base
pair repeats contain an intrinsic DNA bend that can be stabilized
by binding of Sp1 (9). It has been proposed that Sp1-stabilized
bending activates transcription by bringing the factors bound to
the upstream enhancer closer to the basal promoter (Fig. 1B).
Another study has also documented the ability of Sp1 to alter the
structure of DNA. Courey et al. (10) demonstrated that Sp1 proteins bound 1.8 kilobases downstream of a promoter can cooperate
with Sp1 bound at the basal promoter region to synergistically
activate transcription. The proximally and distally bound Sp1 proteins can physically interact to form a looped DNA structure (11).
Therefore, one function of Sp1 appears to be the alteration of DNA
structure, resulting in the recruitment of distally bound activators
to a position more proximal to the basal transcription complex.
Overlapping Binding Sites Can Influence the Response to a Transcriptional Activator—The presence of overlapping transcription
factor binding sites often makes it difficult to determine which
factor is mediating transcriptional regulation (Fig. 2). At many
promoters, Sp1 sites overlap with binding sites for the early growth
response (Egr) family of GC-rich DNA-binding transcription factors; binding of Sp1 and Egr1 is often mutually exclusive. A GCrich region containing overlapping Sp1 and Egr sites is responsible
for phorbol 12-myristate 13-acetate (PMA)-induced transcription of
the platelet-derived growth factor A-chain promoter (12). Although
both proteins can bind to the GC-rich element, mutational analyses
demonstrated that Egr1, not Sp1, is responsible for PMA-induced
activation of the promoter. Sp1 binding to an overlapping Sp1/Egr
site is required for v-Raf-mediated activation of the multidrug
resistance gene 1 transcription in quiescent NIH 3T3 cells (13). In
contrast, Egr1 mediates the activation of multidrug resistance gene
1 transcription by 12-O-tetradecanoylphorbol-13-acetate in K562
cells through the same Sp1/Egr1 element (14). Thus, Sp1 and Egr1
can differentially regulate transcription through the same binding
sites, depending on the cellular environment.

FIG. 2. Overlapping binding sites can influence the response to a
transcriptional activator. Overlapping binding sites for Sp1 and Egr, E2F
and CDF-1 (CDE), and YY1 and SRF (SRE) can result in competitive binding. Therefore, the contribution of sequences flanking a binding site can be
important in determining the function of a factor at a particular promoter.

The role of E2F in the regulation of several promoters is influenced by an overlapping binding site for the transcriptional repressor protein, CDE-CHR binding factor-1 (CDF-1). Transcription
from the B-myb and cyclin A promoters, both of which contain
overlapping E2F and CDF-1 sites, is repressed in the G0 phase of
the cell cycle. Mutational analyses indicated that the E2F site is
necessary for repression of the B-myb promoter (15). The B-myb
promoter strongly binds E2F4, the predominant E2F protein in G0
phase cells, and only weakly binds CDF-1. In contrast, CDF-1
binding, but not E2F binding, is critical for repression of the cyclin
A promoter (16), suggesting that CDF-1 mediates this G0 phase
repression. In support of this hypothesis, the cyclin A promoter is
only weakly bound by E2F4 (16).
YY1 has been shown to repress certain promoters because of the
arrangement of overlapping binding sites. For example, YY1 and
serum response factor (SRF) bind to the serum response element
(SRE) of the skeletal a-actin promoter in a mutually exclusive
manner (17, 18). Normally, YY1 blocks access of SRF and prevents
activation of the promoter. However, under conditions in which
YY1 DNA binding activity decreases (e.g. during myogenic differentiation), SRF has free access to its binding site, and transcription
from the skeletal a-actin promoter is increased. The SRE in the
c-fos promoter is also bound by both YY1 and SRF (19). The binding
of these two factors in primary chicken muscle cells is mutually
exclusive, and YY1 can block the SRF-mediated induction of the
c-fos promoter. Thus, removal of a YY1 site (CCATNTT) from
within an SRE (CC(A/T)6GG) can result in a misunderstanding of
the role of YY1 in the regulation of a particular gene.
Promoter-specific Protein-Protein Interactions Can Influence the
Response to a Transcriptional Activator—Cooperative interactions
between Sp1 and other DNA-bound transcription factors can result
in context-dependent transcriptional regulation. Mutational analyses of the human immunodeficiency virus (HIV-1) enhancer indicated that adjacent binding sites for the nuclear factor of the k light
chain enhancer in B cells (NF-kB) and Sp1 are sufficient to direct
mitogen-stimulated transcription (20). However, mutation of either
the NF-kB or the Sp1 site or the addition of 5 base pairs between
the two sites abolishes activation and binding of both proteins.
These studies demonstrate that a protein-protein interaction between NF-kB and Sp1 can result in cooperative DNA binding and
synergistic activation of promoters containing appropriately
spaced binding sites. A protein-protein interaction between Sp1
and the octamer-binding transcription factor (OTF-1/Oct-1) mediates transcriptional activation of the upstream U2 small nuclear
RNA gene enhancer (21, 22). Sp1 and OTF-1/Oct-1 cooperate in
DNA binding and synergistic activation, both of which become
more pronounced when the Sp1 site is combined with a low affinity
OTF-1/Oct-1-binding site (Fig. 3A). The cooperativity between
OTF-1/Oct-1 and Sp1 is distance-dependent; the addition of only 15
base pairs between the Sp1 site and a low affinity OTF-1/Oct-1 site
reduced activation 5-fold. The erythroid-specific GATA binding
factor (GATA) family of transcriptional activators can also synergize with Sp1 at the erythroid pyruvate kinase and glycophorin B
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FIG. 3. Promoter-specific protein-protein interactions can influence the response to a transcriptional activator. A, synergy with Sp1 is
needed for robust activation of a U2 small nuclear RNA enhancer containing
a low affinity Oct-1 site (indicated by the gray shading); a high affinity Oct-1
site does not require synergy with Sp1. B, E2F can synergize with Sp1 in
activation of the murine tk promoter. However, insertion of 20 base pairs
between the two sites or mutation of either the Sp1 or the E2F site results in
loss of binding of both factors and loss of activation.

promoters (23). In contrast, Sp1 and GATA do not synergize at a
bmaj-globin-derived promoter, although it contains similarly spaced
Sp1 and GATA sites. The exact promoter features that specify
GATA and Sp1 cooperativity have not yet been determined. Taken
together, these results clearly show that the presence of other
site-specific DNA-binding proteins can greatly influence the ability
of Sp1 to activate transcription.
The ability of LEF-1 protein-protein interactions to influence
transcription is also promoter-specific because of the interaction of
LEF-1 with two different coactivators, b-catenin and ally of LEF-1
(ALY). Each of these coactivators enhances the ability of LEF-1 to
activate a specific subset of promoters (24, 25). For example, multimerized LEF-1 sites cloned upstream of the c-fos minimal promoter can confer robust activation by LEF-1zb-catenin complexes,
but this same promoter construct is not responsive to LEF-1zALY
complexes. In contrast, the TCRa enhancer is highly responsive to
LEF-1zALY complexes but cannot be activated by LEF-1zb-catenin
complexes. The circumstances that determine the ability of LEF1zcoactivator complexes to activate some, but not all, promoters are
not yet understood but appear to be promoter context-dependent.
Several studies have examined functional interactions between
E2F and other DNA-bound transcriptional activators. For example,
E2F and Sp1 have been shown to cooperate in activation of the
murine thymidine kinase (tk) promoter (Fig. 3B). Insertion of 20
base pairs between adjacent Sp1- and E2F-binding sites abolishes
tk promoter activity, and mutation of either site eliminates binding
of both Sp1 and E2F, demonstrating that these activators cooperate in DNA binding. Sp1 can bind to the N-terminal region of E2F1,
E2F2, and E2F3, but not to E2F4 or E2F5, suggesting that cooperativity with Sp1 may be limited to a subset of E2F proteins (26,
27). In support of this hypothesis, Lin et al. (27) have shown that
E2F1, but not E2F4, can synergize with Sp1 in activation of the
hamster dihydrofolate reductase and human DNA polymerase a
promoters. Furthermore, E2F1 can synergize with Sp1, but not
Sp3, in activation of the c-myc promoter (28), suggesting that
cooperativity is also limited to a subset of the Sp1 family of proteins. Additional studies have shown that YY1 and the CCAATbinding factor NF-Y can also cooperate with E2F to mediate
growth-regulated transcription (29). In fact, many E2F-regulated
promoters contain Sp1, YY1, and/or NF-Y binding sites, suggesting
a great potential for context-dependent E2F activities.
The Structure of the Core Promoter Can Influence the Response to
a Transcriptional Activator—TATA boxes and initiators (Inrs) are
core promoter elements that mediate formation of a transcription
complex containing RNA polymerase II and other general transcription factors. Emami et al. (30) found that Sp1 exhibited a
strong preference for promoters containing the terminal deoxynucleotidyltransferase (TdT) promoter Inr element and that the
addition of a TATA box had only modest effects on activation (Fig.
4). Furthermore, a truncated Sp1 protein containing only the glutamine-rich activation domains exhibited a strict dependence on
the Inr element. Not all activators show this same preference; e.g.
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FIG. 4. The structure of the core promoter can influence the response to a transcriptional activator. A, core promoters containing the
TdT Inr can be activated by Sp1, regardless of the presence of a TATA box.
However, mutation of the Inr greatly reduces activation by Sp1. In contrast,
VP16 can efficiently activate all core promoters but shows maximal activation of core promoters containing both an Inr and a TATA box.

FIG. 5. The cellular environment can influence the response to a
transcriptional activator. A, the loss of the APC tumor suppressor protein
in colon cancer cells causes an increase in b-cateninzLEF-1 complexes and
activation of LEF-1 target genes. B, the loss of the Rb tumor suppressor
protein in many types of tumor cells can result in the switch of E2F function
from a repressor to an activator, resulting in constitutive activation of E2F
target genes. HDAC, histone deacetylases.

the herpes simplex virus virion protein 16 (VP16) shows a preference for core promoters that contain both a TATA box and an Inr
(Fig. 4) (30), whereas the upstream stimulatory factor shows a
strong preference for a TATA box (31). A TATA box is a binding site
for TBP, one component of the general transcription factor TFIID.
The fact that Sp1 can activate transcription independently of a
TATA box suggests that Sp1 and the TATA box may provide mechanistically redundant functions. In support of this hypothesis, Sp1
has been shown to activate transcription by contacting TAFII130,
another subunit of TFIID (32).
In addition to its role as an upstream activator or repressor of
transcription, YY1 can also serve as an initiator binding protein,
most likely because of its ability to directly recruit TFIIB and RNA
polymerase II (33, 34). However, the levels of YY1-mediated transcription that are observed in the absence of upstream factors are
quite low. The addition of an Sp1-binding site upstream of the
YY1-binding Inr of the adeno-associated virus P5 (AAV P5) promoter results in a marked increase in promoter activity (33). This
synergy between YY1 and Sp1 could result from a physical interaction between the two proteins (35) or the ability of Sp1 to recruit
TFIID (32). Although Sp1 appears to function in concert with a
variety of initiator elements (TdT and AAV P5), it cannot activate
transcription in combination with all Inr elements. The hamster
cad promoter contains two Sp1-binding sites located upstream of a
consensus Inr. Replacement of the cad Inr with two other consensus Inr sequences resulted in robust transcriptional activity of one
construct, but not the other (36), suggesting that Sp1 can functionally synergize with some, but not all, initiator binding proteins.
The Cellular Environment Can Influence the Response to a Transcriptional Activator—The loss of tumor suppressor genes and/or
the increase in amount of oncogenic transcription factors can affect
the degree to which a site-specific transcription factor can regulate
gene expression. For example, the transcriptional activity of LEF-1
can vary in different cells because of changes in the subcellular
localization of b-catenin (Fig. 5A). LEF-1, which does not contain
an activation domain, cannot stimulate transcription from multiple
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binding sites cloned upstream of a minimal promoter. However,
LEF-1zb-catenin complexes can stimulate transcription because of
a transcriptional activation domain in b-catenin (24). b-Catenin is
normally found in the cytoplasm complexed with the adenomatous
polyposis coli (APC) protein. Mutations in APC (found in a large
percentage of colon cancer cells) result in disruption of the complex,
allowing b-catenin to translocate to the nucleus and bind to TCF/
LEF-1 proteins (37, 38). Thus, certain LEF target genes, such as
c-myc, are only activated by LEF family members in tumor cells
that contain high levels of nuclear b-catenin (39).
For many E2F target genes, including E2F1 and B-myb, E2F
functions mainly as a transcriptional repressor because of the
formation of a complex with hypophosphorylated Rb and associated
histone deacetylases (4). However, in many tumor cells, Rb is either
lost or hyperphosphorylated, rendering it nonfunctional. This loss
of the repression component of the E2F complex can result in a
switch from E2F-mediated repression to E2F-mediated activation
of target genes (Fig. 5B). For example, malignant gliomas, which
commonly have mutations in the Rb signaling pathway, show increased E2F1 promoter activity, as compared with normal brain
tissue (40). Mutational analyses indicated that E2F functions as an
activator of the E2F1 promoter in these tumor cells. Similarly,
others have shown that the E2F-binding site in the B-myb promoter is converted to a positive element in F9 embryonal carcinoma
cells, which contain high levels of free E2F (41).
The activity of YY1 can also be influenced by the cellular
environment. For example, the c-Myc protein can associate with
YY1 and inhibit both its transcriptional activation and repression properties (42). In cells containing low amounts of c-Myc,
such as quiescent 3T3 fibroblasts, YY1 is free to regulate transcription (43). In contrast, after mitogenic stimulation of 3T3
cells, levels of c-Myc increase and YY1 is recruited into a
c-MyczYY1 complex. Although the c-MyczYY1 complex can bind to
YY1 sites, it does not possess transcriptional regulatory activity.
This suggests that in tumor cells which contain high levels of
c-Myc, such as Burkitt’s lymphomas, YY1 may not be able to
activate or repress transcription.
Conclusions
We have provided examples that highlight the importance of
studying the function of transcription factors in a natural promoter
context. For instance, the transfer of a binding site for a protein
that induces DNA bending from its position in a natural promoter
to a random position in a synthetic promoter can result in a misinterpretation of the role of that factor in transcriptional regulation
(Fig. 1). The presence of overlapping transcription factor binding
sites at a promoter can also result in context-specific regulation
(Fig. 2). Therefore, determination of the function of a protein at a
particular promoter requires consideration of the sequences flanking the binding sites. The ability of a transcription factor to function as an activator or repressor of transcription and the degree to
which a promoter responds to a factor can also vary depending
upon the presence of other site-specific transcription factors (Fig.
3). Some upstream activators cooperate with specific core promoter
elements to provide robust transcriptional activation (Fig. 4). Finally, transcriptional activity can clearly be influenced by the cellular environment in which the assays are performed (Fig. 5). We
believe that the five mechanisms described in this review provide
general models that are applicable to many site-specific transcriptional regulators. In conclusion, we suggest that, to the greatest
extent possible, the function of a transcription factor-binding site
should be studied in the context of a natural promoter and in cells
that are most physiologically relevant to the hypothesis being
tested.
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