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(5). E-selectin increases the adhesion of neutrophils to the
endothelium, which constitutes an important early step in the
sequence of events leading to the extravasation of neutrophils
through the endothelium to sites of inflammation (for reviews,
see references 7 and 30). E-selectin expression is regulated
primarily at the level of transcription. Here, we describe the
identification of a new regulatory DNA element in the human
E-selectin promoter that is essential for TNF-a-induced gene
expression in HUVE cells. The element is composed of two
closely spaced NF-kB binding sites, designated site 1 (—126 to
—117) and site 2 (—116 to —108). A third NF-«B site located
further downstream, site 3 (—94 to —85), had previously been
shown to be essential for IL-1-induced activation of the
E-selectin promoter (19, 38). Our data reveal that sites 2 and
3 contribute significantly to the TNF-a-induced expression of
the E-selectin gene; however, all three sites are required for
maximal promoter activity. A complete loss of induction was
observed when sites 1 and 2 were mutated, demonstrating that
activation of the E-selectin gene requires more than one
NF-«kB-binding site.

Our data did not reveal any other regulatory elements that
are absolutely essential for TNF-a-induced expression. These
results differ from earlier studies that revealed a substantive
requirement for two additional cis-regulatory DNA sequences
that bind the NF-ELAM1 and NF-ELAM2 nuclear factors
(19). The bases for the discrepancies between the two results
are unknown but may reflect differences in (i) the experimental
protocol, (ii) the two cell-types (HUVE cells versus the
transformed endothelial cell line IE-7), or (iii) the two cyto-
kines (TNF-a versus IL-1) used.

NF-kB sites 2 and 3 are preferentially occupied relative to
site 1. The observation that NF-«B site 2 mutations compro-
mise promoter activity more profoundly than do mutations
within site 1 is surprising, since site 1 better resembles a
canonical NF-«kB binding site than does site 2 (Fig. 7B) (23).
Indeed, site 2 is exceptional in that the two C residues typically
found at the 3’ end of the NF-kB recognition sequence are
replaced by two T residues. However, consistent with func-
tional data, DNase I protection studies clearly showed that,
relative to site 1, sites 2 and 3 are preferentially bound by
NF-«B. The competition studies also clearly demonstrate that
the binding affinities of p50, p50/p65, and the NF-kB binding
activity induced in HUVEC extracts by TNF-a for sites 2 and
3 are greater than those for site 1. Hence, the results suggest
that sites 1 and 2 may be competing sites that at limiting
protein concentrations are probably not occupied simulta-
neously, either because of sterical hinderance and/or because
site 2 represents a higher-affinity binding site than 1. An
alternative explanation would be that NF-kB binding to site 3
facilitates binding to site 2. However, DNase I protection
studies on DNA fragments bearing mutations in either one of
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the two sites revealed that sites 2 and 3 bind NF-kB with
similar affinities and that binding to one site does not influence
binding to the other. Finally, mutation of site 2 neither
impeded nor greatly potentiated binding to site 1. In contrast
to p50 and p50/p65 binding, the p65 homodimers bind equiv-
alently to all three sites, as revealed by competition studies and
DNase I footprint analysis. Hence, for reasons that we do not
fully understand, the promoter context seems to facilitate
NF-«kB binding to site 2, whereas site 1 can be occupied only by
a p65 homodimer or a p50/p65 heterodimer at high protein
concentrations.

Another interesting outcome of our studies is the observa-
tion that mutations within site 2 (LS112 and LS113) or site 3
(LS47 and LS48) have a more detrimental effect on TNF-a-
induced expression than one would predict if the two sites
simply represent redundant elements. These results suggest
that the NF-«kB proteins bound to these two sites activate the
E-selectin promoter in concert, despite the lack of cooperat-
ivity seen in in vitro DNA-binding studies.

Although the reason why occupancy of multiple NF-«B sites
is essential for expression of the E-selectin gene is unknown, it
is tempting to speculate that this requirement reflects the
formation of macromolecular complex of transcription factors
at the promoter. It is possible that NF-kB molecules bound to
these sites interact with one another and with factors bound to
other sites, such as the NF-ELAM-1/ATF-2 sites (22) and that
the transcriptional activation domains of these factors in
combination present an activation surface to attract RNA
polymerase II and the general transcription factors to the
promoter (37). A more detailed analysis in which the positions
of the various transcription factor binding sites are changed
relative to one another is essential to determine if indeed a
multiprotein transcription factor complex is assembled at the
E-selectin promoter, as has been described for some other
eukaryotic promoters (11).

The number and arrangement of NF-kB binding sites may
determine the onset of E-selectin, VCAM-1, and ICAM-1
expression. Inflammatory cytokines such as TNF-a and IL-1
stimulate the transcription of the genes encoding two other cell
adhesion molecules, ICAM-1 and VCAM-1 (31, 34). The
kinetics of transcriptional induction for the three adhesion
molecules after cytokine treatment differ substantially (for
reviews, see references 8 and 26). The E-selectin gene is
activated very rapidly, with maximal concentrations of cell
surface protein accumulating 3 to 4 h postinduction. Basal
levels of E-selectin return 16 to 24 h later even in the
continuous presence of the inductive cytokine. VCAM-1 ap-
pears on the cell surface 4 to 6 h following cytokine presenta-
tion, reaches maximal expression at 12 to 18 h, and then
gradually declines over a period of days. Maximal levels of
ICAM-1 appear on the cell surface 18 to 24 h postinduction

FIG. 6. DNase I protection analysis of NF-«kB binding. (A) DNase I protection analysis. The wild-type promoter fragment (—162 to —25)
radiolabeled on one strand was incubated with increasing amounts of recombinant protein (lanes 3 to 5, 15, 45, and 150 ng of p50, respectively;
lanes 7 to 9, 30, 90, and 300 ng of p65, respectively; lanes 11 to 13, 15/45, 40/120, and 120/360 ng of p50/p65, respectively). Lanes 2, 6, and 10 contain
the DNase I digestion products of fragments that had not been incubated with protein (F). Lanes 1 and 14 represent Maxam-Gilbert sequencing
reactions (25) of the same DNA fragment (G). The locations of NF-«B sites 1, 2, and 3 are indicated (site 3 corresponds to the previously identified
NF-«kB site). (B) DNase I protection analysis as described for panel A, except that the complementary strand was radiolabeled. The DNA sequence
of the promoter region is given below. Stippled lines designate the regions that are protected by the homodimeric protein pS0 or the heterodimer
p50/p65. Solid lines indicate the areas that are protected by the p65 homodimer. The DNA sequences most closely matching the canonical NF-xB
binding sites are marked by the bars between the two DNA strands. (C) DNase I protection analysis using a DNA fragment which carried the LS51
mutation in NF-«B site 1. The lower strand of the DNA fragment (—162 to —25) was radiolabeled and incubated with increasing amounts of
recombinant protein (lanes 3 to 5, 30, 90, and 270 ng of p50, respectively; lanes 7 to 9, 60, 180, and 540 ng of p65, respectively; lanes 11 to 13, 20/60,
60/180, and 180/540 ng of p50/p65, respectively). Other designations correspond to the ones shown in panel A. (D and E) DNase I protection
analyses as described for panel C, except that DNA fragments carrying mutations in site 3 (LS48 mutant) and site 2 (LS112 mutant) were employed.
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FIG. 7. Determination of the relative binding affinities of NF-«xB
proteins for sites 1, 2, and 3. (A) Competitive DNA binding studies.
Recombinant proteins (the p50 and p65 homodimers and the p50/p65
heterodimer) or crude nuclear extract derived from TNF-a-induced
HUVE cells was incubated with a radiolabeled oligonucleotide encom-
passing the site 3 NF-kB sequence. Only the protein-DNA complexes
are shown in all lanes. Lane 1 is a protein-DNA complex formed in the
absence of any competitor. For all other lanes, various amounts of
unlabeled oligonucleotides were included in the binding reaction
mixtures (lanes 2 to 5, SITE 1; lanes 6 to 9, SITE 2; lanes 10 to 13,
SITE 3; the DNA sequences are given in Table 2). For the recombi-
nant proteins, 0.3 pmol (lanes 2, 6, and 10), 1 pmol (lanes 3, 7, and 11),
3 pmol (lanes 4, 8, and 12), and 9 pmol (lanes 5, 9, and 13) of
competitor oligonucleotide were used. The autoradiogram for p50
binding was exposed for a longer period of time to emphasize the
differences in binding affinity for the three sites. For the crude nuclear
extract, (.1 pmol (lanes 2, 6, and 10), 0.3 pmol (lanes 3, 7, and 11), 1
pmol (lanes 4, 8, and 12), and 3 pmol (lanes 5, 9, and 13) of competitor
oligonucleotides were included. In the case of the crude nuclear
extract, three protein-DNA complexes were observed; the fastest
migrating complex represents a nonspecific DNA binding activity
present in extracts. The two more slowly migrating bands are specifi-
cally inhibited by oligonucleotides having the NF-«xB recognition
sequence; the faster migrating one of the two is most likely a
proteolytic degradation product of the endogenous NF-kB binding
activity and was not detected in all experiments. (B) Alignment of
NF-«B binding sites. The sequences of the three NF-«xB sites identified
in the E-selectin promoter are aligned with the consensus sequences of
the p50 and p65 binding sites which had been described previously
(23). Both strands of site 1 resemble an NF-«B recognition motif.

and remain at the same high level as long as cytokines are
present (34). The cytokine-induced expression of all three
promoters requires the activity of NF-kB. However, the three
genes differ in the numbers and organization of NF-«B binding
sites. Cytokine-induced expression of E-selectin requires the
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integrity of all three NF-kB sites (the present work), the
VCAM-1 promoter contains two NF-«kB binding sites, both of
which are required for maximal induction (20, 28, 29, 35), and
the ICAM-1 promoter is characterized by one essential NF-kB
and one essential CEB/P binding site (19a). A simple interpre-
tation of these observations is that E-selectin transcription is
triggered more rapidly by cytokine treatment than VCAM-1
and ICAM-1 (for a review, see reference 26) because its
promoter is capable of recruiting three (if all three sites are
bound by the p50/p65 heterodimer) or even four (if site 1 is
occupied by a p65 homodimer) p65 subunits. p65, in contrast
to p50, harbors a transcriptional activation domain (for a
review, see reference 16). Therefore, the very rapid onset of
cytokine-induced E-selectin transcription may be determined
by the simple recruitment of multiple p65 subunits to the
promoter.

NF-kB binding sites 1 and 2 are conserved through evolu-
tion. The human and murine E-selectin promoters share a high
degree of sequence similarity. However, the murine DNA
sequence (GaGaATTTCC) differs by 2 bp (lowercase letters)
from the previously identified human NF-«B site 3 sequence
(GGGGATTTCC). In addition, it has been shown that the
murine DNA element is not recognized by NF-«B (2), despite
the fact that the promoter is highly responsive to cytokines.
These seemingly paradoxical observations may now be ex-
plained by the identification of two additional NF-«B sites in
the human E-selectin promoter. A sequence comparison be-
tween the human (GTGGATATTCCCGGGAAAGTTT) and
murine (GTGGATATTCCCaGaAAAcTTT) promoters in the
region encompassing NF-kB sites 1 and 2 reveals only a 3-bp
difference (lowercase letters). Furthermore, we have demon-
strated herein that the murine promoter clement is bound by
NF-kB, suggesting that the cytokine-induced expression of the
E-selectin gene in mouse requires the DNA sequences homol-
ogous to the human NF-«B sites 1 and 2. These findings are
consistent with the interpretation that the newly identified
regulatory region encompassing NF-«kB binding sites 1 and 2 is
crucial for the TNF-a-induced expression of the E-selectin
gene.
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