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Stimulation of the NF-kB pathway often causes p65-p50 and p50-p50 dimers to be simultaneously present
in the cell nucleus. A natural polymorphism at nucleotide —863 in the human 7NF promoter (encoding tumor
necrosis factor [TNF]) region provides an opportunity to dissect the functional interaction of p65-p50 and
p50-p50 at a single NF-kB binding site. We found that this site normally binds both p65-p50 and p50-p50, but
a single base change specifically inhibits p50-p50 binding. Reporter gene analysis in COS-7 cells expressing
both p65-p50 and p50-p50 shows that the ability to bind p50-p50 reduces the enhancer effect of this NF-kB site.
Using an adenoviral reporter assay, we found that the variant which binds p50-p50 results in a reduction of
lipopolysaccharide-inducible gene expression in primary human monocytes. This finding adds to a growing
body of experimental evidence that pS0-p50 can inhibit the transactivating effects of p65-p50 and illustrates the
potential for genetic modulation of inflammatory gene regulation in humans by subtle nucleotide changes that
alter the relative binding affinities of different forms of the NF-kB complex.

The NF-«kB/Rel family of transcription factors is involved in
many physiological processes, including regulation of a wide
range of inflammatory mediators (2). Inflammation is a critical
component of host defense, but it is also responsible for many
of the clinical symptoms of infection and injury and can be fatal
if elicited in excess. This raises the fundamental question of
how the level of response to NF-kB is optimized across a large
number of different inflammatory genes. Often this may in-
volve functional interactions between NF-«B and other tran-
scription factors (24). This paper considers another mecha-
nism, which has received relatively little attention, namely,
through variation in the composition of NF-kB dimers that
bind to a specific regulatory site. The canonical form of NF-xkB
is a heterodimer comprising a p65 subunit, containing both a
DNA binding domain and a domain that is essential for tran-
scriptional activation, plus a p50 subunit which has a DNA
binding domain but no activation domain. The biological role
of p50 was initially thought to relate solely to its DNA binding
properties within the active p65-p50 complex, but more recent
evidence suggests that p50-p50 homodimers are capable of
acting as transcriptional repressors. For example, artificial
overexpression of p5S0 acts to suppress the transactivating ef-
fects of p65 at some NF-kB sites (15, 17), and this mechanism
has been implicated in the downregulation of major histocom-
patibility complex expression (16) and in viral postinduction
repression of the beta interferon gene (23). Since the optimal
binding sequences for p65 and p50 are similar but not identical
(12, 15, 23), it is possible that NF-kB-induced responses might
be fine-tuned by minor sequence variations that alter the rel-
ative binding of p65-p50 and p50-p50 to different regulatory
elements. To examine this question, we have investigated the
functional properties of a naturally occurring, single nucleotide
polymorphism that specifically affects the binding of p50-p50 to
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an NF-kB site in the human 7NF promoter (encoding tumor
necrosis factor [TNF]) region.

MATERIALS AND METHODS

Plasmids. Human p50- and p65-expressing constructs in the Re/CMV vector
(Invitrogen) were previously described (13). The human 7NF promoter construct
(—1173)-pGL3 (TNF —863C) was described previously (25). The corresponding
fragment containing the C-to-A substitution at nucleotide (nt) —863 (TNF
—863A) was generated by site-directed mutagenesis in the construct —1173-
pGL3 using oligonucleotides bearing nucleotide substitution —863A (forward
primer, GGACCCCCaCTTAACGAAG; reverse primer, CTTCGTTAAGtGG
GGGTCC), along with vector-specific primers HindIII (AATGCCAAGCTTG
GAAGAG) as the forward primer and Kpnl (TCGATAGGTACCGAGCTC
TT) as the reverse primer, as previously described (22). (Lowercase letters
indicate polymorphic mutations, and sequences of restriction sites are under-
lined). Final PCR products were cloned into HindIIl/Kpnl sites of modified
pGL3-basic vector. Two sets of constructs were generated in pAdTrack vector
(7): with (pAdTrack-TNF-luc-3'UTR) and without (pAdTrack-TNF-luc) the 3’
untranslated region (UTR) of the human TNF gene. For later ones, Kpnl/Sall
fragments containing the human TNF promoter, luciferase reporter gene, and
simian virus 40 (SV40) late poly(A) signal were derived from TNF —863C or
TNF —863A constructs and cloned into Kpnl/Sall sites of the pAdTrack vector.
3’ UTR constructs were obtained by substituting the Xbal/BamHI fragment
containing the SV40 late poly(A) signal in TNF —863C or TNF —863A plasmids
for a 1,041-bp fragment of 3" UTR amplified by PCR with corresponding primers
3" UTR-F(Xbal) (aattctagadGGAGGACGAACATCCAAC) and 3’ UTR-
R(BamHI) (aatGgATcCCC CAGAGTTGGAAATTC). Kpnl/Sall fragments
were subsequently cloned into pAdTrack vector. All constructs were verified by
DNA sequencing.

Protein extracts and electrophoretic mobility shift assay (EMSA). The fol-
lowing oligonucleotide probes were radiolabeled with [a->?P]dCTP (Amersham
Pharmacia Biotech): kB1_g43, (forward primer, agctGAGTATGGGGACCCC
CCCTTAA,; reverse primer, agctTTAA; reverse primer, agctTTAA GtGGGG
GTCCCCATACTC). Mono Mac 6 cells (10 X 10° to 20 X 10°) were stimulated
with 100 ng of lipopolysaccharide (LPS) per ml for 1 h, and nuclear extracts were
prepared as previously described (18). COS-7 cells were transfected with cyto-
megalovirus (CMV) p50- and CMV p65-expressing constructs, and total protein
extracts were prepared by lysing cells in lysis buffer (20 mM Tris-Cl [pH 8.0], 300
mM NaCl, 0.1% NP-40, 10% glycerol) supplemented with protease inhibitors
(Boehringer Mannheim). The binding reaction mixture contained 12 mM
HEPES [pH 7.8], 80 to 100 mM KCI, 1 mM EDTA, 1 mM EGTA, 12% glycerol,
and 0.5 pg of poly(dI-dC) (Amersham Pharmacia Biotech). Protein extracts (1 to
4 pg) were mixed in an 8-l reaction mixture with 0.2 to 0.5 ng of radiolabeled
probe (1 X 10* to 5 X 10* cpm) and incubated at room temperature for 10 min.
Where indicated below, a competitive cold probe or corresponding antibodies
(all from Santa Cruz) were included with the radiolabeled probe. The reaction
was analyzed by electrophoresis in a nondenaturing 5% polyacrylamide gel at
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4°C in 0.5X Tris-borate-EDTA buffer. Where indicated, gels were quantified
using a PhosphorImager (Molecular Dynamics).

Cell culture, transfections, and luciferase assay. Mono Mac 6 cells were
maintained as previously described (27). COS-7 cells were cultured in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum,
100 U of penicillin per ml, 100 mg of streptomycin per ml, 0.2 mM L-glutamine,
and 0.1% glucose. Transient transfections were performed on COS-7 cells with
TNF promoter luciferase reporter constructs along with p50- and p65-expressing
constructs by using Fugene 6 nonliposomal reagent according to the manufac-
turer’s instructions (Boehringer Mannheim). After transfection, cells were incu-
bated for 24 h prior to harvesting. Luciferase assay was performed using the
luciferase assay system (Promega) and the Turner Designs model 20 luminom-
eter (Promega) according to the protocol supplied.

Purification of human monocytes and adenoviral infection. Mononuclear cells
were isolated from single-donor plateletpheresis residues from the North Lon-
don Blood Transfusion Centre (London, United Kingdom) as described previ-
ously (5). Monocytes were treated with macrophage colony-stimulating factor
(100 ng/ml) for 48 h. Synovium from rheumatoid patients undergoing joint
replacement surgery at the Rheumatology Clinic, Charing Cross Hospital (Lon-
don, United Kingdom), was dissociated by cutting it into small pieces and di-
gested in medium containing 0.15 mg of DNase I (Sigma, Poole, United King-
dom) per ml and 5 mg of collagenase (Roche, Lewes, United Kingdom) per ml
for 1 to 2 h at 37°C. After passing cells through nylon mesh to exclude cell debris,
the total cell mixture was cultured at 10° cells/ml as described previously (5). The
pAdEasy-1 adenoviral plasmid was provided by B. Vogelstein (The Howard
Hughes Medical Institute, Baltimore, Md.). Recombinant viruses were generated
in BJ5183 bacterial cells transformed with 1 pg of linearized pAdTrack-TNF-
luc-3'UTR or pAdTrack-TNF-luc constructs and 100 ng of pAdEasy-1 vector by
the heat shock method. After selection, DNA extracted from recombinant clones
was used for virus propagation in 293 human embryonic kidney cells and purified
by ultracentrifugation through two cesium chloride gradients essentially as de-
scribed previously (7). Titers of viral stocks were determined by plaque assay in
293 cells after exposure to virus for 1 h in serum-free DMEM (Gibco BRL) and
subsequently overlaid with an agarose-DMEM mixture and incubated for 10 to
14 days. After macrophage colony-stimulating factor treatment, macrophages
were exposed to virus for 1 h in serum-free RPMI 1640 medium followed by
washing and reculturing in RPMI medium with 2% fetal bovine serum for 48 h.
Cells were stimulated with LPS (10 ng/ml) for 4 h and assayed for green Fluo-
rescent protein (GFP) and luciferase production.

RESULTS

Reduction of p50-p50 binding by a single nucleotide poly-
morphism. Automated sequencing of the human TNF gene
revealed a C-to-A transition at nt —863 relative to the tran-
scription start site. Genotyping of DNA from 200 European
and 300 West African adults by PCR with TNF promoter
sequence-specific primers gave TNF —863A gene frequencies
of 15 and 6%, respectively. The same single nucleotide poly-
morphism has been identified by others, with estimated gene
frequencies of 17% in North Americans of Caucasian origin,
30% in Cambodians, and 14% in the Japanese (8, 26).

This single nucleotide polymorphism changes the sequence
from —873- to —863 from GGGGACCCCCC to GGGGACC
CCCA. Both sequences have NF-kB binding features, and it
has been previously noted that nuclear extracts from activated
human monocytes can form NF-kB complexes with the GGG
GACCCCC sequence located at nt —873 of the TNF promoter
region (25). To investigate how the polymorphism might affect
DNA-protein interactions, we performed EMSA with the oli-
gonucleotide sequence from nt —879 to —858 using nuclear
extracts obtained from cells of the human monocyte line Mono
Mac 6 after LPS stimulation. The oligoduplex containing
—863C formed two complexes that were identified by super-
shift assay as p65-p50 and p50-p50 (Fig. 1A). In contrast, the
oligoduplex containing —863A formed a complex with p65-p50
but not with p50-p50 (Fig. 1C, lanes 1 and 7).

To compare the abilities of the two different sequences to
form NF-kB complexes, we performed competition experi-
ments. The p65-p50 complex formed by the radiolabeled oli-
goduplex containing —863C was markedly reduced by a 27-fold
excess of unlabeled oligoduplex containing either —863C or
—863A (Fig. 1B, lanes 5 and 12). Similarly, the p65-p50 com-
plex formed by the radiolabeled oligoduplex containing —863A

MoL. CELL. BIOL.

was markedly reduced by a 27-fold excess of unlabeled oligo-
duplex containing —863A (Fig. 1C, lane 5). In contrast, the
pS0-pS0 complex formed by the radiolabeled oligoduplex con-
taining —863C was almost abolished by a 9-fold excess of
unlabeled oligoduplex containing —863C (Fig. 1B, lane 4) but
was only slightly reduced by an 81-fold excess of unlabeled
oligonucleotide containing —863A (Fig. 1B, lane 13). These
findings confirm that the sequence containing —863A has a
markedly reduced ability to bind p50-p50, whereas p65-p50
binding does not differ greatly between the two sequences.

To estimate p5S0-p50 binding affinity with greater specificity,
we obtained p50-enriched protein extracts by transiently ex-
pressing a construct containing the p50 gene in COS-7 cells.
When these p50-enriched protein extracts were incubated with
different concentrations of the oligoduplex probes described
above, it was found that at least 30 times the amount of probe
containing —863A was required to bind the same amount of
p50-p50 as the probe containing —863C (Fig. 2, lanes 7 and 9).
We concluded that binding affinity for p50-p50 is reduced more
than 10-fold as a result of the single nucleotide polymorphism
at —863.

Effect on gene expression depends on NF-kB dimer ratio.
The above findings suggested that the effect of this polymor-
phism on gene expression might depend on the types of NF-xkB
dimer that are present. To test this hypothesis we cotransfected
COS-7 cells with p65- and p50-expressing plasmids plus a re-
porter construct containing the human TNF promoter linked
to a luciferase reporter gene, with or without a downstream
segment of the TNF 3’ UTR. Each experiment compared re-
porter gene expression for the —863C and —863A forms of the
TNF promoter region, using different ratios of p65- and p50-
expressing plasmids but keeping the total amount of plasmid
constant. As shown in Fig. 3A, reporter gene activity increased
with the amount of p65-expressing plasmid. When the amount
of p65-expressing plasmid exceeded the amount of p50-ex-
pressing plasmid threefold, the two forms of the TNF promoter
gave similar levels of reporter gene expression, but at lower
ratios the —863A promoter variant gave higher levels of re-
porter gene expression than the —863C promoter variant. For
a p65-to-p50 plasmid ratio of 1:1, this difference between the
two allelic forms was statistically significant in independent sets
of experiments with the 3" UTR (n = 3, P < 0.05 by paired ¢
test) and without the 3’ UTR (n = 6, P < 0.05).

We sought to relate the allelic differences in transcriptional
activation to levels of p65-p50 and p50-p50 binding. Protein
extracts from p65- and p50-transfected COS-7 cells were ana-
lyzed by EMSA using the radiolabeled oligoduplexes described
for Fig. 1. As shown in Fig. 3B, the amount of p65-p50 binding
to both —863C and —863A oligoduplexes was relatively con-
stant across the range of plasmid concentrations used in ex-
periments described above. For the —863C oligoduplex, p50-
p50 binding equaled or exceeded p65-p50 binding for most
plasmid concentrations, although p50-p50 disappeared when
the p65 plasmid was in a threefold excess. The —863A oligo-
duplex bound much less p50-p50 than the —863C oligoduplex
at all plasmid concentrations. Taken with the reporter gene
data, these results indicate that the —863A polymorphism acts
to increase gene expression under conditions in which a sig-
nificant amount of p50-p50 is present.

A question raised by these observations is how the transcrip-
tional activity of p50-p50 alone compares with that of p65-p50
or p65-p65 in this experimental system. We therefore con-
ducted reporter gene experiments using the TNF —863C allele,
in which p65-p50 (based on the data in Fig. 3B we used a
p65-to-p50 plasmid ratio of 3:1) was compared with p50-pS0 or
p65-p65 (i.e., using p50 or p65 alone but keeping the total
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FIG. 1. Nuclear factors binding to sites kB1_gg3c and kB1 _gg3. Nuclear extracts from Mono Mac 6 cells after 1 h of stimulation with LPS were used in an EMSA
with a radioactive probe corresponding to site kB1_gg3¢. (A) Supershift experiment using no antibodies (lane 1) or antibodies against p50 (lane 2), p65 (lane 3), or
Oct-1 (lane 4). (B) Competition with the same amount (lanes 2 and 9) or a 3-fold excess (lanes 3 and 10), 9-fold excess (lanes 4 and 11), 27-fold excess (lanes 5 and
12), 81-fold excess (lanes 6 and 13), or 243-fold excess (lanes 7 and 14) of unlabeled site kB1_gg3¢ or site kB1 _gg34. The upper complex consists of the p65-p50
heterodimer, and the lower complex consists of the p50-p50 homodimer. (C) Nuclear extracts from Mono Mac 6 cells after 1 h of stimulation with LPS were used in
an EMSA with a probe corresponding to sites kB1_gg3¢ (lanes 1 through 6) or kB1 _g43¢ (lanes 7 through 12). Competition was performed with the same amount (lanes
2 and 8) or a 3-fold excess (lanes 3 and 9), 9-fold excess (lanes 4 and 10), 27-fold excess (lanes 5 and 11), or 81-fold excess (lanes 6 and 12) of unlabeled site kB1 _gg3¢.
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FIG. 2. Binding affinity of the p50-p50 homodimer to sites kB1 g4z and kBl _gg34. Standard amounts of protein extracts from COS-7 cells overexpressing p50
protein were used in an EMSA with radioactive probes (diluted as described below) corresponding to site kB1_g43¢ (lanes 1 through 7) or kB1_g434 (lanes 8 through
14). Lanes 2 and 9, nondiluted probe; lanes 3 and 10, 1:2 dilution; lanes 4 and 11, 1:4 dilution; lanes 5 and 12, 1:8 dilution; lanes 6 and 13, 1:16 dilution; lanes 7 and
14, 1:32 dilution. Lanes 1 and 8 show nondiluted probes incubated with extracts from mock-transfected cells. The graph represents quantitative analysis of the

autoradiograms.

plasmid amount constant). As shown in Fig. 3C, p65-p65 was
found to have transcriptional activity similar to that of p65-p50,
while p50-p50 entirely lacked activity (Fig. 3C).
Adenovirus-based reporter analysis in primary human
monocytes. Previously reported investigations of the effects on
the TNF —863 polymorphism in different systems have yielded
conflicting results; these include measurements of TNF levels
in human plasma, TNF production by peripheral blood mono-
nuclear cells, and reporter gene expression by cell lines of
lymphocytic or hepatic origin (8, 21, 26). At least two biological
variables might explain such differences: firstly, the data in Fig.
3 indicate that the functional effects of the TNF —863 poly-
morphism depend on the ratio of p65-p50 to p50-p50, which is
likely to vary with stimulus, time, and cell type; secondly, this
polymorphism will undoubtedly be in linkage disequilibrium
with neighboring polymorphisms, which may confound com-
parisons between individuals of different TNF —863 genotypes.
We therefore sought to examine the effect of the polymor-
phism in the specific context of LPS-stimulated peripheral
blood monocytes, using a reporter assay method to avoid the
confounding effects of other genetic factors. By directly com-
paring the two alleles in the same host cell preparation, re-
porter assays also remove the confounding effect of experi-
mental variability arising from the process of monocyte
purification. Since primary human monocytes are refractory to
conventional transfection techniques, we adapted an adenovi-

ral delivery system (5, 7) to analyze TNF promoter function in
these cells.

We generated a set of recombinant viruses in which a lucif-
erase reporter gene was placed immediately downstream of the
TNF promoter region, containing either —863C or —863A, and
immediately upstream of the TNF 3’ UTR. The gene for GFP,
located downstream of a CM) promoter in a separate part of
the construct, was used to normalize the luciferase reporter
data. Monocytes were infected with recombinant virus for 48 h
prior to LPS stimulation.

The results of independent experiments performed in dupli-
cate on elutriated monocytes from unrelated donors are sum-
marized in Table 1. In unstimulated monocytes, all constructs
gave low levels of reporter gene expression, with no significant
difference between the TNF —863C and TNF —863A promot-
ers. Following LPS stimulation, the level of reporter gene ex-
pression increased by about a factor of 80 for the TNF —863A
promoter, compared to about a factor of 20 for the TNF
—863C promoter.

The TNF 3' UTR contains a UA-rich sequence that acts to
destabilize mRNA and thereby limits gene expression. To in-
vestigate functional interactions between the promoter and the
3" UTR, we also tested reporter constructs containing the same
TNF promoter sequences but lacking the TNF 3’ UTR, which
was replaced by the SV40 late poly(A) signal. As expected
these constructs gave a significantly higher level of inducible
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FIG. 3. Effect of the —863A polymorphism on NF-kB-dependent TNF promoter activity. (A) TNF promoter constructs (TNF —863C or TNF —863A, left panel;
TNF —863C-3'UTR or TNF —863A-3'UTR, right panel) were expressed in COS-7 cells along with different ratios of CMV -p65- to CMV p50-expressing constructs.
Results are shown as means and standard errors of six (left panel) and three (right panel) independent experiments. (B) Protein extracts from COS-7 cells
overexpressing p65 and p50 proteins were used in an EMSA with radioactive probes corresponding to site kB1_g43¢ (lanes 1 through 6) or kB1_g434 (lanes 7 through
12). Lanes 2 and 8, ratio of CMV p65 to CMV p50 plasmids of 1:3; lanes 3 and 9, ratio of 1:2; lanes 4 and 10, ratio of 1:1; lanes 5 and 11, ratio of 2:1; lanes 6 and
12, ratio of 3:1. Lanes 1 and 7 show probes incubated with extracts from mock-transfected cells. The composition of the complexes was confirmed by supershift analysis
(data not shown). (C) TNF —863C promoter constructs (with and without the 3’ UTR) were expressed in COS-7 cells with CMV p50 alone, with CMV p65 alone, or
with a mixture of the two plasmids in a ratio of CMV p65 to CMV p50 of 3:1. RecCMYV, cells transfected with an empty expression vector. Results are shown as means
and standard errors of three independent experiments.

gene expression. However, the difference between TNF —863C mRNA turnover. A similar result was obtained when recom-
and TNF —863A promoter variants was not seen in constructs binant adenovirus was used to introduce TNF promoter 3’
lacking the TNF 3" UTR, suggesting that the functional man- UTR constructs into primary macrophages from inflamed sy-
ifestations of this polymorphism may depend on a high rate of novial tissue obtained from a patient undergoing knee replace-
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TABLE 1. Effect of —863A polymorphism on 7NF promoter activity in human monocytes”

Luciferase activity

Promoter construct

GFP normalized

NA LPS
NA LPS

With 3’ UTR

TNF —863C 17 (3-85) 693 (435-1,107) 22 (5-96) 868 (485-1,554)

TNF —863A 52 (35-73) 4,632 (3,289-6,523) 39 (22-70) 3,508 (2,226-5,528)
Without 3" UTR

TNF —863C 31 (16-61) 2,910 (1,698-4,987) 43 (20-91) 3,896 (1,612-9,418)

TNF —863A 28 (16-47) 2,590 (1,748-3,835) 43 (23-81) 4,036 (1,982-8,220)

¢ Purified human monocytes were infected with adenoviral particles carrying variants of TNF promoters and luciferase reporter genes. Luciferase activity, in arbitrary
units, was normalized by the protein concentration of cellular extract and, where indicated, by GFP activity. Results are shown as geometric means (with 95% confidence
intervals) of duplicate estimates in three independent experiments. NA, nonactivated cells; LPS, cells activated with 10 ng of LPS per ml.

ment for osteoarthritis. The level of luciferase expression for
the TNF —863A allele was 2,127 = 126 U (mean * standard
deviation of triplicate measurements), compared to 492 = 65
U for the TNF —863C allele. In these synovial macrophages,
stimulation in vitro with LPS caused no significant increment
in gene expression (TNF —863A, 1,983 = 92 U; TNF —863C,
482 = 28 U).

DISCUSSION

Previous studies of this polymorphism in vivo have yielded a
confusing picture. The TNF —863A allele has been reported to
be associated with elevated TNF production by peripheral
blood mononuclear cells stimulated with concanavalin A (8),
while others have reported that this allele is associated with a
lowering of resting plasma TNF levels (21), but such data must
be interpreted with caution because of the potential confound-
ing effect of other strongly linked polymorphisms within the
TNF promoter region (8). In reporter gene analysis of T- and
B-cell lines, the TNF —863A polymorphism has been reported
to have no detectable effect (26), while it has been associated
with a reduction of basal reporter gene expression in a hepa-
toblastoma cell line (21). We have no simple explanation for
these differences, except that we would expect the functional
effects of the TNF —863A allele to be highly context depen-
dent, depending on the exact proportion of the p65-p50 and
p50-p50 complexes within a specific cell type and possibly on
other cell-specific factors with which they may interact.

In this study we have used a COS cell model to reduce the
complexity of the system and address the question of how
differences in p65-p50 and p50-p50 binding affinity may affect
transcriptional regulation in the absence of other confounding
factors. Our findings are consistent with a growing body of
evidence that p5S0-p50 may exert inhibitory effects on transcrip-
tional activation. Schmitz and Baeuerle (17) observed that the
transactivating effects of p65 at a canonical NF-kB domain can
be suppressed by overexpression of p50, and they postulated
that certain kB motifs may be more susceptible to negative
regulation by p50-p50 than others. Overexpression of p50
blocked LPS-induced transcription from a TNF promoter re-
porter construct, showing that this transcription factor is an
inhibitor of the TNF gene (1). It has also been observed that
expression of beta interferon, which is transcriptionally regu-
lated by NF-kB, is increased in mice with disruptions of the p50
gene (19), while in mice with elevated constitutive levels of p50
due to pl05 gene disruption, NF-kB-regulated cytokine pro-
duction is increased in some cell types and suppressed in others
(9). One possible explanation for the inhibitory effect is that

p50-p50 reduces transcriptional activation by competing for
binding with p65-p50, since p65 carries a transactivating do-
main and p50 does not. An alternative explanation is that
pS50-p50 interacts with a transcriptional repressor, as suggested
by the observation that Drosophila dorsal switch protein 1
converts NF-kB from a transcriptional activator to a repressor
only in the presence of pS0 (14). As for the mechanism that
operates in our experimental system, two observations may be
relevant. Firstly, pS0-p50 alone fails to induce gene expression,
excluding the possibility that it is simply a weaker stimulator
than p65-p50. Secondly, if the inhibitory effect of p50-p50 was
primarily due to binding competition with p65-p50, then we
might expect the TNF —863A allele to show increased p65-p50
binding, but this was not evident in these experiments. These
observations raise the possibility that p50-p50 may actively
repress transactivation by p65-p50, but further work is needed
to resolve this issue with confidence.

The structural reasons why the TNF —863A allele reduces
p50-p50 binding more than 10-fold, but has little effect on
p65-p50 binding, may be complex. Optimal binding sequences
for p65-p50 and p50-p50 are known to be similar but not
identical (12, 15, 23). The sequence from nt —872 to —863
sequence matches an optimal p65-p50 binding motif but has
three mismatches with an optimal p50-p50 motif, and the vari-
ant allele adds an extra mismatch for both motifs. The se-
quence from nt —873 to —864 matches an optimal p65-p50
motif and has one mismatch with an optimal p50-p50 motif.
Although the variant allele is just outside the latter sequence,
it may be functionally relevant in view of crystallographic data
suggesting that interactions with flanking nucleotides are more
critical for pS0-p50 than for p65-p50 (3). It is also conceivable
that the variant allele reduces p50-p50 binding by altering
other protein interactions in this region. In general terms, the
effects of this polymorphism are consistent with the structural
observation that p50-p50 has more stringent binding require-
ments than p65-p50.

We have described an adenovirus-based method for intro-
ducing promoter-reporter gene constructs into primary human
cells. One advantage of this method is that it permits exami-
nation of allelic effects on a specific cell type—such as purified
monocytes from peripheral blood or synovial macrophages
from a diseased joint—free of the experimental and biological
noise that invariably accompanies comparisons of purified pri-
mary cell fractions from individuals of different genotypes. In
this model we found that the TNF —863A allele results in
three- to fourfold increases in LPS-induced gene expression in
primary human monocytes, and although the data are prelim-
inary, there seems to be a comparable effect on basal gene
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expression in synovial macrophages from a diseased joint. In-
triguingly, in both of these primary cell types the allelic differ-
ence depends on the presence of the TNF 3" UTR, whereas in
COS-7 cells it is independent of the 3" UTR. This is not the
first TNF promoter polymorphism whose functional effect in
cells of the macrophage lineage has been reported to depend
on the 3" UTR (11). We do not currently understand why this
is so. It might reflect a functional interaction between 5" and 3’
enhancer elements; alternatively, since the TNF 3" UTR con-
tains a UA-rich motif that destabilizes mRNA and may sup-
press translation (6, 20), it is conceivable that subtle effects of
a promoter variant on the transcription rate may be evident
only under conditions of rapid mRNA turnover. Whatever the
explanation, this result highlights the importance of taking all
components of gene regulation into consideration when de-
signing experimental systems for functional analysis.
Regulation of TNF is of clinical importance because of its
potentially damaging proinflammatory effects. The TNF re-
sponse to LPS in human monocytes is remarkably transient,
with a significant amount of p65-p50 in the nucleus during the
initial phase of this response, while TNF mRNA levels fall as
the amount of p50-p50 increases (10). These observations raise
the possibility that a site which binds both p65-p50 and p50-p50
might function as a transcriptional activator in the initial phase
but as a repressor in the later phase of the response. Such
regulatory processes might be of considerable importance in an
inflammatory disease such as rheumatoid arthritis, where there
is strong evidence that TNF has a causal role in pathogenesis
(4) and that NF-kB is critical for TNF production by synovial
macrophages taken from diseased joints (5). Our present data
would suggest that individuals with the TNF —863A allele
might have increased susceptibility to severe rheumatoid ar-
thritis, and this is supported by preliminary case control data
for United Kingdom patients with accelerated erosive joint
disease (I. A. Udalova et al., unpublished data). More detailed
genetic investigation of the TNF —863 polymorphism in dif-
ferent infectious and inflammatory diseases may help to re-
solve its functional significance and the evolutionary question
of whether its frequency of 27% in Europeans, compared to
12% in Africans, is the result of a specific selection pressure.
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