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Tumor necrosis factor alpha (TNF-�) is an important mediator of inflammation, apoptosis, and the
development of secondary lymphoid structures. Multiple polymorphic microsatellites have been identified in
and around the gene, and there are also multiple single-base pair biallelic polymorphisms in the introns and
promoter. The TNF-� �308 promoter polymorphism is a G-to-A transition which has been statistically
associated with various autoimmune disorders. Some studies have found that it may directly mediate the
increased transcription of TNF-� in some circumstances. This study characterizes proteins interacting at the
polymorphic promoter site. Affinity purification of binding proteins and confirmatory chromatin immunopre-
cipitation assays were used to identify the proteins. Electrophoretic mobility shift analyses and surface
plasmon resonance were used to define binding characteristics. Proteins interacting at this site include
GCF2/LRRFIP1 and Ets-1. GCF2/LRRFIP1 appears to act as a repressor and occupies the �308 site in cells
that do not make TNF-�. Cells competent to produce TNF-� have Ets-1 bound to the �308 promoter site.
Active transcription is accompanied by NF-�B and c-Jun binding to the proximal promoter. Thus, dynamic
changes on the TNF-� promoter, particularly at the �308 site, accompany the transition from repressed to
active transcription. GCF2/LRRFIP1 is the first TNF-� repressor identified.

Tumor necrosis factor (TNF-�) is a proinflammatory cyto-
kine which plays a role in humoral immunity, chemokine ex-
pression, the regulation of adhesion molecule expression, and
apoptosis. The expression of TNF-� is regulated at many lev-
els, including transcription, message turnover, protein produc-
tion, and protein release (15, 21, 25, 36). The transcription of
TNF-� is complex, with tissue-specific expression and stimulus-
inducible expression, which in turn can be tissue specific. Some
of the TNF-� promoter motifs which have been implicated in
transcription include binding sites for NF-�B, NFAT, ATF-2,
Ets-1, C/EBP�, cis-acting replication element, AP-1, and AP-2
(13, 14, 24, 26–28, 35, 37, 39, 40, 48, 49, 58, 59). Several
promoter polymorphisms have been identified, and a polymor-
phism at �308 has been implicated in the regulation of TNF-�
transcription (24, 29, 52, 56). (This work uses the traditional
numbering system for the promoter polymorphisms [55].)

The TNF-� promoter polymorphism at �308 involves a bi-
allelic single-base pair transition from G to A. The polymor-
phic sequence, designated as TNF-� �308A, has gene fre-
quencies of approximately 0.12 to 0.17 in Caucasians and 0.08
in African Americans (9, 10, 42, 45, 4). Studies have found
associations of TNF-� �308A with systemic lupus erythema-
tosus, sarcoidosis, alopecia areata, rheumatoid arthritis, and
dermatitis herpetiformis (9, 17, 18, 34, 42, 43, 45, 54). Other
studies have found no association of TNF-� �308A with rheu-
matoid arthritis, ankylosing spondylitis, and Felty’s syndrome
(5, 51, 53). Certain infectious diseases, such as cerebral malaria
and mucocutaneous leishmania, also appear to occur with in-
creased frequency in patients with TNF-� �308A (8, 33).
These studies suggest that inheritance of the TNF-� �308A

allele is biologically relevant, and other studies have shown
that inheritance of the TNF-� �308A allele is associated with
increased production of TNF-� by peripheral blood mononu-
clear cells, suggesting a possible mechanism for the association
with autoimmune disease (2, 3, 41). Another study, using hap-
lotype-specific chromatin immunoprecipitation (CHIP) analy-
sis, demonstrated that the �308A polymorphism is associated
with increased lymphotoxin � transcription in B cell lines (23).

Nine studies have attempted to directly demonstrate tran-
scriptional effects of TNF-� �308A in vitro using transient
transfections. Three studies failed to demonstrate any differ-
ence in transcription driven by the wild type compared to that
driven by the polymorphic TNF-� promoter in transient trans-
fection analyses (6, 44, 50). Two studies utilized T cell and B
cell lines, and the other used a murine monocyte line. An
alternative strategy using allele-specific PCR of cDNA showed
that the �308G and �308A alleles from heterozygous individ-
uals produced equivalent levels of transcripts (6, 7). Six other
studies, using similar strategies, demonstrated that transcrip-
tion driven by the polymorphic promoter was 2- to 10-fold
more efficient than that driven by the wild-type promoter (1, 4,
29, 30, 56, 57). These studies utilized T cell and B cell lines as
well as baby hamster kidney cells and a human myelomono-
cytic cell line, U937. Our own data demonstrated that the
TNF-� �308A promoter was capable of driving transcription
at a level markedly higher than that of the wild-type TNF-�
�308G promoter in 3T3 cells stimulated with interleukin 1
alpha and UVB light (52). Possible explanations for the dif-
fering findings include the use of different constructs, different
cells, different kinetics, or different stimuli.

In spite of the discrepancies, these provocative studies sug-
gested that TNF-� �308A might directly confer an increased
transcription of TNF-� in macrophages. We wished to examine
potential mechanisms underlying this phenomenon. This pro-
moter region was found to bind GCF2/LRRFIP1 and Ets-1,
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with different cells favoring one protein or the other depending
on the cells’ transcriptional competence. GCF2/LRRFIP1 is a
poorly understood protein with little homology to recognized
transcription factor families. It has been previously identified
as a protein interacting with the human ortholog of Flightless-I
of Drosophila melanogaster (16). Our studies suggest that it can
also function in the repression of TNF-�.

MATERIALS AND METHODS

TNF-� production. Three different experiments using six normal control do-
nors who are heterozygous for the polymorphic variant and four experiments
with six donors homozygous for the wild-type allele were performed. A total of
5 � 105 mononuclear cells were used per well, and triplicate wells were either
mock treated or stimulated. Macrophages were purified by adherence, differen-
tiated in culture by adherence, and stimulated with lipopolysaccharide (LPS; 1
�g/ml) or granulocyte-macrophage colony-stimulating factor (GM-CSF; 5 ng/
ml). This strategy typically leads to 90%-pure macrophages, as defined by flow
cytometry. The nonadherent cells, which are predominantly T cells, were re-
moved and stimulated with phorbol myristate acetate (PMA; 5 ng/ml) and
phytohemagglutinin (15 �g/ml). The T cell purity was typically 90%, as defined
by flow cytometry. Cell supernatants were harvested at 24 h and analyzed for
TNF-� production by specific enzyme-linked immunosorbent assay (Endogen,
Woburn, MA). The mean number of macrophages per culture was 2.5 � 104. The
mean number of lymphocytes per culture was 3 � 105. The interindividual
variation in cell number was �15%. P values were calculated using the Mann-
Whitney method.

Electrophoretic mobility shift analyses. Binding reactions were analyzed by
electrophoresis on an 8% acrylamide gel at 4°C in 0.25� Tris-borate-EDTA.
Each binding reaction consisted of 20 ng of radiolabeled double-stranded oligo-
nucleotide, 10% glycerol, 1 �g poly(dI:dC), and 10 to 100 ng of nuclear extract
in a final volume of 10 �l. Nuclear extracts were prepared by a modification of
the method of Dignam et al., namely, substituting KCl for NaCl (11). Various cell
lines were used as sources of nuclear extracts: HepG2 is a hepatoma line, K562
is an erythroleukemia line, CCL-156 is a B cell line, Jurkat is a T cell line,
D54MG is a glioma line, and THP-1 and U937 are monocytic cell lines. Dista-
mycin (2.5 �M) and 15 �M chromomycin (final concentrations) were added to
the probes 10 min prior to incubation with the nuclear extracts. The oligonucle-
otides used for the electrophoretic mobility shift assays (EMSAs) include the
following (lowercase letters in sequences indicate variations from TNFAWT):
TNFAWT, (�320) 5	-TTGAGGGGCATGGGGACGGGGTTCA-3	 (�296);
TNFAPOL, (�320) 5	-TTGAGGGGCATGaGGACGGGGTTCA-3	 (�296);
5	SHIFT, (�327) 5	-ataggttTTGAGGGGCATGGGGAC-3	 (�304); 3	SHIFT,
(�313) 5	-GCATGGGGACGGGGTTCAgcctcca-3	 (�289); M1, (�320) 5	-TT
GAGGttCATGGGGACGGGGTTCA-3	 (�296) (�314/�313 mutated); M2,
(�320) 5	-TTGAGGGGCgcGGGGACGGGGTTCA-3	 (�296) (�311/�310
mutated); M3, (�320) 5	-TTGAGGGGCATttGGACGGGGTTCA-3	 (�296)
(�309/�308 mutated); M4, (�320) 5	-TTGAGGGGCATGGttACGGGGTTC
A-3	 (�296) (�307/�306 mutated); and M5, (�320) 5	-TTGAGGGGCATGG
GGtgGGGGTTCA-3	 (�296) (�305/�304 mutated).

Protein analyses. Biotinylated oligonucleotides corresponding to the polymor-
phic promoter motif were bound to streptavidin-coated magnetic beads by using
a ratio of 40 �g of double-stranded oligonucleotides per 5 mg of beads (CPG,
Lincoln Park, NJ). Optimization experiments in which the salt concentrations of
the binding and elution buffer were varied demonstrated that the following
solutions were optimal for the recovery of the C3 complex. U937 nuclear extract
was incubated with the oligonucleotide-coated beads in binding buffer (12%
glycerol, 12 mM HEPES, 4 mM Tris, 60 mM KCl, 1 mM EDTA, 1 mM dithio-
threitol) and 25 �g of salmon sperm DNA for 15 min at room temperature. The
beads were washed three times with additional binding buffer, and the proteins
bound to the DNA were eluted in 12% glycerol, 20 mM Tris, 1.6 M KCl, 5 mM
MgCl, 1 mM EDTA, and 1 mM dithiothreitol. The eluted material was diluted
10-fold and repurified over the beads. Gel analyses utilized a 4 to 12% Bis-Tris
morpholineethanesulfonic acid (MES)-reducing protein gel (Novex, San Diego,
CA) with size standards.

The Western blotting against GCF2 was performed using antisera which were
a generous gift from Alfred Johnson at a 1:5,000 dilution in BLOTTO and
donkey anti-rabbit at 1:5,000 in BLOTTO. As a control, anti-actin at 1:20,000 in
BLOTTO and goat anti-mouse at 1:20,000 in BLOTTO were used. Western blots
were developed in Super Signal West Pico (Pierce Biotechnology, Inc., Rock-

ford, IL). With the exception of the anti-GCF2 antisera, the antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Biosensor analysis. A BIA3000 instrument (Biacore, Piscataway, NJ) was used
to detect binding to the TNF-� �308G and TNF-� �308A promoter sequences.
Biotinylated probes, consisting of 25-bp double-stranded oligonucleotides brack-
eting the polymorphism and a 6-bp spacer, were captured to the CM5 sensor chip
via streptavidin. The proteins, as analytes, were suspended in running buffer (10
mM HEPES [pH 7.4], 150 mM NaCl, 0.005% Tween 20). The experiments were
performed at 25°C with a flow rate of 30 �l/min. A reference surface with a
control biotinylated oligonucleotide was generated as a control. The molarity of
the heterodimer complex in U937 nuclear extract was estimated from equilib-
rium binding to serial dilutions of radiolabeled oligonucleotides. Kinetic con-
stants were obtained by fitting the data to a simple one-to-one binding model
using BIA EVALUATION 3.1 software. Three runs were performed with iden-
tical results.

CHIP assay. The protocol from Upstate Biotechnology (Lake Placid, NY) was
used with some modifications (32). Ets-1 (sc-111), c-Jun (sc-1694), and NF�Bp
65 (sc-372) antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). GCF2 antisera were a gift from Alfred Johnson. Anti-bovine serum
albumin (BSA) was purchased from Sigma-Aldrich, St. Louis, MO.

We used real-time PCR to quantitate the amount of DNA from specific
regions of the TNF-� promoter and used the glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) promoter as an internal control. Each DNA sample was
subjected to four PCRs for the four sets of primers and probes to analyze the
four regions of the TNF-� promoter (32). The regions detected by each am-
plimer are the following: TNF1 (�99/�42), TNF2 (�32/�119), TNF3 (�100/
�250), TNF4 (�195/�345), and GAPDH (�152/�211). Known concentrations
of genomic DNA were used as standards and positive controls with each TaqMan
run. Output was normalized to the GAPDH signal in each well according to the
manufacturer’s instructions.

Retroviral system. J774.1 cells (a murine monocytic cell line) were transduced
with the pREV TET-ON virus, and stable transfectants were selected with G418.
GCF2 and DN-ETS1 cDNAs were subcloned into pREVTRE (BD Biosciences,
San Jose, CA), virus was prepared according to manufacturer’s instructions, and
transfections into J774.1 TETON cells were performed. Stable transfectants were
grown in G418 and hygromycin. The integration of both constructs was con-
firmed by PCR. Time course studies and dose titration analyses established 16 h
with 1 �g/ml of doxycycline as optimal for the induction of expression. At 16 h,
90% of the cells were viable.

Real-time PCR was performed on the transfected cells. cDNA was made from
RNA using random primers, and AMV-RT and cDNA were quantitated using
real-time PCR. The murine TNF-� and 18S ribosomal primers and probes were
obtained from Applied Biosystems (Foster City, CA). The TNF-� message was
normalized to the rRNA internal control.

RESULTS

TNF-� production by macrophages and lymphocytes from
donors with and without the polymorphism. Previous investi-
gators have demonstrated that total peripheral blood mono-
nuclear cell cultures stimulated with anti-CD3 and anti-CD28
from donors who carry the TNF-� �308A allele produce in-
creased levels of TNF-� compared to cultures from wild-type
individuals (3). Transient transfection studies have suggested
that differences in expressions from the �308A and �308G
promoters might be cell type specific or stimulus specific. We
examined two cell types and three stimuli. LPS and GM-CSF
stimulation of macrophages and phytohemagglutinin-plus-
PMA stimulation of lymphocytes revealed significantly in-
creased TNF-� protein production by cells from people het-
erozygous for the TNF-� �308A allele (Table 1). The
homozygous TNF-� �308G donors had the following DRB1
alleles: 01, 04; 01, 04; 14, 13; 04, 09; 11, 16; and 11, 1001. The
heterozygous TNF-� �308A donors had the following DRB1
alleles: 12, 07; 11, 08; 01, 08; 03, 11; 03, 16; and 03, 14. There
was no difference between the levels of TNF-� production for
the TNF-� �308A donors who also carried DRB1 *03 and for
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those who did not, suggesting that the effect is TNF-� specific
rather than dependent on a gene in linkage disequilibrium.

The TNF-� �308 site binds several protein complexes. To
examine the potential of this promoter polymorphism to me-
diate transcriptional effects, double-stranded oligonucleotides
corresponding to either the wild-type promoter sequence
(TNF-� �308G) or the polymorphic promoter sequence
(TNF-� �308A) were used to identify potential DNA-binding
proteins. Up to five complexes were identified, and additional
minor bands were frequently observed. Two complexes were
seen in nearly all nuclear extracts examined (C1 and C2), but
the fastest-migrating complex (C3) was identified primarily in
macrophage lineage cell extracts (U937 and THP-1) (Fig. 1A).
This activity was absent from most other lineages tested.

Characterization of the DNA-binding complex. To assess
potential contact points of this DNA-binding complex with the
target sequence, a series of mutations within the target oligo-
nucleotide was generated. In addition, we determined whether
either of the minor groove inhibitors, distamycin or chromo-
mycin, inhibited binding. Figure 1B demonstrates that muta-
tion of the bases at �310 to �313 eliminated binding activity,
as did mutation at �304 to �305. This suggests that the rele-
vant core sequence is delimited by �304 and �313 and that
binding occurs in the major groove.

The DNA-binding complex has a higher affinity for the poly-
morphic sequence than for the wild-type sequence. Extracts
from a human macrophage cell line (U937) exhibited increased
C3 binding in the reactions with the TNF-� �308A oligonu-
cleotide compared to those with the wild-type oligonucleotide
(TNF-� �308G). To define the relative affinities of the two
oligonucleotides for the DNA-binding protein present in mac-
rophages, cross competition experiments were performed us-
ing EMSAs. The TNF-� �308A polymorphism has higher
affinity for the DNA-binding protein than the wild-type oligo-
nucleotide does, and this polymorphism is capable of compet-
ing 50% of the DNA-binding protein activity at lower concen-
trations. Several independent experiments were performed
with all four possible combinations of competitor and probe. In
all cases, the polymorphic TNF-� �308A sequence demon-
strated higher affinity for the DNA-binding protein than the
TNF-� �308G sequence did (Fig. 2A and C). We additionally
performed salt titration of the DNA-protein interaction to
compare relative affinities. The DNA-binding protein bound
the polymorphic TNF-� �308A sequence with higher affinity
than it did the wild-type TNF-� �308G sequence (Fig. 2B and
C). To more specifically characterize the interactions of pro-
teins at the polymorphic promoter site, a surface plasmon
resonance biosensor (BIA3000) was used to directly measure
binding. U937 nuclear extract bound to both the TNF-�
�308A sequence and the TNF-� �308G sequence. U937 nu-
clear extract demonstrated a faster on rate when binding to the
TNF-� �308A target (Table 2). There was no overall differ-
ence in affinities, however. These runs were performed three
times with identical results.

Purification and functional analysis of the DNA-binding
proteins. To further characterize this complex, we partially
purified the DNA-binding proteins using a magnetic bead pu-
rification strategy. Two proteins of approximately 85 kDa and
55 kDa and of 
95% purity were identified (Fig. 3A). These
same bands were identified in material eluted from the C3

FIG. 1. (A) Tissue-specific expression of the DNA-binding com-
plex. The wild-type sequence was used as a probe in this EMSA.
Nuclear extracts from a variety of cell lines and primary tissues were
examined. The C1 and C2 complexes were formed with DNA-binding
proteins found in a variety of cell lines examined. The C3 binding
activity appears to be largely restricted to macrophage lineage cells
(THP-1 and U937). This is representative of three EMSAs. (B) Mu-
tation analysis of the binding motif. This figure demonstrates the effect
of sequence alterations on the formation of the C3 complex. The
change in mobility induced by the 3	-shift and 5	-shift oligonucleotides
is of uncertain cause but could be due to the bending of DNA. M1, M2,
and M5 mutations abrogate binding, suggesting that these bases are
essential for recognition by the DNA-binding proteins. Chromomycin
(CHRM) and distamycin (DIST) do not affect complex formation. The
C1 and C2 complexes are not markedly affected by the mutations. WT,
wild-type; POL, polymorphic.

TABLE 1. TNF-� production by macrophages and lymphocytesa

Macrophage or lymphocyte Control (pg/ml) LPS (pg/ml) PHA and PMA (pg/ml) GM-CSF (pg/ml)

Macrophages
�308GG 5.0 (2.2) 629 (254) 7.2 (2.8)
�308GA 6.1 (3.2) 1,106 (363) 10.2 (4.9)

(P � 0.10) (P � 0.0001) (P � 0.001)
Lymphocytes

�308GG 7.4 (6.1) 583 (334)
�308GA 9.6 (7.8) 958 (481)

(P � 0.15) (P � 0.001)

a Values in parentheses are standard deviations.
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complex from high-density EMSAs (data not shown). Addi-
tionally, the purified material, when incubated with radiola-
beled �308A probe, reconstituted the C3 complex seen in Fig.
1 (Fig. 3B). Mass spectroscopy revealed that these two proteins
were Ets-1 (55 kDa) and GCF2/LRRFIP1 (85 kDa).

To confirm the proteins identified by affinity purification, we
used CHIP assays to identify proteins bound to the promoter

in vivo (Fig. 4A). The original EMSAs and protein purification
were performed using nuclear extracts from a previously de-
scribed subline of U937 (32). This subline produces minimal
TNF-� when stimulated. For the CHIP assays, we compared
two cell lines, K562 and THP-1. K562 cannot be induced to
produce TNF-� using any common stimuli. THP-1, in contrast,
is easily induced to express TNF-�, although only 30 to 80% of

FIG. 2. (A) The affinity of the TNF-� �308A sequence for the DNA-binding complex is higher than the affinity of the TNF-� �308G sequence.
This is a representative example of several different independent experiments. The polymorphic �308A sequence was used as a radiolabeled probe
in an EMSA in which cold competitors were added. HepG2 nuclear extract does not contain the DNA-binding complex and served as a negative
control. The cognate competitor (�308A) was much more able to compete for the protein than the heterologous competitor (�308G),
demonstrating that the �308A sequence has a higher affinity for the DNA-binding complex. A phosphorimager was used to quantitate the amount
of bound probe in the C3 complex, and the results are expressed as percentages of binding in the absence of the competitor. Although this example
uses �308A as both the probe and the competitor, the �308A was more able to compete off protein from the �308G probe as well. (B) Salt
titration of the DNA-binding complex off of the wild-type and polymorphic DNA sequences. This is a representative example of several
independent experiments. The DNA-protein interaction is progressively inhibited in the presence of increasing concentrations of NaCl. The
molarity of the final NaCl concentration is indicated at the bottom of the figure. The protein interaction with the �308G probe was much more
labile than the interaction between the protein and the �308A probe. A phosphorimager was used to quantitate the amount of bound probe in
the C3 complex. The results are expressed as percentages of binding in the absence of additional NaCl. (C) Representative EMSAs. The �308A
(left panel) was end labeled with 32P. Increasing amounts of cold �308G (lower panel) or cold �308A (upper panel) competitor were added as
indicated. The bands decayed more rapidly with the �308A competitor. The right panel is representative of the salt titration experiments. The
�308G probe has no protein bound at 0.20 M NaCl, while the �308A probe has significant protein bound at even higher NaCl concentrations.
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the cells produce TNF-� (data not shown). CHIP assays compar-
ing GCF2/LRRFIP1, Ets-1, NF-�B, and c-Jun binding to the
TNF-� promoter are shown (Fig. 4B). GCF2/LRRFIP1 is found
at the highest levels on the promoter of K562. This suggests that
it may be acting as a repressor. Ets-1, in contrast, is found at the
highest levels in the quiescent THP-1 cell line. To confirm that
stimulation is inducing the expected transcription factor binding,
CHIP assays, which demonstrated binding to the proximal pro-
moter, were performed for NF-�B and c-Jun.

Ets-1 was found exclusively on resting THP-1 promoters.
This was somewhat surprising. A binding site at the proximal
promoter at �117, corresponding to the TNF2 amplimer, has
been previously described as binding Ets-1 after LPS stimula-

tion (47). Very little if any Ets-1 was found on the LPS-stim-
ulated THP-1 promoter in these assays, although resting cells
exhibited binding. The TNF4 amplimer brackets the �308 site,
and these data therefore confirm that quiescent cells (such as
the original resting U937 cells used for the affinity purification)
can and do have Ets-1 occupying the distal promoter. GCF2/
LRRFIP1 occupies the distal promoter in both a repressed cell
type (K562) and the quiescent THP-1. A significant difference
is that quiescent THP-1 also seems to demonstrate GCF2/
LRRFIP1 binding to the proximal promoter corresponding to
the TNF2 amplimer. This region is GC rich and does contain
a potential GCF2/LRRFIP1 binding site.

GCF2/LRRFIP1 is a poorly understood repressor. To better
define the roles of GCF2/LRRFIP1 and Ets-1, an inducible
retroviral system was used to transiently overexpress GCF2/
LRRFIP1 and a dominant negative inhibitor of Ets-1 (31).
Overexpression was associated with markedly reduced TNF-�
protein produced in response to three different stimuli (Fig.
5A). To confirm that the effect of GCF2 overexpression is
mediated through TNF-� message, real-time PCR was per-
formed on the same cells. Vector-transfected cells served as the
control, and GCF2-transfected cells were induced with doxycy-
cline for 16 h as described above. GCF2 overexpression was
associated with markedly diminished TNF-� transcript levels
(Fig. 5B).

FIG. 3. (A) Partial protein purification of the DNA-binding protein. Affinity purification of the DNA-binding protein was performed using
oligonucleotides bound to magnetic beads. The purified product is shown in lane 1. Lanes 2 and 3 are high-salt washing steps between the two
column purifications, and lane 4 is the protein material after a single column purification. Two proteins of 85 kDa and 55 kDa are seen.
(B) Affinity-purified material reconstitutes the C3 binding complex. The affinity-purified material was diluted in binding buffer and used in an
EMSA with radiolabeled TNF-308A probe (lane 1). The C3 complex is seen. Dialyzed GST does not bind, and Ets-1 cleaved from GST binds the
probe strongly but does not reconstitute the C1, C2, or C3 complex. U937 is shown for comparison in lane 4. The U937 C1 complex is faint, as
was true for Fig. 1.

TABLE 2. Biosensor analysis of U937 nuclear extract binding to
either the TNF-� �308G oligonucleotide or the

TNF� �308A oligonucleotide

Parametera Value

On rate G (1/Ms).................................................................... 8.0 � 105

On rate A (1/Ms) .................................................................... 1.6 � 106

Off rate G (1/s) ....................................................................... 5.1 � 10�4

Off rate A (1/s)........................................................................ 1.7 � 10�3

KA G (1/M)............................................................................. 3.1 � 106

KA A (1/M)............................................................................. 3.1 � 106

a KA, association rate constant.
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To determine whether GCF2/LRRFIP1 expression was reg-
ulated, Western blotting was performed (Fig. 6). GCF2 exists
as several splice variants which have uncertain functional con-
sequences. The original mass spectroscopy was performed on
the 85-kDa band. Proteins of this size could be produced by

splicing out either exon 5 or exon 11. Both of these splice
variants have been identified in GenBank. The Western blots
on THP-1 (Fig. 6A and B) reveal two bands of 120 kDa and
160 kDa. The 160-kDa form probably represents the full-
length protein including all 11 exons. After stimulation with

FIG. 4. (A) Chromatin immunoprecipitation primers and probes. The TNF4 amplimer encompasses the �308 site. The TNF2 amplimer
encompasses the region known to bind Ets-1, c-Jun, and NF-�B. (B) Chromatin immunoprecipitation assays. These assays examine the in vivo
binding of transcription factors by chromatin immunoprecipitation. Ets-1 (sc-111), GCF2/LRRFIP1, c-Jun (sc-1694), and NF�Bp 65 (sc-372)
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). THP-1 cells were either unstimulated or stimulated with 1 �g/ml
of LPS for 30 min. K562 cells do not produce TNF-�. Antibodies to BSA were used as a negative control. Three separate experiments were
averaged. Means and standard deviations are shown.
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PMA or LPS, the levels rise, with kinetics that differ depending
on the stimulus. LPS induces a rapid rise in both the 160-kDa
and the 120-kDa bands, which return to baseline by 2 hours
poststimulation (Fig. 6A). PMA induces a rapid rise in the
120-kDa band, which is sustained, and a slower rise in the
160-kDa band (Fig. 6B). In THP-1 cells under these condi-
tions, the 85-kDa band is seen faintly after PMA stimulation.
Figure 6C demonstrates that in primary monocytes the 85-kDa
form predominates in the absence of stimulation. Stimulation
induces the appearance of alternate forms. In these primary
cells, the 160-kDa form dominates after stimulation. These
data suggest that GCF2/LRRFIP1 exists as a number of dif-

ferent isoforms which may be differentially regulated. The dis-
tinct roles of these isoforms are not understood at present.

DISCUSSION

The goal of this study was to define proteins interacting with
the �308 promoter site. A repressor and transcriptional acti-
vator both bind to that site. GCF2/LRRFIP1 is a protein orig-
inally identified as a repressor of the epidermal growth factor

FIG. 5. (A) Induction of GCF2/LRRFIP1 expression. An inducible
retroviral system was used to introduce the cDNA for GCF2/LRRFIP1
into J774.1 cells under the control of doxycycline. A dominant negative
inhibitor of Ets-1 (DN-Ets-1) was also introduced using the same
system. Stable nonclonal cell lines were isolated, induced with doxy-
cycline for 16 h, and stimulated with 10 ng/ml of LPS, 100 ng/ml of
PMA, or 1 �g/ml of BSA–anti-BSA immune complexes (IC). Cell
supernatants were collected 6 hours after stimulation. The vector-
transfected cells were used in each case as the control (J774.1) and are
set at 100% for each stimulus. The graph represents the averages of
triplicate cultures of three separate experiments. P values were de-
rived; ** indicates a P value of �0.001, and * indicates a P value of
�0.01. (B) GCF2/LRRFIP1 overexpression is associated with dimin-
ished TNF-� message. The same transfected cells were stimulated with
1 �g/ml of LPS and harvested at 3 hours. TNF-� cDNA was quanti-
tated and normalized to 18S rRNA. Two separate experiments con-
sisting of quadruplicate samples were performed, and one example is
shown. A t test demonstrated that the difference in TNF-� message
levels between vector-transfected cells (J774.1 Doxy LPS) treated with
LPS and GCF2-transfected cells (GCF2 Doxy LPS) has a P value of
0.019. The unstimulated cells produce negligible TNF-� message, and
there is no difference between the vector-transfected cells (J774.1) and
the vector-transfected cells treated with doxycycline (J774.1 Doxy).

FIG. 6. Western blot analysis of GCF2/LRRFIP1 expression. LPS
at 1 �g/ml (A) or PMA at 100 ng/ml (B) was added to log-phase growth
THP-1 cells, and cells were collected at the indicated times. (C) Pri-
mary monocytes purified by elutriation were either mock treated
(None) or treated with 1 �g/ml of LPS, 400 ng/ml of HMGB1, 1 �g/ml
of immune complexes (IC), 100 ng/ml of PMA, or 10 ng/ml of GM-
CSF. Column-purified primary B cells and T cells were used freshly
collected. YTS is a highly differentiated NK cell line. Neutrophils
(PMN) were purified from human blood by dextran sedimentation and
lysed immediately.
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receptor gene (38). It also appears to act as a repressor (i)
during imprinting and (ii) of platelet-derived growth factor (12,
22). Its binding pattern on the TNF-� promoter is consistent
with repressor activity, because it was found bound to the
promoter in cells not actively producing TNF-�. It was found
bound to the expected region in K562 cells and quiescent
THP-1 cells. In the competent but quiescent THP-1, it was also
found bound to the proximal promoter region. This region is
GC rich and could support GCF2/LRRFIP1 binding. In con-
trast, Ets-1 was found on the competent but quiescent pro-
moter but not on the repressed promoter or on the active
promoter. At this point, it is not certain whether the �308 site
could support both GCF2/LRRFIP1 and Ets-1 binding. It
seems more likely that the binding of these proteins is mutually
exclusive, because the recognition motifs almost completely
overlap. The THP-1 cells used for the CHIP analyses do not
uniformly express TNF-� when stimulated. Intracellular flow
cytometry (not shown) demonstrated that approximately 50%
of the cells produced TNF-� at the time of these experiments.
Therefore, the finding that both Ets-1 and GCF2 were bound
to the distal region of the promoter could reflect the hetero-
geneity of the cell population. It is also likely that other pro-
teins not yet identified interact at this site. The affinity-purified
material, which represents GCF2/LRRFIP1 and Ets-1, recon-
stitutes only the C3 complex. Ets-1 alone does not produce C1,
C2, or C3, suggesting it does not bind that sequence in isola-
tion. Thus, it is likely that other proteins interact at this site.

Transient transfection studies using TNF-� promoter dele-
tion mutants have generally concluded that the distal promoter
upstream of �150 is dispensable (19, 20, 39, 40, 46). If this
region is primarily involved in repression, transient transfec-
tion studies may not reflect that role if the repression requires
higher-order chromatin structure. Differences in relative levels
of Ets-1 and GCF2 might also affect transient transfection
studies in a manner that would not occur in vivo if the pro-
moter were constrained by chromatin structure.

The importance of this study is in the identification of ad-
ditional regulatory mechanisms controlling TNF-� expression.
Three previous studies evaluated the affinity of DNA-binding
complexes for the �308 wild-type and polymorphic promoter
sequences (29, 54, 57). Two of the studies defined a higher
affinity for the polymorphic promoter sequence by using a
variety of nuclear extracts in EMSA analyses (29, 57). Our
analyses are consistent with altered protein interactions with
the polymorphic promoter sequence. The faster on rate of the
proteins binding to the TNF-� �308A sequence could drive an
increased transcription of TNF-�. Although, based on the bio-
sensor analysis, the overall affinities were not different, it is
likely that the transcription factors become integrated into a
higher-order complex after binding to the target sequence.
Therefore, there may not be a simple off rate in vivo. The
identification of proteins interacting with this site and the dis-
covery of a repressor represent a significant advance in our
understanding of the regulation of TNF-�. These findings
could potentially explain the biological phenomena and tran-
scriptional difference seen with the �308A and �308G pro-
moters.

GCF2/LRRFIP1 is a poorly understood transcriptional re-
pressor. TNF-� utilizes a variety of strategies to rapidly down-
regulate its production after stimulation. Chief among these

are strategies regulating message turnover. The induction of
GCF2/LRRFIP1 by LPS and PMA, two common inducers of
TNF-�, raises the question of whether GCF2/LRRFIP1 acts as
a negative-feedback mechanism for TNF-� acting at the level
of transcription. Impressively, the overexpression of GCF2/
LRRFIP1 demonstrated very potent downregulation of TNF-�
protein and message. The real-time PCR data could not di-
rectly demonstrate whether GCF2/LRRFIP1 affected the tran-
scription rate or message turnover. Given its binding to the
promoter, it is likely that it exerts at least some of its effect as
a transcriptional repressor. GCF2/LRRFIP1 also binds RNA
and could have multiple effects on transcript levels. Inhibition
of TNF-� has markedly improved the quality of life for patients
with diverse inflammatory disorders, and the manipulation of
GCF2/LRRFIP1 could represent a novel therapeutic target.
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