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Fumaric acid esters, mainly dimethylfumarate (DMF), have been successfully used to treat psoriasis. Based on previous obser-
vations that DMF inhibited expression of several TNF-induced genes in endothelial cells, we wished to explore the molecular basis
of DMF function in greater detail. In first experiments we analyzed DMF effects on tissue factor expression in human endothelial
cells in culture, because tissue factor is expressed by two independent sets of transcription factors, by NB-~ia TNF and by early
gene response-1 transcription factor via vascular endothelial growth factor (VEGF). We show that DMF inhibits TNF-induced
tissue factor mMRNA and protein expression as well as TNF-induced DNA binding of NkeB proteins, but not VEGF-induced tissue
factor protein, mMRNA expression, or VEGF-induced early gene response-1 transcription factor/DNA binding. To determine where
DMF interferes with the TNF/NF- kB signaling cascade, we next analyzed DMF effects orB and on the subcellular distribution

of NF-kB. DMF does not inhibit TNF-induced | kBa phosphorylation and 1B degradation; thus, NF«B is properly released from
kB complexes even in the presence of DMF. Importantly, DMF inhibits the TNF-induced nuclear entry of NReB proteins, and
this effect appears selective for NFB after the release from IkB, because the constitutive shuttling of inactive NF<B/I kB
complexes into and out from the nucleus is not blocked by DMF. Moreover, DMF does not block NkB/DNA binding. In
conclusion, DMF appears to selectively prevent the nuclear entry of activated NkB, and this may be the basis of its beneficial

effect in psoriasis. The Journal of Immunology, 2002, 168: 4781-4787.

ctivation of NF-kB by proinflammatory stimuli leads to

the expression of genes inducing and maintaining in-

flammation. The NF-«B family consists of severa dif-
ferent proteins such as p50, p52, p65 (RelA), RelB, and c-Rel,
which all share a conserved Rel homology domain responsible for
dimerization, nuclear localization, and DNA binding of NF-«xB
proteins. The biological activity of these proteins is regulated by
the concentration, the nucleocytoplasmic distribution, and the
DNA binding activity. All those parameters are controlled by a
family of inhibitory proteins, termed 1B, to which NF-«xB pro-
teins are bound under unstimulated conditions. The best-charac-
terized protein in this family is IkBa, which binds p65/p50 het-
erodimers, the most ubiquitous and biologically active NF-«xB
dimer and p65/c-Rel heterodimers. | kBa shifts the subcellular dis-
tribution of NF-«B predominantly toward the cytoplasm and pre-
vents DNA binding by occupying the Rel domain (1, 2). Upon
stimulation by, eg., TNF, IkBa and I1«kBe undergo rapid phos-
phorylation, ubiquitinylation, and subsequent degradation by the
26S proteasome (3), resulting in the release, nuclear entry, and
DNA binding of NF-«B (4). Other known 1kB proteins are |kBf3
and kB¢, which have been more recently identified. 1xBB degra-
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dation is more delayed and does not occur before 30—60 min fol-
lowing TNF stimulation, and |kB¢ appears not to be involved in
retaining NF-«B in the cytosol (5-7).

Because of the well-established biological significance of
NF-«B in inflammation, many efforts have been undertaken to
block NF-kB-induced gene transcription. Most pharmacological
inhibitors are not specific for NF-«B. Some of them block the
NF-«B pathway upstream of kB as curcumin (8), thiol-reactive
metal ions (9), or aspirin (10). Others seem to exhibit their function
more downstream in the NF-«B pathway, as, for example, me-
salamine, which interferes with the phosphorylation of NF-«B (11)
and glucocorticoids, or cCAMP, which appear to directly prevent
DNA binding of p65 (12, 13). There are some specific inhibitors of
NF-«B described (all of which have been used in experimental
settings only and are not registered for their use in humans), e.g.,
helenalin, which directly and irreversibly alkylates p65 (14); caf-
feic acid phenethyl ester, which prevents nuclear translocation of
NF-kB (15); and BAY 11-7082, which inhibits cytokine-mediated
IkBa phosphorylation (16).

Fumaric acid (FA)® esters have been used empirically in the
treatment of psoriatic patients for many years. In 1989 the first
controlled study was performed showing the efficacy of dimethyl-
fumarate (DMF) (17). Subsequently, several open and controlled
clinical trials have confirmed the efficacy of FA estersin psoriasis.
In vitro studies have only partially resolved the molecular basis of
their function. For example, in lymphocytes, DMF and its hydro-
lysis product, methylhydrogen fumarate (MHF), modulated cyto-
kine expression toward a Th2 cytokine profile (18, 19). Both sub-
stances inhibited keratinocyte proliferation (20) and monocyte
differentiation into dendritic cells (21).

3 Abbreviations used in this paper: FA, fumaric acid; DMF, dimethylfumarate; MHF,
methylhydrogen fumarate; VEGF, vascular endothelial growth factor; EGR-1, early
gene response-1 transcription factor.
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Several lines of evidence suggest that in endothelial cells DMF
inhibits TNF-induced gene expression by a mechanism involving
NF-kB (22, 23). In endothélia cells in vivo, DMF inhibits E-
selectin (CD62E) expression when given as a therapeutic agent for
psoriasis. In endothelial cells in culture, DMF inhibits TNF-in-
duced expression of E-selectin and NF-«B but not of AP-1 pro-
moter constructs (22). In contrast to other cell types, in endothelial
cells this effect is specific for DMF and not seen with other FA
esters (22, 24).

In this study we wished to determine the site where DMF in-
terferes with the TNF/NF-«kB signaling cascade. We analyzed tis-
sue factor expression in endothelial cells, because tissue factor is
rapidly induced by two unrelated pathways. Thefirst isinduced by
TNF through binding of p65/c-Rel heterodimers and/or through
binding of p65/p50 heterodimersto a single NF-«B site within the
promoter. The second pathway is induced by vascular endothelial
growth factor (VEGF) through Spl/murine early gene response-1
transcription factor (EGR-1) sites within the promoter (25-27).
Thus, VEGF-induced tissue factor expression can be used as an
internal control. In this work we show that DMF inhibits
TNF-induced gene transcription of tissue factor at the level of the
nuclear entry of NF-«xB (after the release from |«B), whereas
VEGF-induced tissue factor expression remains unaffected.

Materials and Methods
Cells

HUVECs were isolated and cultured as described previously (28). Cells
were used between passages 3 and 6. Before HUVEC were subjected to
experimental procedures, standard culture medium was switched to RPMI
1640 and supplemented with 10% FBS (both from Life Technologies,
Gaithersburg, MD), without any further additions.

Abs and reagents

Mouse anti-human tissue factor mAb (clone TFE, 1gG1) was from Enzyme
Research Laboratories (Minneapolis, MN). CD31 mAb (clone 7E4) was a
gift from Dr. O. Magjdic (Institute of Immunology, University of Vienna,
Vienna, Austria). Rabbit anti-p65 (clone C-20), anti-p50 (clone H-119),
anti-c-Rel (clone N), anti-Spl (clone PEP 2), anti-EGR-1 (clone C-19),
anti-lkBa (clone C-21), anti-IkBB (clone C-20), and anti-lkBe (clone
M-121) Abs were from Santa Cruz Biotechnology (Santa Cruz, CA). The
rabhit anti-phospho-1kBa (Ser®?) Ab was from Cell Signaling Technology
(Beverly, MA). The mouse IgG1 isotype control (clone MOPC 31c) and
the FITC-conjugated second-step anti-mouse 1gG were from Sigma-Al-
drich (Steinheim, Germany). HRP-labeled goat anti-rabbit and HRP-la-
beled goat anti-mouse Abs were from Bio-Rad (Hercules, CA). Alexa 488
goat anti-rabbit Ab was from Molecular Probes (Leiden, The Netherlands).
Human rTNF-a and VEGF, g5 were purchased from Strathmann Biotech
(Hamburg, Germany) and used at concentrations of 10 and 50 ng/ml,
respectively.

DMF (Fumapharm, Muri, Switzerland) was solubilized in methanol as
a70 mM stock solution and diluted in RPMI 1640 for final concentrations.
FA (Fumapharm) was used as a control in most experiments and prepared
asa 70 mM stock solution in RPMI 1640. The solvent, methanol, routinely
used as a control in all experiments, did not alter results in any of the
assays (Ref. 22 and data not shown). In selected experiments, MHF
(Fumapharm), the hydrolysis product of DMF, was used. All stock so-
lutions were used within 12 h.

Flow cytometry of surface protein expression

Confluent HUVEC were stimulated with TNF, VEGF, or both for 6-18 h
in the presence or absence of indicated FA derivatives. Stimulated cells
were detached with trypsin/EDTA (Life Technologies) and incubated with
anti-tissue factor mAbs or mouse |gG1 isotype control Abs (each 1 wg/ml),
followed by a FITC-conjugated anti-mouse 1gG. Surface-bound fluores-
cence was analyzed on a FACScan flow cytometer (BD Biosciences, San
Jose, CA). Geometric mean fluorescence values were calculated using
CellQuest software (BD Biosciences) and corrected for the geometric mean
fluorescence values of the respective isotype control.

DMF INHIBITS NUCLEAR ENTRY OF NF-«B

Quantitative real-time RT-PCR

Quantitative real-time RT-PCR was performed using LightCycler technol-
ogy (Roche Molecular Biochemicals, Vienna, Austria) with SYBR Green
| detection. Primers for tissue factor were designed using the PRIMER3
software from Whitehead Institute for Biomedical Research (Cambridge,
MA) (29). The tissue factor primers were planned around a 1.7-kb intron
to prevent accidental amplification of genomic DNA (GenBank accession
number of tissue factor cDNA is NM_001993), and amplification products
were analyzed on an agarose gel and sequenced. The primer pair 5'-CCGAA
CAGTTAACCGGAAGA-3" (804 forward) and reverse 5'-TCAGTGGG
GAGTTCTCCTTC-3' (1000 reverse) produced a single band with a de-
fined melting point and a defined sequence and was used in this study. The
primers for B, -microglobulin were 5'-GATGAGTATGCCTGCCGT-
GTG-3' and reverse 5'-CAATCCAAATGCGGCATCT-3' (30). mRNA
from confluent HUVECs and stimulated as indicated was isolated using
oligo(dT),5 beads (Dynal Biotech, Oslo, Norway) and reverse transcribed
using thefirst cDNA synthesiskit for RT-PCR from Boehringer Mannheim
(Mannheim, Germany). Each LightCycler capillary was loaded with 2 ul
DNA master mix, 2.4 ul MgCl,, 13.5 ul H,O, and 0.5 ul of each primer
(20 uM; final concentration, 250 nM). cDNA was amplified using a stan-
dardized program with a 10-min denaturing step following 55 cyclesof 5 s
at 95°C, 15 s at 65°C, and 15 s at 72°C, melting point analysis in 0.1°C
steps, and a final cooling step. Relative quantification of target gene ex-
pression was calculated according to Pfaffl et al. (31). The PCR efficiencies
for B,-microglobulin and tissue factor (amplicons) were calculated using
the Relative Quantification Software from Roche Molecular Biochemicals
(version 1.0). Tissue factor mRNA was normalized according to the rela-
tive content of B,-microglobulin under each treatment condition. Results
are shown as fold inductions of tissue factor mRNA compared with the
unstimulated control.

Immunoblotting

After indicated treatments, 10° HUVEC were detached using trypsin/
EDTA and centrifuged. Pellets were resuspended in 300 ul of cytoplasmic
lysis buffer (modified buffer A, containing 10 mM HEPES (pH 7.9), 10
mM KCI, 0.2 mM EDTA, 1 mM DTT, 0.5 mM PMSF, and 0.6% Nonidet
P-40) and centrifuged. The supernatants (cytoplasmic fractions) were snap-
frozenin liquid nitrogen and stored at —70°C. Pellets containing the nuclei
were washed in buffer A without Nonidet P-40 and resuspended in 60 ul
nuclear lysis buffer (buffer C, containing 20 mM HEPES (pH 7.9), 0.4 M
NaCl, 2 mM EDTA, 1 mM DTT, and 1 mM PMSF). After a 30-min
incubation at 4°C, supernatants (nuclear fractions) were snap-frozen in
liquid nitrogen and stored at —70°C. Protein concentration of each sample
was adjusted by determining protein concentrations with the DC protein
assay kit (Bio-Rad). Cytoplasmic or nuclear lysates were then loaded onto
7-12% polyacrylamide gels, electrophoresed, and blotted on polyvinyli-
dene difluoride membranes as described previously (32). After blocking
with 1% low-fat milk (Bio-Rad) for 12 h, incubation with first-step Abs as
indicated diluted in 0.5% Tween/TBSfor 1 h, rinsing, and incubation with
the respective HRP-labeled second-step Abs, bound Abs were visualized
by ECL (ECL plus system; Amersham Pharmacia, Little Chafont, U.K.)
and exposed on Hyperfilm MP (Amersham Pharmacia). To confirm equal
protein content of samples, Coomassie stainings and immunoblots using
CD31 or anti-Spl mAbs were performed in parallel.

EMSA

Oligonucleotides containing the NF-«xB consensus site (5'-CAGAGG
GACTTTCCGAGA-3') and EGR-1 consensus site (5'-GCGGCGGGG
GCGGGCG-3') were radiol abeled with 32P using T4 polynuclectide kinase
(Roche Molecular Biochemicals; the underlined nucleotides depict the re-
spective consensus sites). The labeled oligonucleotides were purified on
Microspin G-50 columns (Amersham Pharmacia) and hybridized to the
complementary strand. For the protein binding reaction, 5 g of nuclear or
cytoplasmic extracts (prepared as described above) were incubated in a
15-ul reaction mix containing 20 mM HEPES (pH 7.9), 1 mM MgCl,, 10%
glycerol, 40 mM KCl, 0.1 mM EDTA, 1 mM NaF, 10 mM DTT, 5 mM
aprotinine, 1 mM benzamidine, and 50 ng salmon sperm DNA (for NF-«B)
or 1 pg poly(dl:dC) (for EGR-1; Amersham Pharmacia). Where indicated,
Abs or a 100-fold molar excess of unlabeled oligonucleotides were added to
the reaction mixture and incubated for 10 min on ice. Thereafter, 1 ng of
32P-|abeled oligonucleotide (~100,000 cpm) was added to each reaction and
further incubated for 20 min a room temperature. DNA/protein complexes
were resolved on 6% nondenaturing polyacrylamide gelsin 0.3X TBE buffer,
dried, and visualized by autoradiography.



The Journa of Immunology

Immunofluorescence

A construct of p65 cDNA cloned into peGFP-C1 (Clontech Laboratories,
Palo Alto, CA) was used, which resulted in the expression of a green
fluorescent p65 fusion protein (33). HUVEC at 80% confluency were trans-
fected using the standard Ca? " phosphate precipitation method as described
elsewhere (34). Briefly, cells were conditioned with DMEM (Life Tech-
nologies) and overlaid with a precipitate containing 1 g DNA per well
(10° cells). After washing, full medium was added and cells were grown for
another 18 h. Thereafter, cells were stimulated with TNF plus FA or DMF
(84 uM each) for 2 h.

In afirst set of experiments, nuclel were counterstained with propidium
iodide and the subcellular distribution of GFP-p65 was analyzed by laser
scan microscopy (Zeiss, Oberkochen, Germany).

In asecond set of experiments, nuclei of transfected cells were collected
using Dounce buffer containing 10 mM Tris-HCI (pH 7.6), 0.5 mM MgCl,,
10 pg/ml leupeptin, 10 wg/ml aprotinin, 1 mM PMSF, and 1.8 mg/ml
iodoacetamide. Nuclei were then subjected to FACScan flow cytometry to
quantify the relative content of eGFP-p65.

In athird set of experiments, the distribution of p65 in the presence or
absence of anuclear export inhibitor, leptomycin B (Sigma-Aldrich), was
analyzed in nontransfected HUVEC by direct immunofluorescence using
anti-p65 Abs. Cells were cultured in the presence or absence of 84 uM
DMF for 120 min. Thereafter, 20 nM leptomycin B was added for indi-
cated times. After washing, cells were fixed with acetone/methanol 1:1 for
10 min at —20°C, rinsed, stained with anti-p65 Ab for 60 min at 4°C, and,
following rinsing, stained with an Alexa 488-labeled second-step Ab for 60
min at 4°C. Cells were examined on a laser scan microscope.

Results
DMF inhibits TNF-induced tissue factor expression

Following TNF or VEGF stimulation, HUVEC expressed moder-
ate amounts of tissue factor protein and mRNA (Fig. 1). The com-
bination of TNF plus VEGF was synergistic, which has been re-
ported previously (35). DMF significantly reduced TNF-induced
tissue factor protein and mMRNA expression in a dose-dependent
fashion, as shown by FACS analysis (p < 0.05) and quantitative
real-time PCR, but had only insignificant effects on VEGF-induced
tissue factor expression. Moreover, DMF inhibited dose-depen-
dently the synergistic effect of TNF plus VEGF (Fig. 1).

DMF reduces NF-«B/DNA complex formation

To analyze the effect of DMF on DNA binding of transcription
factors, EM SAs were performed. Using nuclear extracts, TNF in-
duced the binding of proteins to an oligonucleotide harboring a
NF-kB consensus site, which was markedly reduced by DMF (Fig.
2A). Using cytoplasmic instead of nuclear extracts for EMSAS, we
could also detect a TNF-inducible NF-kB/DNA complex. In con-
trast to the situation seen in the nucleus, DMF did not block the
formation of these cytoplasmic NF-«B/DNA complexes, which
alowsthe conclusion that DMF did not exert its effect by blocking
binding of NF-«B proteins to DNA. Moreover, the addition of
DMF or of its hydrolysis product, MHF, directly into the binding
reaction of nuclear extracts of TNF-stimulated HUVEC did not
alter NF-kB/DNA binding, confirming that DMF had no negative
effect on the ability of NF-«B to bind DNA (data not shown).

A 100-fold molar excess of unlabeled wild-type oligonucleotide
competed off binding of radioactive probes. Abs to p50, p65 (Fig.
2B), and c-Rel (data not shown) supershifted DNA/protein com-
plexes, confirming the specificity of the bands.

The VEGF-induced protein binding to the Spl/EGR-1 compos-
ite site analyzed for control purposes was not affected by DMF.
The addition of anti-Spl and anti-EGR-1 Abs into the binding
reaction inhibited specific complex formation (Fig. 2C). Destruc-
tion of the complex instead of supershifting with these Abs has
been shown previously (27).
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FIGURE 1. DMF inhibits TNF-induced tissue factor protein and
mMRNA expression. A, FACS analysis of tissue factor protein expression
after stimulation of HUVEC with TNF (10 ng/ml), VEGF (50 ng/ml), or
TNF plus VEGF for 6 h. Upper panels, Medium control; lower panels,
medium supplemented with 84 uM DMF. Dotted lines show isotype con-
trol stainings; solid lines represent the specific staining. Values inserted
into each histogram represent geometric mean fluorescence of the respec-
tive experiment. B, Summary of four independent FACS experiments an-
alyzing tissue factor surface expression in the presence of indicated con-
centrations of DMF. Means = SD of the geometric mean fluorescence are
shown. C, Quantitative real-time RT-PCR of tissue factor mRNA expres-
sion. HUVEC were incubated in medium containing 42 uM FA or 42 uM
DMF and stimulated as indicated. Shown is the fold increase above base-
line tissue factor expression; data are from one of two experiments.
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FIGURE 2. DMF reduces NF-«B/DNA complex formation. HUVEC
were incubated with 84 uM DMF and stimulated with TNF or left un-
treated as indicated. Nuclear and cytoplasmic extracts were prepared as
described and incubated with oligonucleotides harboring the consensus
binding sites for NF-«B (A and B) or EGR-1 (C), and the binding reactions
were separated on 6% acrylamide gels. Preincubation of extracts with un-
labeled oligonucleotides competed off all bands. Specific bands were iden-
tified with indicated Abs. With anti-p65 Abs a complete supershift was
seen, and with anti-p50 Abs a partial supershift was seen (B). Anti-Spl and
anti-EGR-1 Abs destroyed the specific complexes (C).

DMF impairs nuclear entry of NF-«xB

To analyze whether DMF alters the subcellular distribution of
NF-kB proteins, we prepared cytoplasmic and nuclear extracts and
subjected them to immunoblotting. The TNF-induced increase in
nuclear NF-xB was markedly inhibited by DMF (Fig. 3). For p50
and p65, inhibition was by mean 65% (as determined by densito-
metric analysis of three independent experiments) and nuclear c-
Rel was undetectable in DMF-treated cells. In the cytoplasm, p50,
p65, and c-Rel were abundant at baseline, and their relative
amounts were not visibly affected by DMF (Fig. 3). Equal protein
loading of cytoplasmic and nuclear extracts was shown by CD31
and anti-Spl immunoblots, respectively (Fig. 3).

We next analyzed the subcellular distribution of p65 by trans-
fecting HUVEC with a p65/eGFP plasmid. Using confocal laser
scanning microscopy, the TNF-induced translocation p65/eGFP
fusion protein into the nucleus was strongly inhibited by DMF. A
representative image is shown in Fig. 4A. In unstimulated endo-
thelial cells, the relative amount of cytoplasmic p65/eGFP was not
affected by DMF. Because results obtained by laser scanning mi-
croscopy are difficult to quantify, we collected the nuclel as de-
scribed in Materials and Methods and subjected them to FACS
analysis. Following TNF stimulation, there was amean 2- to 3-fold
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FIGURE 3. DMF inhibits TNF-induced nuclear accumulation of NF-
kB. HUVEC were treated with FA or DMF (84 uM each) and stimulated
with TNF for indicated times. Cytoplasmic and nuclear extracts were pre-
pared as described and immunoblotted using anti-p50, -p65, and -c-Rel
Abs, respectively. One representative experiment of four is shown. CD31
and Sp1 were used as |oading controls for cytoplasmic and nuclear extracts,
respectively.

increase in fluorescence emitted from these nuclei, which reflected
nuclear translocation of p65/eGFP. DMF inhibited nuclear trans-
location of p65/eGFP down to baseline (Fig. 4, B and C). We
conclude that DMF prevented the nuclear entry of p65.

DMF does not inhibit TNF-induced | «B phosphorylation and
degradation

To determine whether DMF inhibits nuclear entry of NF-«B by
preventing its release from the cytoplasmic 1kB complex, we an-
alyzed TNF-induced degradation of |«B proteins by using immu-
noblotting. TNF-induced | kB« degradation was seen after 10 min,
and this was not altered by DMF (Fig. 5A). |«kBa levels returned
to baseline 60 min after TNF stimulation, and again this was not
altered by DMF. Moreover, DMF did not ater baseline levels of
IkBa in unstimulated HUVEC, as determined in time kinetics for
up to 3 h following the addition of DMF (data not shown). Also,
degradation of 1kBe was observable 10 min following TNF stim-
ulation, and this was not atered by DMF. With regard to 1B,
over a time period of 60 min no TNF-induced degradation was
seen, and this was also not changed by DMF (data not shown).
This finding is in line with a previous observation that |«Bg deg-
radation is delayed and that |kBg isinvolved in delayed and not in
early TNF effects (5). Equal protein loading of cytoplasmic ex-
tracts was shown by blotting with CD31.

Also, | kBa phosphorylation seen after 2 min of TNF stimulation
was unaffected by DMF (Fig. 5B), confirming that TNF signaling
to 1B is not inhibited by DMF.

DMF does not inhibit leptomycin B-induced nuclear
accumulation of p65

It has been reported previously that leptomycin B traps NF-«B/I kB
complexes within the nucleus by inhibiting the nuclear export sig-
naling receptor CRM1 (36). To analyze whether DMF alters the
constitutive nucleocytoplasmic shuttling of NF-kB/IkB complexes
(1), HUVEC were treated with 20 nM leptomycin B. In unstimu-
lated HUVEC, leptomycin B treatment resulted in a strong nuclear
p65 staining, as determined by immunofluorescence techniques us-
ing anti-p65 Abs. Cytoplasmic p65 staining was nearly absent,
which indicates a nuclear accumulation of p65/IkB complexes.
Thiswas not atered by DMF (Fig. 6A). It can thus be assumed that
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FIGURE 4. DMF blocks the nuclear entry of a p65/eGFP fusion pro-
tein. A, Laser scanning microscopy of HUVEC transfected with a p65/
eGFP fusion protein. Cells were incubated with or without 84 uM DMF
and stimulated with TNF for 60 min. In DMF-treated cells, the fluores-
cence remains largely cytoplasmic even after TNF stimulation. One of
three independent experiments is shown. B, HUVEC were transfected with
p65/eGFP as described. Transfection efficiency is shown in the upper
panel, where endothelial cell suspensions were subjected to FACS analy-
sis. In paralel, cells were incubated with or without 84 uM DMF and
stimulated with TNF for indicated times. Then nuclei were isolated as
described and subjected to FACS analysis. One representative result of five
independent experiments is shown. p65/eGFP-positive nuclei appear to the
right of the vertical lines. C, Summary of five independent experiments.
Each dot represents the fold increase of nuclear fluorescence above the
corresponding baseline value. Horizontal bars represent mean values.

the constitutive shuttling of p65/1kB complexes was not affected
by DMF.

We next performed EMSA using nuclear extracts from endo-
thelia cells preincubated with or without leptomycin B. In un-
stimulated cells, NF-«B binding to NF-«xB consensus oligonucle-
otides did not occur even in the presence of leptomycin B (Fig.
6B), indicating that leptomycin B induced the nuclear accumula-
tion of p65/IkB complexes, which are functionally inactive. Im-
portantly, following TNF stimulation, using nuclear extracts from
controls or DMF-treated cells, we found equal amounts of NF-xB
binding to NF-«B oligonucleotides (Fig. 6B). It can thus be con-
cluded that leptomycin B-induced accumulation of NF-«B is ac-
cessible to TNF signals even in the presence of DMF. This exper-
iment excludes the possibility that DMF inhibits transcription by
inhibiting NF-kB binding to the DNA (as also shown in Fig. 2A,
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FIGURE 5. DMF does not inhibit |kB degradation and resynthesis.
HUVEC were incubated with FA or DMF (84 uM each) and stimulated
with TNF for indicated times. Cells were lysed and immunoblotted as
described using anti-1kBa, anti-1kBe (A), or anti-phospho-Ser®2-IkBa (B)
Abs. One of four experiments is shown. The arrowhead denotes |«Be,
which is detectable in unstimulated cells only; the upper band is considered
unspecific. A representative CD31 immunoblot is shown as loading
control.

where cytoplasmic extracts were used: NF-kB/DNA binding is not
prevented by DMF).

Discussion

We show that DMF impairs TNF-induced tissue factor expression
by blocking NF-«B-driven transcription but has no significant ef-
fect on VEGF-induced tissue factor expression. DMF exerts this
effect by impairing the nuclear entry of NF-«xB following its dis-
sociation from 1B.

Inhibition of nuclear entry of NF-«B proteins by DMF is herein
shown for p65 by using a green fluorescent p65 fusion protein.
However, the TNF-induced p50 and c-Rel translocation was also
impaired by DMF, as determined by immunoblotting of nuclear
extracts. All these members of the NF-«B family share a highly
conserved sequence of ~100 amino acids, the so-called Rel do-
main, which carries the nuclear localization sequence and which is
required for DNA binding. Importantly, DMF does not collectively
inhibit nuclear transport mechanisms of transcription factors, be-
cause the function of transcription factors like EGR-1, Spl (Fig.
2), or AP-1 (22) is not affected by DMF. Moreover, the site of
DMF action appears to be specifically located at the level of the
nuclear entry of NF-kB, because upstream events like 1kB phos-
phorylation and degradation, as well as downstream events like the
ability of NF-«B to bind to the cognate DNA, were not impaired
by DMF.

How can DMF prevent nuclear entry of NF-«B after its release
from 1kB? DMF may dter functions of proteins transporting
NF-kB into the nucleus. Because shuttle proteins for NF-«B are
yet not identified (37), we cannot address this question. Alterna-
tively, DMF may block nuclear translocation by altering phosphor-
ylation patterns of NF-kB. Several different kinases and putative
phosphorylation sites exist, which regulate the activity of NF-«xB
(11, 38, 39). Serine residues have been shown to be responsible for
DNA binding, but phosphorylation patterns of NF-xB responsible
for nuclear entry are yet not well defined (40). Glutathione S-
transferase might be a possible link between DMF and NF-«B. It
was previously shown that DMF induces glutathione S-transferase
expression and activity in various cell lines (41-43). Glutathione
Stransferase not only controls the intracellular redox status but
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FIGURE 6. DMF does not inhibit leptomycin B-induced nuclear accu-
mulation of p65. A, Laser scan images of HUVEC grown on tissue culture
plastic and treated with and without 84 uM DMF. After 2 h, 20 nM lep-
tomycin B was added. Thereafter, at indicated times, cells were fixed and
stained with an anti-p65 Ab followed by an Alexa 488-labeled anti-rabbit
Ab. B, EMSA using nuclear extracts from HUVEC treated with or without
84 uM DMF for 2 h followed by a 1-h incubation with 20 nM leptomycin
B. Theresfter, cells were treated with TNF for 1 h and nuclear extractswere
prepared as described in Materials and Methods. In the presence of lep-
tomycin B, the amount of TNF-induced NF-xB/DNA binding is equal in
DMF-treated cells and controls.

also down-regulates p21"®° expression (44). p21'® is known to
increase phosphorylation and transcriptional activity of p65 in en-
dothelial cells (45). Thus, by increasing the activity of glutathione
S-transferase and thereby decreasing p21"®° activity, DMF might
alter phosphorylation patterns of p65 and thereby inhibit its nu-
clear entry, but this speculation is only one possibility among
many others.

In certain aspects, our results are in conflict with a recent pub-
lication, where DMF was shown to inhibit nuclear translocation of
P50, but not of p65 or c-Rel (23). One reason may be the cell type
used. Whereas we used endothelial cells, fibroblasts have been
used in Vandermeeren’s study (23), and it is well documented that
there are cell type-specific reaction patterns in response to DMF
(18-20). The selective DMF-induced inhibition of nuclear trans-
location of p50 in fibroblasts as seen by Vandermeeren et al. (23)
cannot explain the effects of DMF seen in endothelial cells. In
endothelium and many other cell types, p50/p50 homodimers are
transcriptionally inactive and exhibit ainhibitory function on p65/
p50 and or p65/c-Rel-dependent gene transcription (46, 47). Be-
cause CD62E and tissue factor expression depend on p65/p50
and/or p65/c-Rel heterodimers, it is highly unlikely that DMF
blocks expression of these genes by a selective inhibition of
p50 only.

DMF INHIBITS NUCLEAR ENTRY OF NF-«B

In conclusion, we show that DMF prevents NF-«B-driven gene
activation in endothelia cells by inhibiting the nuclear entry of Rel
proteins. Indirect evidence would support the assumption that this
function of DMF is not restricted to endothelial cells. In T cells,
FA esters induce a switch toward a Th2 cytokine profile (18, 19).
Because a Th2 switch is also found in mice that have an impaired
NF-kB signaling pathway (48, 49), by analogy it may well be that
the Th2 switch induced by DMF is mediated by preventing nuclear
entry of NF-kB. Finaly, inhibition of NF-«B signaling may be the
basis of the beneficial effect of FA esters in psoriatic patients. In
addition, diseases aggravated or caused by NF-«kB-mediated cell
activation might also benefit from a treatment with DMF.
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