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Abstract

The redox-sensitive transcription factor NFxB mediates the expression of genes involved in
inflammation and cell survival. Thioredoxin reductase-1 (TR1) and its substrate thioredoxin-1
(Trx1) act together to reduce oxidized cysteine residues within the DNA binding domain of NFxB
and promote maximal DNA binding activity /in vitro. It is not clear, however, if NFxB is regulated
via this mechanism within living cells. The purpose of the present study was to determine the
mechanism of NFxB modulation by TR1 in cells stimulated with the inflammatory cytokine tumor
necrosis factor-a (TNF). In both control cells and in cells depleted of TR1 activity through
chemical inhibition or siRNA knock down, TNF stimulation resulted in degradation of the
cytoplasmic NFxB inhibitor IxB-a and translocation of NFxB to the nucleus. Similarly, the DNA
binding activity and redox state of NFxB were unaffected by TR1 depletion. In contrast, NFxB-
mediated gene expression was markedly inhibited in cells lacking TR1 activity, suggesting that the
transactivation potential of NFxB is sensitive to changes in TR1 activity. Consistent with this
concept, phosphorylation of the transactivation domain of NFxB was inhibited in the presence of
curcumin. Surprisingly, another TR1 inhibitor, 1-chloro-2,4-dinitrobenzene, had no effect, and
siRNA knock down of TR1 actually increased phosphorylation at this site. These results
demonstrate that TR1 activity controls the transactivation potential of NFxB, and that more than
one mechanism may mediate this effect.
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INTRODUCTION

Nuclear factor-kappaB (NFxB) is a transcription factor that controls the expression of genes
involved in apoptosis, cell survival and inflammation [1]. NFxB is constitutively expressed
but maintained in an inactive cytoplasmic complex through its association with kB proteins
[2]. A variety of stimuli, exemplified by the inflammatory cytokine tumor necrosis factor-a
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(TNF), activate the canonical pathway whereby a phosphorylation cascade is initiated that
results in the phosphorylation, ubiquitination and degradation of the negative regulator 1«B-
a, allowing translocation of liberated NFxB into the nucleus where it binds specific
enhancer sites within target genes. Nuclear translocation of NFxB alone does not result in
maximal NFxB transcriptional activity. Other layers of regulation, including reversible
oxidation, phosphorylation and acetylation of the transcription factor, are also important in
modulating NFxB activity (for a review see [3-6]). The redox state of conserved cysteine
residues within the DNA binding domain of NFxB heterodimers, corresponding to Cys62 of
the p50 subunit and Cys38 of the p65 subunit, is thought to be a key determinant of the
DNA binding activity of NFxB. In vitro DNA binding assays have shown that oxidation of
Cys62 to a sulfenic acid prevents NFxB from binding to DNA, and that reduction to a thiol
restores binding [7].

A number of lines of evidence point to the thioredoxin system, consisting of thioredoxin-1
(Trx1) and the NADPH-dependent enzyme thioredoxin reductase-1 (TR1), as being
responsible for maintaining Cys62 of p50 in the thiol form. Trx1 is a small redox active
protein that receives reducing equivalents from TR1 and transfers them to its substrates. In
vitro, Trx1 can reduce p50 directly [7-8] or indirectly through the redox chaperone protein
Ref-1 [9-10]. In cells, NFxB activity is enhanced upon over-expression of a nuclear-
targeted Trx1 fusion protein, whereas a redox-inactive mutant of Trx1 has no effect [11].
These data are consistent with a model of redox regulation of NFxB transcriptional activity
in which the reduced form of Trx1 reduces NFxB (either directly or through Ref-1),
allowing DNA binding and transcription of target genes to proceed. Because Trx1 is reduced
by TR1, this model predicts that inhibition of TR1 activity would block the flow of reducing
equivalents from NADPH to NFxB, resulting in the accumulation of oxidized NFxB and
decreased expression of NFxB target genes. Indeed, the TR inhibitors mercury,
aurothiomalate, sulforaphane, aurothioglucose and BBSKE inhibit NFxB-mediated gene
expression [12-17], but their effects on the redox state of NFxB have not been investigated.

Recently we reported that inhibition of TR1 activity by siRNA-mediated knock down did
not result in accumulation of oxidized Trx1 [18], raising the question of whether
downstream targets of Trx1 like NFxB became oxidized under these conditions. In light of
the apparent disconnect between TR1 activity and Trx1 redox state, we re-examined the
mechanism by which TR1 inhibition affects NFxB activity. We used HelLa cells in the
majority of the experiments because the thioredoxin system and compartmentalized redox
regulation of NFxB have been well-characterized in this cell line [11, 18-22]. In addition,
we used RAW264.7 cells to assess whether the mechanisms at work in HeLa cells were also
operating in other cell lines and in response to different activating stimuli. The data
demonstrate that depletion of TR1 activity through chemical inhibition or siRNA-mediated
knock down inhibited NFxB at the level of the nucleus, as would be predicted from the
model described above. However, the inhibition was not dependent on the accumulation of
oxidized Trx1, nor was it mediated by oxidation of cysteines within either the p50 or p65
subunits of NFxB. Together, these findings demonstrate that TR1 controls the
transactivation potential of NFxB independently from effects on DNA binding activity
mediated by Trx1.

MATERIALS AND METHODS

Cell culture

HeLa cells (American Tissue Culture Collection, Manassas, VA) are an established
epithelial cell line isolated from a human cervical adenocarcinoma. The original donor was a
30 year old African-American woman. RAW264.7 cells are a murine monocyte/macrophage
cell line isolated from a tumor induced by Abelson murine leukemia virus in BALB/c mice.

Free Radic Biol Med. Author manuscript; available in PMC 2013 August 28.
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The cells were incubated at 37°C under humidified atmosphere with 5% CO, in Dulbecco’s
modification of Eagle’s Medium (DMEM) containing 4.5¢g/L glucose, L-glutamine, and
sodium pyruvate and supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA)
and penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO). For all experiments, cells were
plated at a density of 12,000 cells/cm? and were confluent at the time the experiment was
conducted.

TR1 knock down

Small interfering RNA was used to knock down TR1. 24 hours after plating, cells were
transfected with siRNA against TR1 (siTR1), Trx1 (siTrx1) or control non-targeting sSiRNA
(siNT) using Dharmafect transfection reagent (all reagents Dharmacon Inc., Lafayette, CO).
Preliminary experiments used additional controls that were mock-transfected or
untransfected, and these controls were similar to SiNT transfected cells. Optimal knock
down at the protein level occurred 48 hours after transfection.

Measurement of TR activity

Thioredoxin reductase activity was measured by the end-point insulin reduction assay for
total TR enzymatic activity in biological samples with spectrophotometric detection [23].
Reagents and purified rat liver TR1 were from Sigma. Recombinant Trx1 was obtained from
American Diagnostica (Stamford, CT). Because the insulin endpoint assay for TR activity
measures the combined activities of both TR1 and TR2, the results of this assay are referred
to as total TR activity.

Measurement of NFkB-dependent reporter gene

Cells were transfected with PathDetect NFxB-luciferase reporter plasmid (Stratagene, La
Jolla, CA) using Fugene HD transfection reagent (Roche, Indianapolis, IN). The xB element
in this reporter (5"-GGGGACTTTCC-3") is identical to one of the 3 xB elements in the
promoter for the IxB-a gene. To control for differences in transfection efficiency, cells were
co-transfected with a plasmid encoding renilla luciferase under the control of the thymidine
kinase promoter. Firefly luciferase and renilla luciferase activities were measured with the
Dual-Luciferase Reporter Assay System (Promega, Madison, WI1), and firefly luciferase
activity was normalized by dividing by renilla luciferase activity.

Real time-PCR analysis of gene expression

Gene expression of the NFxB -dependent gene 1kxB-a was analyzed by real time-PCR. Cells
were lysed and mMRNA was extracted using an mRNA purification kit (Ambion, Austin, TX)
then converted to cDNA using reverse transcriptase (Applied Biosystems, Foster City, CA).
TagMan gene expression assays were used to probe IxB-a mRNA levels on the ABI Prism
platform (Applied Biosystems, Foster City, CA). p-actin levels were used to normalize 1xB-
a levels using the comparative Ct method, and calibrator cDNA was used to normalize
results between experiments.

Western blot analysis

Cellular proteins were prepared as either whole cell lysates [24] or as cytosolic and nuclear
fractions [25]. Equal amounts of protein, as measured by the BioRadDC protein assay kit
using y-globulin as a protein standard, were separated by SDS-PAGE. Separated proteins
were transferred to nitrocellulose membranes, blocked and probed with primary antibody.
Trx1 antibody was from American Diagnostica (Stamford, CT) and phospho-Ser536-p65
antibody was from Cell Signaling (Danvers, MA). All other primary antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA). Secondary antibodies were conjugated with
Alexafluor-680 (Invitrogen, Carlsbad, CA) or IRDye800 (Rockland Immunochemicals,

Free Radic Biol Med. Author manuscript; available in PMC 2013 August 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heilman et al.

Page 4

Gilbertsville, PA), and fluorescence was detected using the Odyssey imaging system (Li-Cor
Biotechnology, Lincoln, NE). Densitometry analysis was performed with the Li-Cor
imaging software.

Electrophoretic mobility shift analysis (EMSA)

Nuclear fractions were prepared and analyzed as described in [25]. Equal amounts of
nuclear protein were incubated with an oligonucleotide probe containing the NFxB
consensus binding site from the luciferase reporter described above (5'-
GGGGACTTTCC-3’) that had been labeled with y-32P-ATP by T4 polynucleotide kinase
(Invitrogen, Carlsbad, CA). Unbound probe was separated from protein-bound probe by
native polyacrylamide electrophoresis. To identify the subunit composition of the protein
bound to the probe, supershifts were performed by incubating the protein-probe mixture
with antibodies specific for p50 or p65 (Santa Cruz Biotechnology, Santa Cruz, CA) prior to
separation. Shifted and supershifted bands were visualized by autoradiography.

Trx1 redox western blot analysis

Oxidized and reduced forms of Trx1 were separated and detected using the previously
described thioredoxin redox western blot [26]. Briefly, cells were lysed in 6 M guanidine-
HCI, 50 mM Tris-HCI, 3 mM EDTA and 0.5% Triton-X-100 in the presence of 50 mM
iodoacetic acid (IAA) (all reagents Sigma) and incubated for 30 minutes at 37°C, resulting
in carboxymethylation of reduced, but not oxidized, cysteines. Proteins were separated by
native PAGE, and Trx1 was detected by standard western blot procedures, as described
above. Densitometry was performed using LI-COR imaging software and compiled from 3
independent experiments. The redox state of Trx1 was calculated by dividing the sum of the
1 disulfide and 2 disulfide forms by the sum of all forms (oxidized and reduced) and
expressed as percent oxidized.

A modified thioredoxin redox western blot technique was used to separate and identify the
redox states of Trx1 in subcellular fractions following knockdown of TR1 [27]. Cells were
fractionated by the method of Dignam as described in [28], but DTT was omitted and 50
mM IAA was included in the lysis buffer. After centrifugation, the cytosolic (supernatant)
and nuclear fractions (pellet) were further carboxymethylated in denaturing guanidinium
buffer as described above for the redox western blot method [27]. Equal volumes of lysate
from each treatment group were analyzed by western blot.

Measurement of p50 and p65 redox states

The redox states of p50 and p65 were measured using the method developed for use with
bacterial Trx and mitochondrial Trx2 [29-30]. Cellular proteins were precipitated in cold
10% trichloroacetic acid (TCA), and pellets were washed with cold acetone. Proteins were
dissolved in derivatization buffer containing 0.67 M Tris, pH 8, 2% SDS, 1 mM EDTA, and
15 mM 4-acetamido-4’-maleimidylstilbene-2,2”-disolfonic acid, disodium salt (AMS;
Invitrogen, Carlsbad, CA). To prepare fully reduced and oxidized proteins, AMS was
omitted from the derivatization buffer and either DTT or H,O, was added for 30 minutes at
37°C, followed by re-precipitation and solubilization in derivatization buffer containing
AMS. After AMS derivatization for 1 hour at 37°C, all samples were again precipitated in
TCA, washed in acetone and solubilized in 1X red loading buffer (New England Biolabs,
Ipswich, MA) for separation by SDS-PAGE and standard western blotting.

Over-expression of wild type and mutant p65

The plasmid encoding wild type p65 was a kind gift from Katia VVancompernolle. After
subcloning the coding region into pcDNA3.1, the cysteine in the DNA binding domain (at
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position 38) was mutated to alanine by site-directed mutagenesis [26]. HeLa cells were
transiently transfected with plasmids encoding wild type and mutant p65 using Fugene HD.

RESULTS

Inhibition of TR1 activity blocks NFkB-mediated gene expression

We used both chemical inhibition and siRNA-mediated knock down of TR1 to study the
effects of TR1 on NF«xB activity. Treatment of cells with the TR1 inhibitors 1-chloro-2,4-
dinitrobenzene (CDNB) and curcumin inhibited total TR activity (the combined activities of
TR1 and mitochondrial TR2) by more than 90% within 1 hour of exposure, and this level of
inhibition persisted for at least 8 hours (Fig. 1A). TNF-induced expression of an NFxB
reporter gene was completely inhibited by either CDNB or curcumin (Fig. 1B). CDNB and
curcumin had no effect on basal NFxB activity (not shown). In response to TNF, NFxB-
dependent luciferase activity increased 19-fold in vehicle-treated cells, but this induction
was blocked in cells treated with CDNB or curcumin. PCR analysis confirmed that CDNB
and curcumin blocked transcriptional activation of the luciferase reporter gene (not shown).

Knock down of TR1 by transfection with siRNA for 48 hours lowered TR activity (Fig. 2A)
and TR1 protein levels (Fig. 2B) by 90%, while leaving Trx1 levels unchanged (Fig. 2B).
Under these conditions, TNF-induced expression of the NFxB luciferase reporter was 80%
lower than in control cells transfected with non-targeting siRNA (SiNT; Fig. 2C). In
contrast, knock down of the TR1 substrate Trx1 had no effect on TNF-induced NFxB-
mediated gene expression (Fig. 2C). Real time-PCR revealed that mRNA levels of the
endogenous NF«B target gene IxB-a were induced 6.6-fold by TNF in siNT control cells,
whereas in siTR1 cells 1xB-a was induced only 3.4-fold, corresponding to a 48% decrease
relative to siNT controls (Fig. 2D). There was no significant difference in basal expression
of IxB-a expression between siNT and siTR1 cells. Therefore, both an endogenous NFxB
target gene and expression of an NFxB-dependent reporter gene were inhibited in cells
depleted of TR1.

TR1 activity does not affect cytoplasmic activation, nuclear translocation or DNA binding
activity of NFkB

To determine which step in the activation of NFxB was inhibited in cells lacking TR1
activity, cytosolic and nuclear events in the NFxB signaling pathway were investigated.
Degradation of cytoplasmic 1xB-a in response to TNF was unaffected by curcumin and only
slightly inhibited by CDNB (Fig. 3A), indicating that the compounds were not inhibiting
IxB kinase or proteasomal function. Western blots of nuclear fractions showed that
translocation of NFxB subunits p50 and p65 into the nucleus in response to TNFa
stimulation was also unaffected by treatment with curcumin and, corresponding to the effect
on IxB-a, was slightly inhibited by CDNB (Fig. 3B). These data demonstrate that
cytoplasmic activation and nuclear translocation of NFxB are largely unaffected by
treatment with curcumin or CDNB.

To investigate whether curcumin or CDNB inhibited DNA binding activity, an EMSA was
conducted on nuclear fractions from cells co-treated with curcumin or CDNB and TNF (Fig.
3C). There was very little NFxB binding to the oligonucleotide probe in unstimulated cells.
Treatment with TNF stimulated DNA binding activity. Supershift analysis revealed that the
protein-DNA band contained both p50 and p65 subunits of NFxB. Nuclear fractions from
curcumin-treated cells showed as much DNA binding of the p50/p65 heterodimer upon TNF
stimulation as did vehicle-treated cells, indicating that loss of DNA binding ability does not
account for the inhibition of NFxB signaling. CDNB treatment partially inhibited TNF-
induced DNA binding activity. This is in agreement with the pattern of 1«B degradation and
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p50/p65 nuclear translocation for samples treated with CDNB, reflecting less total NFxB
activation following CDNB treatment as compared to controls and curcumin treated
samples. DNA binding activity (Fig. 3C) in nuclear extracts correlated with p50 and p65
levels (Fig. 3B). Therefore, curcumin and CDNB did not inhibit the DNA binding activity of
NF«xB, demonstrating that these inhibitors were not alkylating the DNA binding domain
cysteines because this type of modification is essentially irreversible under the condition of
the EMSA.

NF«xB is a critical mediator of gene expression during the innate immune response.
Stimulation of macrophages with bacterial endotoxin (lipopolysaccharide; LPS) induces the
expression of the cytokine TNF, among other inflammatory mediators, via activation of
NFxB [31]. When macrophages were exposed to the TR1 inhibitors CDNB and curcumin,
there was a dose-dependent decrease in LPS-induced TNF expression (Fig. 4A). Similar to
the effect seen in HeLa cells, TR1 inhibition did not affect degradation of cytosolic 1xB-a or
nuclear translocation of p65 (Fig. 4B). Therefore, modulation of NFxB transactivation
potential by TR1 is a mechanism common to at least 2 different physiologically relevant
stimuli in at least 2 cell types.

As with the chemical inhibitors, TR1 knockdown inhibited NFxB at the nuclear level.
Western blots of cytosolic fractions revealed that TNF-induced degradation of IxB-a was
unaffected by TR1 knockdown (Fig. 5A), and western blots of the corresponding nuclear
fractions showed that the NF«xB subunits p50 and p65 translocated to the nucleus in
response to TNF in both control and TR1 knock down cells (Fig. 5B). An EMSA confirmed
that the subunit composition of nuclear NFxB was not affected in response to TR1
knockdown and that TNF-stimulated NFxB binding in siTR1 cells was no different from the
NF«xB binding of controls (Fig. 5C).

Nuclear NFKB inhibition does not correlate with Trx1 oxidation

Trx1 is involved in the transfer of reducing equivalents from TR1 to NFxB [7, 9-10]. If the
flow of reducing equivalents from TR1 to NFxB was being blocked by curcumin or CDNB,
or limited by TR1 knock down, then increased oxidation of Trx1 would be expected. In
order to determine if Trx1 oxidation was associated with the NFxB inhibition observed
following treatment with the TR1 inhibitors curcumin and CDNB, the redox state of Trx1 in
response to these treatments was investigated using the Trx1 redox western blot technique.
Curcumin treatment (Fig. 6A) resulted in time-dependent oxidation of Trx1, with significant
formation of the active site disulfide beginning at 2 hours. Maximum oxidation of Trx1 by
curcumin was 37% and occurred at 16 hours. Treatment with CDNB oxidized Trx1 more
extensively (Fig. 6B), resulting in the formation of both the 1-disulfide and 2-disulfide forms
of the protein [26]. Maximum oxidation of Trx1 following CDNB treatment reached a
plateau of 75% oxidized at 4 hours which persisted at all subsequent time points.

We previously demonstrated that knockdown of TR1 does not result in the oxidation of the
total cellular pool of Trx1 [18]. It was still possible that nuclear pool of Trx1 was selectively
oxidized, and that this pool was more directly involved in regulating NFxB activity.
Compartmental redox western blot analysis of Trx1 showed that there was no significant
difference in the amount of oxidized Trx1 between the siTR1 cells and the siNT controls in
either the cytosolic or nuclear compartments (Fig. 6C). Peroxide-treated positive controls
show the expected extensive oxidation of Trx1 in both the cytosolic and nuclear fractions
(Fig. 6C).
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The redox state of NFkB is preserved in cells with limiting TR1 activity

Oxidation of specific cysteine residues within the NFxB DNA binding domain has been
shown to inhibit NFxB activity. To determine whether NFxB oxidation accounted for the
loss of NF«xB activity in cells exposed to chemical TR1 inhibitors, we measured the redox
states of the NFxB subunits p50 and p65. To do this, cellular proteins were derivatized with
AMS, a maleimide that reacts with reduced thiols but not oxidized forms of cysteine. Each
AMS molecule incorporated adds 0.5 kDa to the mass of the protein. Therefore, more-
reduced forms of the protein run more slowly on a denaturing gel than more-oxidized forms,
and these different forms can be detected by immunaoblotting. When AMS was omitted, both
p50 and p65 exhibited the expected electrophoretic mobilities. When proteins in cellular
lysates were reduced with DTT then derivatized with AMS the proteins again ran as a single
band, but with slower mobilities resulting from the incorporation of AMS into the
completely reduced forms (compare lanes 1 and 2 in Fig. 7A). When lysates were oxidized
with diamide, hydrogen peroxide or tert-butylhydroperoxide prior to reaction with AMS,
again a single band resulted upon western blotting for pS0 or p65, but this time with a
mobility identical to that of underivatized protein and corresponding to the completely-
oxidized form of the protein. When the native redox states were assessed by immediately
trapping all cellular thiols with AMS, the data showed that both p50 and p65 existed almost
exclusively in their fully-reduced forms. Incubation of cells with curcumin or CDNB had no
effect on the redox states of p50 or p65; these proteins continued to be in the fully-reduced
forms (Fig. 7A, lanes 7-12).

Next the ability of known thiol oxidants to oxidize NFxB subunits was assessed.
Surprisingly, neither hydrogen peroxide nor tert-butylhydroperoxide were able to oxidize
p50 or p65 in intact cells, whereas the same concentrations of these oxidants were able to
oxidize the denatured proteins in the cell lysates (compare cell treatments to in vitro
treatments in Fig. 7A). Of the oxidants tested, only diamide was able to oxidize p50 and p65
in cells. A high concentration of diamide resulted in loss of completely-oxidized p50 and
p65 and the appearance of a mixture of partially oxidized forms. These data suggest that at
least some of the cysteine residues within p50 and p65 are oxidized in diamide-treated cells.
It should be noted that we consistently observed a loss in overall signal intensity upon
incubation of either lysates or cells with diamide. This may reflect the formation of disulfide
cross-links between NFxB subunits and other cellular proteins under oxidizing conditions.

Similar to the results with CDNB and curcumin, p50 and p65 remained fully reduced in cells
depleted of TR1 by siRNA knock down (Fig. 7B). Exposure of cells to the inflammatory
cytokine TNF has been reported to result in elevated ROS levels [32] and oxidation of the
mitochondrial forms of thioredoxin (Trx2) and thioredoxin reductase (TR2) [33-34].
Therefore, we measured the redox states of p50 and p65 in the absence and presence of TNF
stimulation. The results showed that TNF had no effect on the redox state of either p50 or
p65, even in TR1 or Trx1 knock down cells (Fig. 7B) or in cells exposed to curcumin or
CDNB (not shown).

Transactivation by a redox-insensitive mutant of NFkB is inhibited by TR1 knock down

The data in Fig. 7 strongly suggest that the DNA binding domain cysteines of NFxB are not
mediating the effects of TR1 knock down on NFxB activity. To verify this conclusion, cells
were transfected with a redox-insensitive mutant of p65 in which the DNA binding domain
cysteine was mutated to alanine. In agreement with the observation that p65 is not oxidized
in TR1 knock down cells, the activity of mutant p65 was inhibited to the same extent as wild
type p65 upon over-expression in siTR1 knock down cells (Fig. 8). Therefore, the inhibitory
effect of TR1 knock down is not mediated by changes in the redox state of the DNA binding
domain of p65.

Free Radic Biol Med. Author manuscript; available in PMC 2013 August 28.
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Phosphorylation of Ser536 of p65 is differentially sensitive to curcumin, CDNB and siRNA
knock down of TR1

A number of posttranslational modifications have been shown to alter the transactivation
potential of NFxB (reviewed in [6]). One of the best characterized modifications is
phosphorylation of Ser536 within the transactivation domain of p65. The data in Fig. 9 show
that stimulation of cells with TNF resulted in transient phosphorylation of Ser536 of p65
which peaked 10 minutes after TNF stimulation and returned almost to basal levels after 1
hour. When TR1 was inhibited with curcumin, both basal and TNF-induced phosphorylation
at Ser536 were inhibited. Although p65 translocated into the nucleus in response to TNF
(see Fig. 3), it was not properly phosphorylated in the presence of curcumin (Fig. 9A). These
results provide an explanation for the observation that NFxB is not transcriptionally active
in cells exposed to curcumin even though it has translocated to the nucleus.

CDNB, in contrast to curcumin, had no effect on the phosphorylation state of Ser536 in
either unstimulated or TNF-stimulated cells (Fig. 9B), suggesting that curcumin and CDNB
inhibit NFxB-mediated transactivation by different mechanisms. In contrast to both
curcumin and CDNB, siRNA knock down of TR1 increased the maximal phosphorylation
levels seen 10 minutes after TNF stimulation (Fig. 9C).

DISCUSSION

The data presented here show that loss of TR1 inhibits the transcriptional activity of NFxB
while leaving DNA binding and all earlier steps in the activation pathway intact. TNF-
induced IxB-a degradation, nuclear translocation of NFxB subunits, proper formation of
p50/p65 heterodimers and DNA binding activity were not altered by curcumin, CDNB or
SiRNA knock down of TR1. Inhibition of NFxB-mediated gene expression did not require
oxidation or alkylation of NFxB, or even the presence of a DNA binding domain cysteine.
These data point to a novel mechanism by which TR1 modulates NFxB, a mechanism that
affects transactivation rather than DNA binding activity.

TNF-induced phosphorylation of Ser536 within the transactivation domain of the p65
subunit of NFxB was inhibited by curcumin. Phosphorylation of Ser536 increases the
transactivation potential of NFxB [6], and loss of this activating modification explains the
inhibitory effect of curcumin. However, neither CDNB nor siRNA knock down of TR1
inhibited phosphorylation at this site, demonstrating that there is likely to be more than one
mechanism by which TR1 activity controls the transactivation potential of NFxB.
Phosphorylation or acetylation at one of the other sites within p65 that are known to alter
transactivation potential may be sensitive to TR1 activity. Alternatively, the signaling
pathways that control NFxB activation may be regulated by TR1. For example, inhibitors of
phosphatidylcholine-phospholipase C, protein kinase C, phosphatidylinositol 3-kinase and
phosphodiesterase block transactivation by NFxB while leaving upstream steps intact [35—
37]. 1t is possible that TR1 influences NFxB activity by regulating the signaling cascades in
which these proteins participate. It is known that many of the phosphatases and kinases
involved in NFxB activation are redox sensitive [3, 5], but the role of TR1 in regulating
these enzymes is unclear. A closer examination of the effect of TR1 on the redox states and
activities of enzymes involved in the NFxB pathway may reveal novel TR1 substrates.

The p50/p65 heterodimer is the predominant form of NFxB in most cells, and it is this form
that we have shown to be sensitive to regulation by TR1. Supershift analysis showed that
p50/p65 was the major DNA binding species in the nuclei of TNF-stimulated HelL a cells,
and this was not altered by inhibition of TR1. The sensitivity of p65 to TR1 inhibition was
confirmed in the over-expression experiments shown in Fig. 8. Furthermore, we showed that
Cys38 was not involved in TR1-mediated regulation of NFxB. Taken together, these results
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show that transactivation of gene expression by p65, most likely when heterodimerized with
p50, is dependent on TR1 activity. It remains to be determined whether other NFxB subunits
are regulated by TR1 activity in a similar manner.

The observation that TR1 regulated NFxB activity through a mechanism that was
independent of NFxB oxidation was somewhat surprising. Although in vitro experiments
have clearly demonstrated that oxidation of specific cysteine residues of NFxB inhibits its
ability to bind to DNA [7, 9, 38-39], this particular mechanism was not employed under
conditions of limiting TR1 activity. While chemical inhibitors of TR1 completely blocked
NF«xB activity at the nuclear level, they had no effect on the redox state of p50 or p65, the
two NFxB subunits present in the heterodimer within the nucleus. Similarly, the inhibition
of nuclear NFxB activity observed following TR1 knockdown occurred in the absence of
NF«xB oxidation. This is the first study to directly measure the redox state of NFxB subunits
in cells as a function of TR1 activity, and the results suggest a novel mechanism of TR1
regulation of nuclear NFxB activity through a mechanism that does not involve direct redox
regulation of NFxB.

Two other groups have examined the redox state of NFxB within cells under basal and
stimulated conditions. Nishi et al., reported that p50 became more reduced in J-50 cells upon
translocation to the nucleus in response to phorbol myristate acetate [40]. In contrast,
Hansen et al., found that p50 became more oxidized after HeLa cells were stimulated with
hydrogen peroxide [21]. In the present study, the redox state of p50 (and p65) did not
change in HelLa cells upon stimulation with TNF. All of the p50 cysteines were labeled with
AMS under the denaturing conditions used in our study, indicating that the protein was
completely reduced even in unstimulated cells. Under conditions where NFxB is oxidized,
such as in cells exposed to oxidants [21] or oxidant-inducing drugs [41], TR1 activity may
be important for both the DNA binding activity and transactivation potential of NFxB.

In the present study, the majority of the inhibition of NFxB activity occurred at a point
downstream of IxB-a degradation and nuclear translocation of the p50/p65 heterodimer,
although CDNB demonstrated some partial inhibition of these early activation steps.
Brennan and O’Neill, showed that curcumin and CDNB could bind directly to p50 and
inhibit its DNA binding activity when measured by EMSA, but only at concentrations
greater than those used in the present study [42]. They also found that curcumin, but not
CDNB, could inhibit IKK activity in Jurkat cells, providing a second mechanism by which
curcumin could inhibit the NFxB pathway. Inhibition of this cytoplasmic activation step has
also been observed in fibroblasts [43], and constitutively active IKK was inhibited by
curcumin in human mantle cell lymphoma cells [44]. Therefore, curcumin and CDNB can
inhibit NFxB activity through a variety of mechanisms in different cell types, but under the
conditions used here, inhibition of transactivation was the predominant mechanism.

Trx1 was oxidized in cells in which TR1 was inhibited with either curcumin or CDNB, but
not in cells depleted of TR1 by siRNA. We have previously shown that the redox state of
total cellular Trx1 does not change in cells depleted of TR1 [18], and in the current study we
extend these findings by demonstrating that distinct subcellular pools of Trx1 were not
oxidized under these conditions either. This is an important observation because nuclear
Trx1 has been specifically implicated in regulating NFxB activity [11]. In a recent study,
activity of an NFxB reporter was inhibited in cells engineered to produce ROS within the
nucleus [20]. As in the present study, this inhibition occurred in the absence of nuclear Trx1
oxidation [20], but the redox state of NFxB was not measured. We have also reported that
different chemical inhibitors of TR1 can have different effects on the thioredoxin system.
Methylated arsenic, like curcumin and CDNB in the current study, resulted in increased
Trx1 oxidation in cells, whereas aurothioglucose, like sSiRNA knock down of TR1, had no
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effect on Trx1 redox state [18]. The mitochondrial form of TR [45] or another selenoprotein
[46] may have been responsible for keeping Trx1 reduced when TR1 was knocked down.

The results presented here identify a novel mechanism by which the thioredoxin system

co

ntrols gene expression. In contrast to the previously-described regulation of DNA binding

activity by Trx1, the regulation of transactivation of NFxB by TR1 is independent of

ch
pa

anges in the redox states of either Trx1 or NFxB. This novel mechanism may be
rticularly relevant under the reducing conditions normally encountered within cells, where

NFxB would not be expected to be oxidized.
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The abbreviations used are

AMS 4-acetamido-4’-maleimidylstilbene-2,2’ -disolfonic acid, disodium salt
CDNB 1-chloro-2,4-dinitrobenzene
DMEM Dulbecco’s modification of Eagle’s medium
DM SO dimethylsulfoxide
DTT dithiothreitol
[AA iodoacetic acid
LPS lipopolysaccharide
SDS sodium dodecylsulfate
t-BOOH tert-butyhydroperoxide
TNF tumor necrosis factor-a
Trxl thioredoxin-1
TR1 thioredoxin reductase-1
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Fig. 1. Curcumin and CDNB inhibit TR1 activity and block expression of an NFxB-dependent
reporter gene

(A) HeLa cells were exposed to vehicle (DMSO), 50 M curcumin (diamonds) or 30 uM
CDNB (squares) for 1 hour or 8 hours, then TR activity (the combined activities of TR1 and
TR2) was measured in whole cell lysates. Activity is expressed as the percent of activity in
the DMSO-treated control cell lysates from 3 independent experiments. The asterisks
indicate the time points at which TR activity was significantly lower (p<0.05) in cells treated
with curcumin or CDNB relative to DMSO-treated control cells. (B) The expression of an
NFxB reporter gene was measured in HeLa cells treated with chemical inhibitors of TR1
and stimulated with TNF. Cells were co-transfected with plasmids encoding NFxB-
dependent luciferase reporter construct and a control reporter construct for 24 hours, and
then treated with vehicle (DMSO), 50 M curcumin or 30 .M CDNB with or without 10
ng/ml TNF for 3 hours. Data are expressed as a percentage of the induction by TNF in
vehicle controls. Error bars represent standard deviation for 3 independent experiments, and
an asterisk indicates p<0.05.
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Fig. 2. Knock down of TR1, but not Trx1, inhibits NFxB-mediated gene expression

HelLa cells were transfected with non-targeting siRNA (siNT) or siRNA targeting TR1
(SiTR1) or Trx1 (siTrx1). TR activity (A) and western blot analysis of TR1 and Trx1 protein
levels (B) were performed in whole cell lysates 48 hours after transfection. Blots were re-
probed for B-actin to demonstrate equal protein loading. NFxB-mediated gene expression
was measured by luciferase reporter and real time-PCR analysis of endogenous gene
expression. For the reporter gene assay (C), cells were transfected with the indicated siRNA
for 24 hours, followed by an additional 24 hour transfection with the reporter plasmids. 10
ng/ml TNF was added during the last 3 hours of transfection. To measure endogenous gene
expression (D), 10 ng/ml TNF was added 45 hours after transfection with siRNA and
continued for another 3 hours. RNA was extracted and analyzed by real time PCR as
described in Materials and Methods.
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Fig. 3. TR1 inhibition does not affect TNF-induced degradation of cytosolic | xB-a,, nuclear
translocation of p50 and p65 or DNA binding activity of NFxB

(A) Cytosolic IxB-a and (B) nuclear p50 and p65 were measured by western blot in
curcumin- and CDNB-treated cells that were either unstimulated (=) or co-stimulated (+)
with TNF for 1 hour. Blots were re-probed for B-actin to demonstrate equal protein loading.
(C) DNA binding activity was assessed by EMSA of nuclear extracts from cells treated as in
(A) and (B). The position of the major DNA-binding species, the p50/p65 heterodimer is
indicated. Asterisks mark the positions of the supershifted bands obtained by incubation
with antibodies against p50 and p65 (lanes labeled “anti-p50” and “anti-p65”). Each of the
experiments in this figure was repeated at least 3 times with similar results.
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Fig. 4. LPS-stimulated TNF production by RAW?264.7 cellsisinhibited at the nuclear level by
TR1inhibitors

(A) TNF production by RAW264.7 murine macrophages. Cells were incubated with vehicle
(DMSO) or the indicated concentrations of CDNB or curcumin (curc) in the absence or
presence of 100 ng/ml LPS for 24 hours. TNF released into the conditioned media was
measured by ELISA. (B) Cytoplasmic activation and nuclear translocation of NFxB in LPS-
stimulated RAW264.7 cells. Cells were incubated with increasing concentrations of
curcumin (0, 10 and 50 M) or CDNB (0, 10 and 30 M) and either left unstimulated (=) or
were stimulated (+) with 100 ng/ml LPS for 15 minutes. Cytoplasmic IxB-a and nuclear
p50 and p65 were determined by western blot. Blots were re-probed for p-actin to show
equal loading.
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Fig. 5. Knock down of TR1 does not alter cytoplasmic activation or nuclear DNA binding of
NFxB

HelLa cells were transfected with siTR1 or transfection controls consisting of non-targeting
SiIRNA (siNT), mock transfection (mock; no siRNA) or untransfected (unt; no siRNA or
Dharmafect transfection reagent) for 48 hours, then stimulated with 10 ng/ml TNF for 1
hour where indicated. (A) Western blot of cytoplasmic 1kB-a. (B) Western blot of nuclear
proteins for p50 and p65 levels. Blots were re-probed for B-actin to demonstrate equal
protein loading. (C) Nuclear proteins were analyzed by EMSA as described in the legend to
Fig. 3.
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Fig. 6. Trx1isoxidized following treatment with curcumin or CDNB, but not following sSiIRNA-
mediated knock down of TR1

HeLa cells were treated with 50 M curcumin (A) or 30 oM CDNB (B) for up to 16 hours.
Following treatment, the redox state of Trx1 was determined using the Trx1 redox western
blot technique. In (C), cells were transfected for 48 hours with non-targeting SIRNA (SiNT)
or siRNA against TR1 (siTR1). A separate culture was treated with 1 mM H,0, for 2
minutes as a positive control for Trx1 oxidation. The redox state of Trx1 in cytosolic and
nuclear fractions was determined as described in Materials and Methods.
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Fig. 7. Neither p50 nor p65isoxidized in cellswith limiting TR1 activity

The redox states of p50 and p65 were determined in cells and cell lysates exposed to thiol
oxidants and inhibitors of TR1 (A) or in cells depleted of TR1 by siRNA (B). In panel (A),
the in vitro conditions refer to treatments made to re-solubilized TCA-precipitated proteins
prior to derivatization with AMS, and the cell treatments refer to additions made to the cell
cultures prior to lysis and derivatization with AMS. Lanes 1 and 12 contain cellular proteins
that were not derivatized with AMS (no AMS). The concentrations used for in vitro and cell
treatments were the same: 100 mM DTT, 10 mM diamide, 1 mM tert-butylhydroperoxide (#
BOOH), 10 mM hydrogen peroxide (H,05), 0.1% DMSO (vehicle control), 50 M
curcumin and 30 .M CDNB. (B) Oxidized and reduced mobility controls (lanes 1 and 2,
respectively) were prepared as in (A) by treating lysates in vitro with 100 mM DTT or 10
mM hydrogen peroxide. Positive controls for cellular oxidation of p50 and p65 were
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produced by treating cells with vehicle control (0.1% DMSO) or increasing concentrations
of diamide in vitro for 30 minutes. Lanes 7 through 12 show the effects of different 48 hour
SiRNA knock downs in the absence (no TNF) or presence (TNF) of 50 ng/ml TNF in the
final 30 minutes. Twice as much total protein was loaded in lanes 7-12 as in lanes 1-6.
Arrows indicate the positions of fully oxidized and fully reduced forms of p50 and p65.
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Fig. 8. Knockdown of TR1 leadsto inhibition of NFxB activity and thisinhibition does not
involve the DNA binding domain cysteine of p65

Cells were transfected with sSiRNA against TR1 or non-targeting controls (SiNT) for 24
hours, and then transfected with reporter constructs for NFxB activity and a plasmid
encoding mutant or wild type p65. Luciferase activity was measured after an additional 24
hours. Data represent the mean £ SEM of normalized NFxB-dependent luciferase activity
from 3 independent experiments expressed as percent of the activity of the enzyme in SiNT
transfected cells.
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Fig. 9. Curcumin, CDNB and siRNA knock down of TR1 have different effects on
phosphorylation of Ser536 of p65

(A) HeLa cells were either untreated (0 minutes) or treated with 10 ng/ml TNF for 10 or 60
minutes in the presence of DMSO (vehicle control) or 50 tM curcumin. Western blots of
whole cell lysates were prepared using antibodies specific for phospho-Ser536-p65
(phospho-p65), total p65 and B-actin (actin). The graph on the right shows the intensity of
the band corresponding to the phosphorylated form of p65 normalized to the total amount of
p65 from 3 independent experiments (mean + SEM; * indicates p < 0.05). (B) Cells were
stimulated with TNF in the absence and presence of 30 uM CDNB. Western blotting was
performed as in part (A). Densitometric analysis of 3 independent experiments showed no
statistical differences between DMSO (vehicle) and CDNB (right panel). (C) Cells were
transfected with siRNA specific for TR1 (siTR1) or non-targeting siRNA (siNT) for 48
hours, then stimulated with TNF and analyzed by western blotting as in (A) and (B). TNF-
induced phosphorylation was consistently higher in siTR1-transfected cells; the graph on the
right represents the mean + SEM of 7 independent experiments (* indicates p < 0.05).
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