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Members of the NF-kB/RelB family of transcription factors play important roles in the regulation of
inflammatory and immune responses. RelB, a member of this family, has been characterized as a transcription
activator and is involved in the constitutive NF-kB activity in lymphoid tissues. However, in a previous study
we observed an overexpression of chemokines in RelB-deficient fibroblasts. Here we show that RelB is an
important transcription suppressor in fibroblasts which limits the expression of proinflammatory mediators
and may exert its function by modulating the stability of IxBa protein. Fibroblasts from relb™'~ mice
overexpress interleukin-la (IL-1), IL-1, and tumor necrosis factor alpha in response to lipopolysaccharide
(LPS) stimulation. These cells have an augmented and prolonged LPS-inducible IKK activity and an accel-
erated degradation which results in a diminished level of IkBa protein, despite an upregulated IkBa mRNA
expression. Consequently, NF-kB activity was augmented and postinduction repression of NF-kB activity was
impaired in these cells. The increased kB-binding activity and cytokine overexpression was suppressed by
introducing RelB cDNA or a dominant negative IxBa into relb~'~ fibroblasts. Our findings suggest a novel

transcription suppression function of RelB in fibroblasts.

Members of the Rel/NF-kB family of transcription factors
play a central role in the regulation of inflammatory and im-
mune responses (for recent reviews, please see (1, 3, 4, 25, 46,
54). In vertebrates, NF-kB consists of homo- or heterodimers
of Rel (c-Rel), p65 (RelA), RelB, p50 (NFKB1), and p52
(NFKB2), all of which contain a conserved N-terminal Rel
homology domain that contains the DNA-binding and dimer-
ization domains and the nuclear localization signal. In most
unstimulated cells, a large portion of NF-«kB is retained in the
cytoplasm as inactive complexes by a family of inhibitory pro-
teins called IkB that bind to the Rel homology domain and
mask the nuclear localization signal. There are at least five
distinct IkB proteins, IkBa, IkBB, IkBg, IkBy, and bcl-3; both
the p105 precursor of p50 and the pl00 precursor of p52
possess domains that function as IkBs as well. Upon cell stim-
ulation by a wide variety of stimuli, signal-responsive IkB ki-
nases (IKK) « and B are activated and phosphorylate two
serine residues in the IkB proteins (14, 19, 36, 42, 43, 61, 63,
64). For IkBa and IkB, the inducible phosphorylation sites
are serines 32 and 36 and serines 19 and 23, respectively (9, 10,
18, 51). The phosphorylated IkBs are subsequently ubiquit-
inated and targeted for degradation by the 26S proteosome,
releasing the NF-kB dimers to translocate to the nucleus to
activate the transcription of genes containing the so-called
kB-binding site (2, 26, 48). Among the NF-«kB-inducible genes
are IkB members, and the newly synthesized IkBs quickly
interact with and inactivate NF-«kB, leading to an autoregula-

* Corresponding author. Mailing address: Department of Immunol-
ogy, The Scripps Research Institute, 10550 N. Torrey Pines Rd., La
Jolla, CA 92037. Phone: (858) 784-8262. Fax: (858) 784-8558. E-mail:
lIfimm@scripps.edu.

1 Publication 12172-IMM from the Department of Immunology,
The Scripps Research Institute, La Jolla, Calif.

7688

tion of the NF-«kB system (11, 45, 50). Both IkBa and IkBB
function not only in the cytoplasm but also in the nucleus to
inhibit NF-kB activity; however, only IkBa is required for
postinduction repression of NF-kB (5, 52).

RelB shares many common features of the NF-kB family,
and is a strong transcriptional activator (7, 8, 21, 44). Unlike
other NF-kB members, however, RelB cannot form homo-
dimers and only associates efficiently with p50 and p52 (22).
The RelB heterodimers have a much lower affinity for IkBa
than other NF-kB complexes do and are less susceptible to
inhibition by IkBa (22, 32). As a result, it is predicted that
RelB will be located in the nucleus and represent the consti-
tutive NF-kB activity. Indeed, RelB heterodimers represent
the major constitutive NF-«kB activity in lymphoid tissues and
are expressed at high levels in the nuclei of interdigitating
dendritic cells, suggesting an important role for RelB in the
constitutive expression of kB-regulated genes in lymphoid tis-
sues (13, 32, 33, 40, 56).

The implicated in vivo function of RelB in lymphoid tissues
is supported by studies of relb '~ mice (12, 17, 34, 57-60, 62).
Mice deficient in RelB have a dramatic reduction in constitu-
tive kB-binding activity and specific defects in lymphoid tis-
sues, including the absence of mature lymphoid dendritic cells,
myeloid hyperplasia, and splenomegaly (12, 57). relb~/~ mice
also have multifocal defects in immune responses and fail to
mount inflammatory reactions against a number of pathogens
(17, 60). Surprisingly, relb~/~ mice spontaneously develop a
persistent noninfectious multiorgan inflammatory syndrome
(12, 34, 57). This apparent discrepancy suggests additional
defects in nonlymphoid tissues in relb~'~ mice. In this regard,
we showed in our previous report that the multifocal inflam-
mation is due to non-bone-marrow-derived cells, that lipopoly-
saccharide (LPS)-stimulated relb/~ fibroblasts overexpress
chemokines and induce leukocyte recruitment into tissues, and
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that RelB, while being a transcriptional activator for kB-reg-
ulated genes in macrophages, acts as a transcription suppressor
in fibroblasts (62). Our findings may provide hints about the
role that fibroblasts might play in the initial leukocyte infiltra-
tion and how RelB might be involved in the regulation of this
process (49, 62). Additional pathological changes, however,
must be involved in the development of multiorgan inflamma-
tion in relb~'~ mice. Cytokines which promote inflammatory
effector functions, including tumor necrosis factor alpha (TNF-
a), interleukin-la (IL-1a), IL-1B, and gamma interferon, are
expressed at increased levels in the nonlymphoid organs of
relb~'~ mice but have either normal or reduced expression in
lymphoid tissues; in particular, isolated relb~’~ macrophages
are impaired in the production of TNF-a (60, 62). Since mac-
rophages are normally the major source of TNF-a production,
one wonders what the probable cellular source of TNF-a and
other cytokines in the nonlymphoid organs of the relb ™/~ mice
might be, what molecular mechanisms are involved, and, es-
pecially, how RelB may function in this process. In this report,
we show that RelB is a key transcriptional suppressor of cyto-
kine expression in fibroblasts and that its absence leads to the
dysregulation of IL-la, IL-1B, and TNF-a expression in
relb~'~ fibroblasts. We further demonstrate that RelB exerts
its transcriptional suppressor function through the stabilization
of IkBa protein. These data suggest new physiological roles for
the NF-«kB/Rel factors in the regulation of inflammatory and
immune responses and may provide insights to uncover novel
intra- and interfamily interactions of the NF-kB/Rel and IkB
regulatory molecules.

MATERIALS AND METHODS

Animals. relb~’~ mice were generated and characterized as previously de-
scribed (12). The mice were generated on an inbred C57BL/6J background and
bred onto a B10.D2 background. The control mice were of B10.D2 origin. All
experimental procedures were carried out according to the guidelines listed in
the National Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals.

Cell culture and in vitro LPS stimulation. Fibroblasts were isolated from the
kidneys of normal control and relb '~ mice as previously described (62) and were
cultured in Dulbecco modified Eagle medium (DMEM) plus 10% fetal bovine
serum (FBS). Stable transfection of fibroblasts with a RelB cDNA construct was
performed as described previously (62). For LPS stimulation, cells were serum
starved for 24 h and then treated with 1 pg of LPS (List Biological Laboratories,
Campbell, Calif.) per ml in DMEM plus 0.5% FBS. The cells were harvested at
different time points for RNA and protein extraction.

RNA extraction and RNase protection assay. Total RNA was isolated from
fibroblasts by a single-step method (16). cDNA fragments of mouse IL-1a (bp
172 to 362; accession no. X01450), IL-1B (bp 500 to 672; accession no. M15131),
TNF-a (bp 429 to 556; accession no. M11731), RelB (bp 1350 to 1603; accession
no. M83380), and IkBa (bp 372 to 632; accession no. U36277) were generated by
reverse transcription-PCR or by PCR amplification of cDNA templates. The
PCR products were cloned into pPGEM4Z (Promega Corp., Madison, Wis.) for
the generation of a->*P-incorporated riboprobes. RNase protection assays were
performed as previously described (62).

Luciferase assay. The luciferase reporter plasmids containing the wild-type or
mutant TNF promoter were constructed as described by others (23, 27) except
that the chloramphenicol acetyltransferase reporter vector was replaced by lu-
ciferase reporter vector pGL2-Basic (Promega). The plasmids were transfected
into fibroblasts by electroporation with the setting of 280 V, 600 nF and 48 Q
(BTX Electro Cell Manipulator 600; Genetronics, San Diego, Calif.). At 48 h
after the transfection, the cells were stimulated with LPS for 12 h and were
harvested for the luciferase assay. This assay was performed with a luciferase
assay kit (Promega), and the light production was measured with a Monolight
2010 luminometer (Analytical Luminescence Laboratory, San Diego, Calif.).

Nuclear extract and EMSA. Nuclear extracts were prepared by a published
procedure (20). Electrophoretic mobility shift assay (EMSA) was performed as
described previously (62). Briefly, 2 ug of nuclear extract was incubated for 15
min at 25°C with a 3*P-labeled oligonucleotide containing the B site from the
murine intronic k chain (5'-AGTTGAGGGGACTTTCCCAGG-3' [the NF-kB
consensus DNA binding motif is underlined]; Santa Cruz Biotechnology, Inc.,
Santa Cruz, Calif.), and the reaction mixtures were electrophoresed in a 6%
polyacrylamide sequencing gel. For supershift assays, the nuclear extract was
preincubated with 1 pg of rabbit anti-RelA serum for 20 min at 25°C before the
addition of oligonucleotides.
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Western blot analysis and ELISA. The cytoplasm and nuclear proteins from
LPS-stimulated fibroblasts (5 pg per sample) were electrophoresed in a NuPAGE
gel (Novex, San Diego, Calif.) and electroblotted onto a nitrocellulose mem-
brane. The protein blots were probed with rabbit antibodies against mouse RelA,
RelB, IkBa, IkBB (Santa Cruz), actin (Sigma, St. Louis, Mo.), or NF-kB-induc-
ing kinase (NIK) (Torrey Pines Biolabs, San Marcos, Calif.). The bound anti-
bodies were detected with horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G antibody (Pierce, Rockford, Ill.) and the SuperSignal Kit
(Pierce). TNF-a protein was measured with a mouse enzyme-linked immunosor-
bent assay (ELISA) kit (Biosource International, Inc., Camarillo, Calif.).

Metabolic labeling and immunoprecipitation. Prior to the metabolic labeling,
2 X 10° fibroblasts were treated with 1 ug of LPS per ml for 1 h. The cells were
transferred to 1 ml of methionine- and cysteine-free DMEM plus 5% dialyzed
FCS for 1 h, and then 0.2 mCi of Tran[**S] (ICN, Costa Mesa, Calif.) was added
to the medium. After 30 min, the cells were washed with phosphate-buffered
saline and incubated with the regular medium of DMEM plus 10% FBS. The
cells were harvested at different time points and were lysed in 20 mM Tris-HCl
(pH 7.4)-100 mM NaCl-1 mM EDTA-0.2% Nonidet P-40-0.1% Triton X-100.
The cell lysates were incubated with 1 pg of normal rabbit immunoglobulin G
(Sigma) at 4°C for 1 h and with 10 wl of protein A-Sepharose (Pharmacia,
Piscataway, N.J.) for 30 min and then centrifuged for 10 min. The precleared
lysates were reacted with 1 i of rabbit anti-IkBa antibody (Santa Cruz) at 4°C
for 1 h and then with 10 ul of protein A-Sepharose for 8 h. The immune
complexes were centrifuged, washed twice in phosphate-buffered saline, electro-
phoresed in a Nu-PAGE gel (Novex), and visualized by autoradiography.

Production of adenovirus vectors and infection of fibroblasts. cDNA frag-
ments containing the coding region of the murine IkBa or a dominant negative
mutant IkBa (53) were subcloned into the shuttle plasmid pAdv/CMV (55). The
resulting plasmids, pAdv/CMV-IkBwt and pAdv/CMV-IkBmut, were each co-
transfected with a helper plasmid, pJM17, into 293T cells to generate recombi-
nant adenoviruses by a previously described method (55). Recombinant adeno-
viruses confirmed by PCR analysis were plaque purified and amplified in 293T
cells. Concentrated adenoviruses were prepared by CsCl gradient ultracentrifu-
gation. The titer of adenovirus was determined from DNA content of the viral
solution, with 1.0 optical density at 260 nm unit being equivalent to 1.0 X 10'2
viral particles/ml. The adenovirus construct Adv/B-gal, containing the p-galac-
tosidase (B-Gal) cDNA, was generated by a similar strategy. Infection of fibro-
blasts was done by adding adenoviruses to the culture medium to a titer of 5,000
viral particles/cell.

IkBa kinase assay. The activities of IkB kinases of fibroblasts were deter-
mined by an immunokinase assay (19, 39). After 24 h of serum starvation, the
fibroblasts were stimulated with LPS at 1 pg/ml of medium and collected at 0, 15,
and 30 min and 1 and 4 h. The cells were disrupted in lysis buffer (20 mM
Tris-HCI [pH 8.0], 500 mM NaCl, 0.25% Triton X-100, 1 mM EDTA, 1 mM
EGTA, 10 mM B-glycerophosphate, 10 mM NaF, 10 mM PNPP, 300 pM
Na;VO,, 1 mM benzamidine, 1 mM dithiothreitol, proteinase inhibitors) by
repeated aspiration through a 21-gauge needle. The supernatant was incubated
with 1.0 pg of anti-mouse IKKa polyclonal antibody (M280; Santa Cruz) at 4°C
for 1 h and then with 20 pl of protein A-Sepharose (Pierce) for 8 h. The
immunocomplexes were then collected, washed, and suspended in 30 pl of kinase
buffer (20 mM HEPES [pH 7.6], 100 mM NaCl, 20 mM B-glycerophosphate, 10
mM MgCl,, 10 mM P-nitrophenyl phosphate, 100 uM Na;VO,, 10 pg of apro-
tinin per ml, 2 mM dithiothreitol, 20 puM ATP, 5 p.Ci of [y->?P]ATP [ICN]) with
5 pg of glutathione S-transferase—IkB-a(1-54) as a substrate (19, 39). The
reaction was stopped by adding 10 pl of 4X sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis sample buffer after a 30-min incubation at 30°C. The
samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (12% polyacrylamide) (Novex) and exposed to a film.

RESULTS

IL-1a, IL-1B, and TNF-« overexpression and TNF-«a pro-
moter activation in LPS-stimulated relb~'~ fibroblasts. Nor-
mal fibroblasts do not express IL-1a, IL-18, and TNF-a, even
when treated with LPS (Fig. 1A) (31). However, when relb ™/~
fibroblasts were stimulated with LPS, the mRNA expression of
all three cytokines was dramatically induced (Fig. 1A). The
induction was readily detectable at 1 h after the LPS stimula-
tion, peaked at 4 to 8 h, and persisted through 24 h. To
examine the expression of cytokine proteins, the relb ™/~ fibro-
blasts culture medium was analyzed by ELISA. We chose to
analyze the TNF-a protein level because its synthesis is regu-
lated at both the transcription and translation levels (6). The
expression of TNF-a protein in LPS-stimulated fibroblasts cor-
related well with its mRNA expression (Fig. 1B).

To examine the effect of RelB deficiency on the promoter
activity of proinflammatory cytokine genes in fibroblasts, we
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FIG. 1. Expression of proinflammatory cytokines in normal and relb™/~
fibroblasts. (A) IL-1a, IL-1B, and TNF-a mRNA expression in normal (N) and
mutant (M) fibroblasts. Total RNA from fibroblasts treated with LPS for the
indicated times was analyzed by the RNase protection assay. Riboprobes contain
polylinker sequences and are longer than the protected bands. The mouse 1.32
gene was used as a housekeeping gene. (B) TNF-a protein expression in normal
and mutant fibroblasts. Fibroblasts were treated with LPS, and the culture
medium was collected at the indicated time points for ELISA analysis. (C)
TNF-a promoter activity in fibroblasts as determined by the luciferase assay.
Normal and relb~/~ fibroblasts were transfected with TNF-a promoter-luciferase
plasmids, and the transfected cells were treated with LPS for 12 h and then
assayed for luciferase activities (arbitrary units), as described in Materials and
Methods. The results are from three independent experiments (means * stan-
dard deviations). Columns 1 and 2, normal and relb '~ fibroblasts transfected
with TNFa promoter-luciferase plasmid; column 3, relb~/~ fibroblasts trans-
fected with a mutant TNF-a promoter-luciferase plasmid. (D) RelB cDNA-
transfection of relb~'~ fibroblasts. The expression vector pcDNA, containing a
RelB cDNA, was used to transfect relb '~ fibroblasts. Total RNA from positive
clones was analyzed for RelB mRNA expression (a). relb~/~ fibroblasts trans-
fected with pcDNA vector only (b) and normal fibroblasts (c) were used as
controls. (E) Reversal of LPS-induced cytokine overexpression in relb~/~ fibro-
blasts by RelB cDNA transfection. Normal fibroblasts (a), relb '~ fibroblasts (b),
relb~'~ fibroblasts transfected with pcDNA plasmid (c), and relb '~ fibroblasts
transfected with pcDNA vector containing a mouse RelB ¢cDNA fragment (d)
were treated with LPS for the indicated times and then analyzed for cytokine
expression by the RNase protection assay.

transfected into normal and relb~’~ fibroblasts a reporter plas-
mid of a luciferase gene under the control of the TNF-« pro-
moter. The TNF-a promoter was chosen because the TNF-a
gene is irreversibly silenced in the fibroblasts (6). After treat-
ment with LPS for 12 h, no luciferase activity was detected in
the transfected normal fibroblasts; in contrast, a significant
level of luciferase activity was induced in the transfected
relb~'~ fibroblasts (Fig. 1C). A reporter plasmid with a muta-
tion in one of the four kB sites in the TNF-a promoter had less
than 50% luciferase activity induced by LPS in relb~/~ fibro-
blasts (Fig. 1C), indicating that the promoter activation was
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related to NF-kB-mediated transcription upregulation. These
results suggest that the RelB-deficient environment has a di-
rect effect on LPS induction of cytokine promoters in relb ™/~
fibroblasts, and excludes alterations in cytokine genes as the
cause of cytokine expression these cells.

Reverse of cytokine overexpression in relb '~ fibroblasts by
RelB c¢DNA transfection. Since the relb /= fibroblasts were
isolated from the kidneys of relb '~ mice, the dysregulation of
proinflammatory cytokine expression in these cells could be
the result of developmental changes that were secondary to the
RelB deficiency. To verify the casual effect of RelB on the
suppression of cytokine expression in fibroblasts, RelB cDNA
was transfected into relb/~ fibroblasts. The expression of the
transfected RelB in relb~'~ fibroblasts (Fig. 1D) completely
abolished the overexpression of IL-la, IL-1B, and TNF-a
mRNA induced by LPS (Fig. 1E). This result strongly suggests
an indispensable role of RelB in the transcription suppression
of proinflammatory cytokines in fibroblasts.

Augmented IkBa mRNA expression in relb™'~ fibroblasts.
The mutual regulations of NF-kB and IkB activities play a
primary role in the control of NF-kB-activated genes. Since
NF-kB molecules interact with IkB molecules differently, this
could lead to a hierarchy or mutual regulation among different
NF-«kB members (22). In particular, RelB is relatively resistant
to IkBa inhibition and can strongly induce the expression of
IkBa. In our previous study, we showed that LPS treatment of
relb~'~ fibroblasts led to an exaggerated and persistent activa-
tion of NF-kB activity that was mainly attributed to RelA/p50
(62). Since IkBa is the major inhibitor of RelA/p50 activity,
RelB may exert its transcriptional suppressor function in fibro-
blasts through the regulation of IkBa activities. The mRNA
expression of IkBa in normal and relb~'~ fibroblasts was there-
fore analyzed. While IkBa mRNA was induced in both type of
cells by LPS, the induction was significantly augmented in
mutants (Fig. 2A), probably the result of enhanced RelA/p50
activity. We then examined the stability of IkBa mRNA but
found no significant difference in the half-life of IkBa mRNAs
in normal and mutant fibroblasts (Fig. 2B and C). These results
indicate that IkBa mRNA expression is not down-regulated by
RelB deficiency in relb~/~ fibroblasts.

Rapid degradation of IkBa protein in relb™'~ fibroblasts.
Analysis of IkBa protein levels, however, revealed a dramatic
difference between normal and relb '~ fibroblasts (Fig. 3A).
The down-regulation of IkBa protein in relb~'~ fibroblasts in
the presence of higher mRNA levels could be due to either
translation suppression or a decrease in protein stability. A
metabolic labeling experiment was carried out with LPS-stim-
ulated normal and mutant cells to determine the actual mech-
anism. The level of metabolically labeled IkBa protein in
relbsup—/— fibroblasts at the initial time point after a pulse-
labeling was comparable to that in normal fibroblasts (Fig. 3B),
suggesting that the IkBa mRNA in relb~/~ fibroblasts can be
translated and that translational suppression is not the primary
cause of IkBa protein down-regulation in these cells. However,
as early as 30 min after the pulse-labeling, most of the newly
synthesized IkBa protein disappeared in the relb '~ fibroblasts
(Fig. 3B), indicating a very rapid degradation. In contrast, the
observed half-life of IkBa in normal fibroblasts was on the
order of 2 to 3 h, significantly longer than that in the mutant
cells. This indicated that the accelerated degradation of IkBa
protein was responsible for the decreased IkBa protein in
relb~'~ fibroblasts.

We also examined the protein levels of IkBB and IkBe in
LPS-stimulated normal and relb '~ fibroblasts. The IxBf pro-
tein level was also down-regulated in relb '~ fibroblasts (Fig.
3C). IkBe protein was expressed at low levels in both normal
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FIG. 2. Analysis of IkBa mRNA expression in fibroblasts. (A) IkBo mRNA
expression in normal (N) and relb~'~ (M) fibroblasts treated with LPS for
different periods. (B) Analysis of IkBa mRNA stability in LPS-treated fibro-
blasts. Normal and mutant fibroblasts were treated with LPS for 1 h before
actinomycin D was added to stop mRNA synthesis. Cells were harvested at 5, 10,
20, 30, and 60 min after the addition of actinomycin D and analyzed for IkBa
mRNA levels by an RNase protection assay. (C) Graphic representation of the
IkBa mRNA half-life. The IkBa and L32 bands in panel B were quantitated by
phosphorimager scanning. The count of each IkBa band was factored by that of
the corresponding L32 band. The final value of each time point is expressed as
a percentage of that at time zero.

and relb '~ fibroblasts and appeared to be down-regulated in
the mutant cells (Fig. 3C). Since there is a functional redun-
dancy between IkBa and IkBB (15) and since the main func-
tional difference between IkBa and IkBp is their divergent
expression control, we focused the rest of our study on IkBa.

Impaired postinduction repression of NF-kB activity by
IkBa in relb~"*~ fibroblasts. One irreplaceable function of
IkBa is the postinduction repression of NF-kB activation,
whereas its cytoplasmic retention of NF-kB can be compen-
sated for by other IkB proteins (5, 52). Newly synthesized IxBa
not only stops cytoplasmic NF-kB from entering the nucleus
but also enters the nucleus to dissociate NF-kB binding to
DNA and exports the bound NF-kB to the cytoplasm. The
accelerated degradation may preempt the IkBa in LPS-stimu-
lated relb~/~ fibroblasts from carrying out its function in the
postinduction repression, and this may be the underlying cause
of the prolonged activation of NF-«kB activity and persistent

RelB AS A TRANSCRIPTION FACTOR IN FIBROBLASTS 7691

A 0 1 3 5 h
|N MIIN MllN M”N Ml
IKBO > o -

ncin

B Normal Mutant
00512 30051 2

e

C 0 5 10 30 60 min
— 1T LA 1T 1T 1
NMNMNMNMNM

IkBo— ’.-—.’%‘. P ——

KB — wn . - a» -

.
U — e —

IxBe -

o W BT L gl
-~ R =+

FIG. 3. Analysis of IkBa protein level in fibroblasts. (A) IkBa protein level
in normal (N) and mutant (M) fibroblasts. Fibroblasts were treated with LPS for
the indicated times. The cell lysates were analyzed for IkBa protein by Western
blotting. A total of 5 pg of protein was used for each sample. The same blot was
probed for actin to ensure even loading. (B) Pulse-chase experiment to deter-
mine the stability of IkBa in normal and relb~/~ fibroblasts. Cells were treated
with LPS for 1 h before being pulse-labeled for 1 h with [**S]Met-[**S]Cys. The
cells were then chased with cold medium for the indicated times. The cell lysates
were immunoprecipitated with anti-IkBa antibody and analyzed as described in
Materials and Methods. (C) Western blot analysis of different IkB family mem-
bers in normal (N) and relb '~ (M) fibroblasts. Cells were treated with LPS for
the times shown. The cell lysates were analyzed for IkBa, IkBB, and IkBe protein
levels by Western blotting. The same blots were reprobed with anti-actin anti-
body to show comparable amounts of proteins in different lanes.

expression of cytokine mRNAs in LPS-stimulated relb ™/~ fi-
broblasts. Since LPS-induced NF-kB activity in fibroblasts con-
sists mainly of p50 and RelA, we assessed the pattern of RelA
translocation in LPS-stimulated normal and relb '~ fibroblasts
by Western blot analysis. In resting normal and mutant fibro-
blasts, RelA was located in the cytoplasm. LPS stimulation
induced a rapid RelA translocation from cytoplasm to nucleus
in both types of cells, peaking 30 min after LPS stimulation. At
1 h after LPS stimulation, nuclear RelA in normal fibroblasts
was significantly reduced, and 3 h later it was much lower than
that in the cytoplasm (Fig. 4A, top). In mutant cell, however,
the nuclear localization of RelA in relb '~ fibroblasts was
significantly prolonged. A large portion of RelA persisted in
the nucleus even at 3 h after the LPS stimulation (Fig. 4A,
bottom), indicating an impaired postinduction termination of
RelA nuclear localization in the mutant cells.
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FIG. 4. LPS induction and postinduction repression of NF-«kB nuclear local-
ization. Normal and relb ™/~ fibroblasts were treated with LPS for the times
shown. Cytoplasmic (cy) and nuclear (nu) extracts were prepared for Western
blot analysis of RelA protein (A) or RelB protein (B).

RelB has a low affinity for IkBa and is less susceptible to
inhibition by IkBa (22). Compared to RelA, RelB has a very
different subcellular distribution (Fig. 4B), with a major por-
tion being located in the nucleus even in unstimulated fibro-
blasts. LPS stimulation may slightly increase the nuclear trans-
location of RelB in these cells.

Presence of IkBa in the nucleus of normal fibroblasts. A
similar level of nuclear translocation of RelA during the first
30 min of LPS stimulation of normal and relb/~ fibroblasts
suggests a difference in the RelA activity in these cells: the
kB-binding of RelA is much lower in the normal cells than in
the mutants (62). In the presence of proteosome inhibitor,
IkBa has been detected in the nucleus in unstimulated endo-
thelial cells (41). To investigate whether IkBa localizes in the
nuclei of unstimulated fibroblasts, we performed Western blot
analysis of subcellular fractions of normal fibroblasts. As
shown in Fig. 5, IkBa was clearly detectable in the nucleus,
albeit at a lower level than in the cytoplasm. To rule out the
possibility of contamination of the nuclear fraction by cyto-
plasm, the same blot was reprobed with antiserum to NIK, a
cytoplasmic protein (35). The exclusive localization of NIK in
the cytoplasm indicated that our preparation of the nuclear
fraction was free of cytoplasmic input. The preexistence of
IkBa in the nuclei of normal fibroblasts may account for the
low kB-binding activity of RelA in these cells.

Reverse of cytokine overexpression in relb~'~ fibroblasts by
a dominant negative mutant of IkBa. Our data presented
above suggested the importance of IkBa stability in the regu-
lation of NK-kB activity in fibroblasts as well as a connection
between IkBa destabilization in relb™/~ fibroblasts and the
overexpression of cytokines in these cells. To further demon-

cy nu
IxBor s=
NIK ==

FIG. 5. Analysis subcellular distribution of IkBa protein in fibroblasts. Cy-
toplasmic (cy) and nuclear (nu) extracts were prepared from resting normal
fibroblasts and analyzed by Western blotting. IkBa protein can be detected in
both the cytoplasmic and nuclear extracts. The same blot was reprobed with
anti-NIK antibody to ensure that the nuclear extract was free of cytosolic pro-
teins.
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strate the relationship between the IkBa stability and the reg-
ulation of cytokine expression in fibroblasts, we used an ade-
novirus vector carrying a dominant negative mutant of IkBa
(Adv/IkM) (53). In this IkBa variant, serines 32 and 36 were
substituted with alanines. IkM is therefore resistant to phos-
phorylation-induced degradation and is a potent and specific
inhibitor of NF-kB. Adv/IkM and a control adenovirus vector,
Adv/B-Gal, were used to infect normal and relb '~ fibroblasts,
and the infected cells were studied for LPS stimulation. Infec-
tion of Adv/IkM resulted in a high level of IkBa mRNA in
both normal and mutant fibroblasts, indicating that the infec-
tion was successful (data not shown). Adv/IkM infection of
relb~'~ fibroblasts recovered IkBa protein to a level compara-
ble to that in the normal fibroblasts (Fig. 6A). The overexpres-
sion of cytokine mRNAs in LPS-stimulated relb /" fibroblasts
was dramatically reversed by Adv/IkM infection, although a
weak induction of IL-1« and IL-18 mRNAs was still detectable
compared with that in the normal fibroblasts (Fig. 6B). This
indicates that the transcription suppression of cytokines by
RelB in fibroblasts can be partially compensated by the expres-
sion of a stable IkBa.

To study NF-«kB activation and postinduction repression in
the infected fibroblasts, we examined RelA nuclear transloca-
tion in these cells. Adv/IkM- and Adv/B-Gal-infected relb™/~
fibroblasts all showed a 30-min peak of RelA nuclear translo-
cation similar to that observed in normal and relb~’~ fibro-
blasts (compare Fig. 6C and 4A). The RelA nuclear translo-
cation in Adv/IkM-infected relb~/~ fibroblasts was probably
due to the degradation of endogenous IkBa, while the higher
proportion of RelA retained in the cytoplasm in these cells
implicated the effect of IxM. Compared with relb~/~ fibro-
blasts and Adv/B-Gal-infected relb~/~ fibroblasts, the nuclear
portion of RelA was reduced in Adv/IkM-infected relB~'~
fibroblasts at 1 and 3 h after LPS stimulation; however, a
significant amount of RelA still existed in Adv/IkM-infected
relb~'~ fibroblasts. We then analyzed the kB-binding activity of
NF-«kB in these cells by EMSA. The basal and LPS-induced
NF-kB activity was increased in relb '~ fibroblasts compared
to normal fibroblasts (Fig. 6D), as we reported previously (62).
The increase was further augmented in Adv/B-Gal-infect
relb~'~ fibroblasts, probably in response to adenovirus infec-
tion. Supershift experiments showed that the increased DNA-
binding activity was mostly attributed to RelA. Adv/IkM infec-
tion of relb~/~ fibroblasts, on the other hand, reduced DNA-
binding activity in these cells (Fig. 6D). Despite the significant
presence of RelA in the nuclei of Adv/IkM-infected relb™'~
fibroblasts, the «B-binding activity in these cells was sup-
pressed, implicating a function of IkBa in the nucleus of fi-
broblasts.

Increased IkBa phosphorylation by IkB kinases. IKK phos-
phorylation of IkBa is the key step in LPS-induced IkB deg-
radation. To address the potential cause of accelerated degra-
dation of IkBa protein in LPS-treated relb~'~ fibroblasts, we
compared the expression level and activity of IKKa and IKKB
in normal and mutant cells. We did not detect a difference in
IKKa or IKKB mRNA (data not shown) and protein levels in
normal and relb~/~ fibroblasts (Fig. 7). In resting cells, the
basal IKK activity was low and comparable in normal and
mutant cells (Fig. 7). However, after LPS stimulation, the IKK
activity was significantly augmented and prolonged in relb ™/~
fibroblasts compared with normal fibroblasts, causing an in-
creased and persistent IkBa phosphorylation (Fig. 7). This
prolonged activation of IKK may explain the observed desta-
bilization of IkBa, IkB, and IkBg in relb/~ fibroblasts.
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FIG. 6. Effects of a dominant negative mutant IkBa (IkM) on cytokine
expression and NF-kB activity in fibroblasts. (A) Analysis of IkBa and IkBf
proteins in resting or LPS-treated normal fibroblasts, relb~/~ fibroblasts, and
Adv/IkM-infected relb '~ fibroblasts. Cells were treated with LPS for 3 h or left
untreated. Cytoplasmic (Cy) and nuclear (nu) extracts were prepared and ana-
lyzed by Western immunoblotting. (B) Suppression of LPS-induced cytokine
overexpression in relb '~ fibroblasts by Adv/IkM infection. Normal and relb '~
fibroblasts with no adenovirus infection (N), Adv/B-Gal infection (G), or Adv/
IkM infection (IkM) were treated with LPS for 4 h. IL-1a, IL-1B, and TNF-a
mRNA expression in these cells were analyzed by an RNase protection assay. (C)
Effect of IkM on RelA nuclear localization. Adv/IkM- or Adv/B-Gal-infected
relb~/~ fibroblasts were treated with LPS for the indicated times. Cytoplasmic
(cy) and nuclear (nu) extracts of these cells were prepared and analyzed for RelA
protein by Western blotting. (D) Effect of IkM on NF-kB activity in fibroblasts.
Normal fibroblasts (a) relb~/~ fibroblasts (b), relb~/~ fibroblasts infected with
Adv/B-Gal (c), or relb~/~ fibroblasts infected with Adv/IxkM (d) were treated with
LPS for 2 h or left untreated. Nuclear extracts of these cells were analyzed by
EMSA or supershift EMSA, as described in Materials and Methods.

DISCUSSION

In this study, we have shown that RelB plays an indispens-
able role in the suppression of cytokine expression in fibro-
blasts. IL-1c, IL-1B, and TNF-a expression are dysregulated in
LPS-stimulated relb '~ fibroblasts, and this dysregulation can
be reversed by RelB cDNA transfection. This result is consis-
tent with our previous observation of overexpression of che-
mokines in activated relb '~ fibroblasts. Together, our findings
provide a plausible explanation for the multiorgan inflamma-
tion of relb '~ mice. We have also provided evidence that the
overexpression of NF-kB-activated genes in relb~/~ fibroblasts
is a result of IkBa destabilization in these cells, suggesting that
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FIG. 7. LPS-induced IKK activity in normal and relb '~ (mutant) fibroblasts.
Fibroblasts were stimulated with 1 pg of LPS per ml for the indicated times, and
cell lysate was prepared. IkB kinase complex was immunoprecipitated from 400
ng of lysate, and kinase activity was determined by using GST-IkBa (top). The
same samples (10-pg portions) were used for Western blot analysis by anti-
mouse IKKa polyclonal antibody (bottom).

<«+GST-IkBa

RelB exerts its effect in normal fibroblasts by affecting the
inhibitory function of IkBa on RelA or other NF-kB mole-
cules. These results ascribe a transcription suppression func-
tion to the NF-kB/Rel family of transcription factors previously
thought of exclusively as activators, and they suggest a new
mode of intra- and interfamily interaction among the NF-xkB/
Rel and its coevolved IkB families of regulators.

Multiorgan inflammation in relb™'~ mice as the result of
RelB deficiency-associated defects in lymphoid and nonlym-
phoid tissues. By virtue of its low affinity with IkBa (22), RelB
is unique among the NF-kB/Rel family of transcription factors
in that it is located in the nucleus and has constitutive NF-kB
activity in lymphoid tissues (13, 32, 33, 56). As a result, RelB is
believed to be responsible for the constitutive expression of
NF-kB-regulated genes in the lymphoid organs and to play
important housekeeping roles in the immune system. Indeed,
when RelB genes are disrupted in transgenic mice, multifocal
defects develop in the lymphoid organs of relb '~ mice, includ-
ing the disappearance of thymic medulla and dendritic cells,
dramatically enlarged spleen, and loss of lymph nodes and
Peyer’s patches (12, 34, 57). Inflammatory and immune func-
tions are also affected in these mice (17, 58, 60). Interestingly,
relb~'~ mice develop overwhelming inflammation in multiple
nonlymphoid organs (12, 34, 57). The multiorgan inflammation
is T-cell dependent and may be caused by autoreactive T-cell
clones in these mice (17, 58). However, adoptive transfer and
bone marrow chimera studies reveal that the inflammation is
not dependent on the defects in relb '~ T cells (17, 62). We
then, after careful examination of the lymphoid system, looked
into possible defects in nonlymphoid tissues and investigated
whether the multiorgan inflammation might be rooted in non-
immune cells.

The finding that relb '~ fibroblasts overexpress chemokines
in response to LPS and TNF-a stimulation provided the first
hint of RelB deficiency-related defects in nonimmune cells
(62). Chemokine overexpression is associated with an exagger-
ated and prolonged activation of NF-kB activity, attributed
mainly to pS0 and RelA. This prompted us to examine other
NF-kB-regulated genes. Unlike chemokines, IL-1a, IL-1B, and
TNF-«a are not expressed in fibroblasts, even when stimulated
with LPS. Kruys et al. had shown that TNF-a gene locus is
extinct in fibroblasts (31). We found that IL-1le, IL-1B, and
TNF-a are dramatically and persistently induced in LPS-stim-
ulated relb~’~ fibroblasts (Fig. 1A), suggesting an important
role of RelB in the extinction of cytokine expression in fibro-
blasts. The overexpression of both chemokines and cytokines
can be reversed by RelB cDNA transfection (Fig. 2) (62),
proving that the dysregulation of gene expression in relb™/~
fibroblasts is a direct result of RelB deficiency. RelB-mediated
gene suppression does not seem to be gene dose dependent.
Fibroblasts from heterozygotic relb~'~ mice express less RelB
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but behave in the same manner as wild-type fibroblasts in
terms of cytokine expression; in addition, RelB antisense oli-
gonucleotides and anti-RelB antibody to did not change the
extinction of IL-1a, IL-1B, and TNF-a expression in these cells
(data not shown). It remains to be investigated whether RelB
alone can account for the mechanism of TNF extinction in fibro-
blasts, as demonstrated by Kruys et al. (31); our findings none-
theless provide an example of how such extinction can be altered.

Kruys et al. also anticipated that disruption of proper inac-
tivation of the TNF locus may lead to diseases with inflamma-
tory characteristics (31). Our results seem to substantiate this
prediction. In an in vivo leukocyte recruitment analysis (62),
LPS-stimulated relb~/~ fibroblasts elicited a significantly
greater granulocytic infiltrate than did similarly treated normal
fibroblasts, suggesting that the overexpression of proinflamma-
tory mediators in relb”’~ fibroblasts is physiopathologically
relevant. We, along with others, have observed increased cy-
tokine expression in nonlymphoid tissues in relb~/~ mice, but
the cytokine expression in lymphoid tissue was either normal
or reduced and TNF-a production was impaired in relb™/~
macrophages (57, 60, 62). The mutant fibroblasts may in part
account for the increased expression of cytokines and play a
role in multiorgan inflammation in relb~/~ mice. Autoreactive
(17) or otherwise defective (58) T cells may activate fibroblasts
to release chemokines and cytokines. Once activated, the fi-
broblasts attract more leukocytes into the affected tissues and
enter a prolonged activation state until the animals succumb.

RelB modulation of IkBa stability in fibroblasts. Our stud-
ies further suggest that the suppressive effect of RelB on cy-
tokine expression in fibroblasts is mediated, at least in part, by
modulating the stability of IkBa protein. When stimulated by
LPS, normal and relb~/~ fibroblasts have a similar pattern of
RelA nuclear translocation (Fig. 4A). The kB-binding activity
of RelA in normal fibroblasts, however, is much lower than
that in mutant cells (Fig. 6D) (62), perhaps due to preexisting
IkBa in the nucleus (Fig. 5). IkBa is the primary inhibitor of
NF-«kB activity. It has been shown previously that while not
efficiently inhibited by IkBa, RelB can strongly induce the
expression of IkBa and may inhibit RelA or c-Rel activities by
driving the expression of IkBa (22, 24). In normal fibroblasts,
a large portion of RelB is located in the nucleus (Fig. 4B).
Intuitively, one would suspect the overexpression of proinflam-
matory mediators in relb”’~ fibroblasts to be the result of
insufficient IkBa expression in these cells. However, we have
found no reduction in the IkBa mRNA level in the mutant
cells; in fact, IkBa mRNA expression in LPS-stimulated
relb~'~ fibroblasts was increased compared with that in simi-
larly treated normal fibroblasts.

Surprisingly, with a normal or increased mRNA level, the
IkBa protein level was markedly decreased in relb '~ fibro-
blasts, indicating either a suppressed translation of IkBa
mRNA or an accelerated degradation of IkBa protein in the
mutant cells. Pulse-chase experiments revealed that the de
novo IkBa protein synthesis was comparable in LPS-treated
normal and relb '~ fibroblasts. However, the newly synthesized
IkBa protein was very unstable in the mutant cells. The half-
life of IkBa in LPS-stimulated normal fibroblasts is on the
order of 2 to 3 h, but the half-life in LPS-stimulated mutant
cells is less than 30 min. The rapid degradation of IkBa in
LPS-stimulated relb '~ fibroblasts not only leads to a dramatic
induction of NF-kB activity and RelA nuclear localization but
also impairs the postinduction repression of NF-kB activity.
The persistent NF-kB activation, rapid IkBa degradation, and
overexpression of IL-1a, IL-1B, and TNF-« can be all reversed
by RelB cDNA transfection (Fig. 1D and data not shown),
strongly implicating a connection between RelB deficiency,
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IkBa destabilization, and NF-kB-activated cytokine expression
in relb~'~ fibroblasts. The relationship between IkBa destabi-
lization and overexpression of cytokines in relb '~ fibroblasts is
further demonstrated by the introduction of IkM, a dominant
negative mutant of IkBa, into relb '~ fibroblasts. IkM is stable
in relb~/~ fibroblasts and, significantly, is able to reverse the
overexpression of cytokines in these cells (Fig. 6B).

The mechanism of IxBa destabilization in relb/~ fibroblast,
and therefore its corresponding mechanism of IkBa stabiliza-
tion by RelB in normal fibroblasts, may be direct or indirect. In
normal fibroblasts, both RelB and IkBa exist in the nucleus,
and so an interaction between the two proteins is a formal
possibility. On the other hand, RelB is known to have a low
affinity for IkBa, and it is the inefficient binding with IkBa that
allows RelB to enter and remain in the nucleus (22). We have
not been able to detect any direct association of IkBa with
RelB in fibroblasts. Alternatively, RelB may affect the stability
of IkBa indirectly. Enhanced constitutive IkBa degradation
has been reported by several groups (37, 47), and a number of
different IkBa degradation pathways have been identified (28,
38). Our data from the IkM experiment suggest that IkBa
degradation in relb~’~ fibroblasts is Ser-32/36 dependent,
hence implicating the prototypic IkBa degradation pathway
(54). Since unstimulated relb~’~ fibroblasts do not express
cytokines and chemokines constitutively, an inducible phos-
phorylation step may be involved in initiating the breakdown of
IkBa. Since the inducible phosphorylation of Ser-32/36 of
IkBa is triggered by IKKs, the expression level and activities of
IKK were examined. We did not detect a difference in IKK
mRNA (data not shown) and protein levels in LPS-stimulated
normal and relb~/~ fibroblasts (Fig. 7), suggesting that IKK
up-regulation may not be the cause of accelerated degradation
of IkBa in the mutant cells. The basal IKK activity was low and
comparable in both normal and mutant cells. However, LPS-
induced IKK activity was significantly higher and more pro-
longed in mutant cells than in normal cells (Fig. 7). The kinet-
ics of LPS-induced IKK activity in relb '~ fibroblasts coincides
with the degradation of IkBa (Fig. 3B) and the overexpression
of cytokine mRNA (Fig. 1A). This result suggests that the
effect of RelB on IkBa stability is mediated at least partially by
affecting IKK activity. Since IKK activity in normal fibroblasts
was also induced by LPS, the relative importance of the aug-
mented IKK activation in mutant cells to the cytokine overex-
pression remains to be investigated, perhaps by using kinase-
inactive forms of IKKs. The postphosphorylation steps may
play important roles in the degradation of IkBa in fibroblasts.
RelB may affect these steps indirectly, either by up-regulation
of a stabilizing protein(s) that binds to or modifies IkBa or by
down-regulation of a protein(s) that participates in the degra-
dation of IkBa (54). It is noteworthy that IkBa in LPS-stimu-
lated relb~/~ fibroblasts is unstable despite a significantly in-
creased RelA level, a condition that generally promotes
binding and the subsequent stabilization of IkBa (45). Perhaps
a factor facilitating the IkBa/RelA interaction is missing in the
mutant cells due to the RelB deficiency. Regardless of the
actual mechanism of RelB stabilization of IkB, our results
suggest that by modulating the protein stability of IkBa, a
hierarchy control of one NF-kB by another NF-kB member
may be achieved.

Besides the stabilization of IkBa, RelB seems to have addi-
tional effects on the suppression of cytokine expression in
fibroblasts. While the expression of IkM significantly sup-
presses cytokine expression in LPS-stimulated relb~'~ fibro-
blasts, the effect is not as complete as RelB cDNA transfection
(compare Fig. 1E and 6A). It is also important to note the in
vitro nature of our system in this study, and the findings need
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to be confirmed in vivo, preferably by tissue-specific knockout
of the relb gene in mice. Moreover, the developmental pro-
grams or pathways that determine how RelB would function
have yet to be investigated. We, along with others, have shown
that RelB is a transcription activator of chemokines and
TNF-k in macrophages (60, 62). In fibroblasts, however, RelB
plays the role of transcription suppressor of these genes. Is
RelB differentially modified in different cells? When RAW
264.7 macrophages were fused with NIH 3T3 fibroblasts to
generate a stable hybrid, Kruys et al. noted that trans-dominant
factors contributed by the fibroblasts act to silence the TNF
genes contributed by macrophages (31). What is the nature of
such trans-dominant factors? DNA methylation plays a critical
role in the extinction of TNF-k genes in the macrophage-
fibroblast hybrid (31). RelB is a key player for kB-dependent
gene demethylation in B cells (29, 30) but functions differently
in DNA methylation in fibroblasts (61a). What might be the
molecular basis for this tissue-specific function of RelB? Our
experimental system may provide a tool to address these novel
and fundamental issues concerning the NF-kB/Rel family of
transcription factors and their regulators, the IkBs. In partic-
ular, ours is the first to address the transcription suppression
function of the NF-kB molecules. Our data further suggest a
new mode of interfamily interaction between the NF-kB/Rel
and IkB molecules and a resultant hierarchy structure in the
intrafamily regulation of NF-«kB activity.
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