MOLECULAR AND CELLULAR BloLOGY, May 2008, p. 3139-3150
0270-7306/08/$08.00+0  doi:10.1128/MCB.01469-07

Vol. 28, No. 10

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Generation and Activation of Multiple Dimeric Transcription Factors
within the NF-kB Signaling System"

Soumen Basak, Vincent Feng-Sheng Shih, and Alexander Hoffmann*

Signaling Systems Laboratory, Department of Chemistry and Biochemistry, University of California—San Diego,
La Jolla, California 92093-0375

Received 14 August 2007/Returned for modification 10 October 2007/Accepted 15 February 2008

The NF-kB signaling pathway regulates the activity of multiple dimeric transcription factors that are
generated from five distinct monomers. The availabilities of specific dimers are regulated during cell differ-
entiation and organ development and determine the cell’s responsiveness to inflammatory or developmental
signals. An altered dimer distribution is a hallmark of many chronic diseases. Here, we reveal that the cellular
processes that generate different NF-kB dimers are highly connected through multiple cross-regulatory mech-
anisms. First, we find that steady-state expression of RelB is regulated by the canonical pathway and consti-
tutive RelA activity. Indeed, synthesis control of RelB is the major determinant of noncanonical NF-kB dimer
activation. Second, processing, not synthesis, of p100 and p105 is mechanistically linked via competitive
dimerization with a limited pool of RelA and RelB. This homeostatic cross-regulatory mechanism determines
the availability of the p50- and p52-containing dimers and also of the noncanonical IkB p100. Our results
inform a wiring diagram to delineate NF-«kB dimer formation that emphasizes that inflammatory and devel-
opmental signaling cannot be considered separately but are highly interconnected.

The innate and adaptive immune systems function on dif-
ferent timescales via distinct effector cells and are regulated by
different cell surface receptors. However, the development and
maintenance of the lymph nodes and Peyer’s patches, which
are indispensable for the adaptive immunity and provide mi-
croenvironments for lymphocyte maturation, require both the
innate inflammatory signals mediated by tumor necrosis factor
receptor (TNFR) as well as the developmental signals medi-
ated by the lymphotoxin-8 receptor (LTBR) (11, 22, 29, 32,
37, 39).

The transcription factor NF-kB has been implicated in both
innate and adaptive immune responses. Inflammatory and de-
velopmental signals are thought to use discrete canonical and
noncanonical pathways for NF-kB activation (31). The primary
mediator of canonical NF-kB activity is the heterodimer RelA-
pS0 that consists of the RelA transcriptional activator and the
nfkbl protein p50, which is generated by constitutive protea-
some-mediated processing of the precursor p105 (25). Three
IkB proteins (IkB-a, -B, and -¢€) retain the RelA-p50 dimer in
the cytosol in an inactive state. The canonical pathway involves
stimulus-responsive phosphorylation of the IkBs by IKK2/
IKKB, which tags them for degradation and allows nuclear
translocation of the RelA-p50 dimer (13). In contrast, the
noncanonical pathway regulates nuclear translocation of RelB
dimers via a mechanism that involves NF-kB-inducing kinase
and IKK1/IKKa-dependent phosphorylation of the nfkb2 pro-
tein p100. Subsequent proteasome-mediated removal of the
C-terminal inhibitory domain from p100 generates p52, which
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then complexes with RelB to appear as nuclear RelB-p52
DNA binding activity (3, 35, 39, 41).

Previous biochemical studies revealed that the signaling
through LTBR activates the NF-kB/RelB dimer via the non-
canonical NF-kB pathway (7, 39). Lymphoid chemokine genes
such as blc (Cxcl13) and sic (Ccl21), whose expression is im-
portant for lymph node development (33), were proposed to be
RelB target genes. Genetic analyses also indicated that RelB
plays an essential role in lymph node development, especially
in maintaining lymph node architecture (38, 42). Homozygous
knock-in mice expressing a nonactivatable IKKa variant
(ikko* 1) show impaired lymphoid organogenesis (35) due
to stromal cell defects (4). Moreover, a mutant mouse strain
with an inactivating mutation in the nik gene (nik*>“?) (36) as
well as nik~’~ mice showed a complete lack of lymph nodes
(24, 43), as was also observed in Itbr '~ mice (24).

However, we observed that nfkb2~'~ mice (deficient in the
primary regulator of noncanonical NF-«B signaling p100/p52)
display defects only in the inguinal lymph node formation, with
all other nodes present at wild-type frequencies (20). Residual
p50-containing NF-«kB activity was thought to be responsible
for such incomplete penetrance of lymph node phenotypes in
nfkb2~/~ mice. Indeed, nfkbl '~ nfkb2~/~ double knockout
mice displayed a complete lack of lymph nodes, thus pheno-
copying LTBR-deficient mice (20). Interestingly, we observed
that nfkbl /= mice have inguinal lymph node defects, and
derived murine embryonic fibroblasts (MEFs) showed attenu-
ated RelB dimer activation in response to LTBR stimulation
(20, 39). Collectively, these reports suggest that p105/p50 and
p100/p52 have distinct yet overlapping roles downstream of
LTBR. However, the biochemical mechanisms that allow for
their coordinated functioning has remained elusive.

Strikingly, rela '~ mice exhibited an early organogenic de-
fect with a complete absence of lymph nodes in newborn mice
(1). LTBR signaling was shown to activate both RelA and RelB
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dimers, and it was postulated that a first phase of RelA activity
is required to induce p100 synthesis and subsequent RelB-p52
activity (7, 28). However, this hypothesis has not been exam-
ined experimentally. Moreover, it remains unclear if the ob-
served lymph node phenotype in rela '~ mice is due to a defect
in LTBR-responsive RelB activation or whether RelA has a
direct role in the lymphoid chemokine gene expression.

Therefore, secondary lymph node development and LTBR
signaling appear to rely upon the constituents of both canon-
ical (inflammatory) and noncanonical (developmental) NF-«xB
pathways. Here, we describe biochemical analyses that utilize a
panel of knockout mouse cells to explore the functional inter-
connectedness of these two pathways in mediating signaling
downstream of LTBR. Our studies reveal the existence of
multiple distinct cross-regulatory mechanisms that control the
generation of multiple NF-kB dimers and thereby determine
their availability for stimulus-responsive activation. Our anal-
yses allow us to present a comprehensive mechanistic model to
describe a single NF-«kB signaling system that integrates in-
flammatory and developmental signals.

MATERIALS AND METHODS

Cell culture and reagents. MEFs were obtained from embryonic day 12.5 to
13.5 embryos grown in Dulbecco’s modified Eagle’s medium (Mediatech Inc.)
supplemented with 10% bovine calf serum and used for experiments up to
passage 5 (“primary”) or following immortalization by the 3T3 protocol (14). All
experiments with NF-kB knockout cells were done at least once with primary
MEFs, except when they were reconstituted with retroviral transgenes. The
ikkB~ MEF line was a kind gift from Inder M. Verma. An agonistic monoclonal
LTBR antibody (AF.H6) was kindly provided by Jeff Browning (Biogen, Inc.).
Antibodies used for immunoprecipitation or immunoblotting and supershift
analyses were obtained from Santa Cruz Biotechnology or were a kind gift from
Mimi Ernst and Nancy Rice.

Gene expression analysis. Growing primary or immortalized MEFs were stim-
ulated with 0.3 to 0.5 pg/ml agonist antibodies or with 10 ng/ml of TNF. Immu-
noblotting was performed as described previously (2). In certain instances, band
intensities were quantitated using ImageQuant software (version 5.2; GE
Healthcare) and normalized to tubulin after background subtraction. Quantita-
tive PCR (Q-PCR) analysis was performed as described earlier (20) using pre-
viously published primers (7). RNase protection assay (RPA) analysis was done
accordingly (14) using radiolabeled probes specific for RelB and NF-«kB2
mRNA. Band intensities were quantitated and normalized to .32 and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) mRNA.

EMSA. Electrophoretic mobility shift assays (EMSAs) were done by incubat-
ing nuclear extracts with radiolabeled DNA probe containing a kB site that binds
to both RelA and RelB dimers (20). For supershift analysis, extracts were
incubated with the indicated antibodies (see the figures) for 30 min prior to
probe addition.

Retrovirus-mediated gene transduction. Retroviral constructs (pBabe.puro or
its derivatives) were cotransfected with pCL.Eco into 293T cells using the calcium-
phosphate method. At ~40 h posttransfection the supernatant was filtered
through a 0.45-pm-pore-size cellulose acetate filter and used to infect MEFs.
Transduced cells were selected with puromycin hydrochloride. Retroviral con-
structs expressing wild-type IKKB (IKKB-wt), IKKB-AA (an activation-defective
mutant), and IKKB-EE (a constitutively active mutant) were kindly provided by
D. Shultz and M. Karin. RelB- and p100-expressing retroviral constructs have
been described elsewhere (2). RelA.pBabe.puro was constructed by cloning the
murine RelA gene into the EcoR1 and Sall sites of pBabe.puro.

RESULTS

NF-kB/RelA and RelB dimers in LTBR-induced expression
of lymphoid chemokine genes. Previous studies have shown
that the expression of organogenic lymphoid chemokines is
required for lymph node development (33). It was proposed
that the RelB-p52 dimer activated upon LTBR engagement
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mediates expression of the lymphoid chemokines (4). How-
ever, rela’~ mice (rescued with the combined deletion of the
tnfrl gene) also exhibited defects in lymph node development
due to the requirement of RelA in the nonhematopoietic stro-
mal cells (1). To genetically dissect the signaling pathways
downstream of LTBR, we utilized an agonist LTBR antibody
that induces NF-kB DNA binding activity in a cell culture
system (2, 32). Total RNA was isolated from LTBR-stimulated
MEFs and subjected to Q-PCR analysis to measure gene ex-
pression. Both blc and slc genes were activated in response to
LTBR stimulation in wild-type MEFs, but induction of both
genes was defective in relb”'~ MEFs (Fig. 1A). These data
provide genetic evidence that the previously reported RelB
recruitment to a variant kB site in these promoters (4) plays a
critical role for the expression of lymphoid chemokine genes.
However, stimulation of rela—'~ MEFs with LTBR agonist
revealed similar defects in the activation of lymphoid chemo-
kines (Fig. 1B). Therefore, our genetic analyses suggest not
only that RelA may be required for the expression of RelA
target genes that are induced upon LTBR stimulation, such as
those encoding VCAM-1 (7, 33) but also that it appears to be
important for the expression of lymphoid chemokine genes
that have been classified as RelB targets (4).

To understand the role of RelA in the expression of RelB
target genes, we examined NF-kB DNA binding activity in
wild-type and rela—/~ MEFs in response to LTBR stimulation
by EMSA. In wild-type MEFs, LTBR stimulation activated
both RelA and RelB dimers with sustained temporal profiles
(Fig. 1C, lanes 1 to 5, and D, top panel) (2, 42). The majority
of the induced RelA DNA binding activity was composed of
RelA-p50 dimer with only a minor amount of RelA-p52 activ-
ity (Fig. 1D). In contrast, the majority of the induced RelB
DNA binding activity in MEFs was composed of RelB-p52
dimer, with a smaller fraction of RelB-p50 dimer (Fig. 1D).
RelA dimer activation was found to be intact in relb '~ MEFs,
thus implying a RelB-independent activation mechanism for
RelA downstream of LTBR (Fig. 1C, lanes 16 to 20, and D,
bottom panel). However, activation of the RelB dimer was
much reduced in rela™’~ MEFs even at late time points (Fig.
1C, lanes 6 to 10). Similarly, rela ™'~ c-rel '~ nfkb1 '~ MEFs,
which are genetically devoid of all three canonical NF-xB
dimer-forming subunits, RelA, c-Rel, and p50, did not show
detectable noncanonical RelB-p52 activity upon LTBR stimu-
lation (lanes 11 to 15).

Our results in a rela~’~ MEF cell line contrast with those
previously published (9, 42), which showed RelB activation in
an immortalized rela '~ MEF cell line that has a partially
transformed phenotype (12). In a comparative study, we uti-
lized early passage (or primary) rela /= and rela '~ c-rel ™/~
nfkb1 '~ MEFs and two independently immortalized rela '~
MEF cell lines. In contrast to the previously used rela ™'~ cell
line, attenuated activation of RelB dimers was observed upon
LTBR stimulation in this rela'~ cell line or in early-passage
rela~'~ and rela'~ c-rel /~ nfkbl '~ MEFs (data not shown).

RelA is required for noncanonical NF-kB activation by con-
trolling homeostatic RelB expression. The genes encoding
RelB and p100/p52 are known NF-«B target genes (6, 10, 19).
Stimuli that activate the canonical NF-kB/RelA dimer were
shown to induce p100 protein synthesis (2, 7, 26, 42). On that
basis, it was suggested that LTBR-mediated sequential activa-
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FIG. 1. Requirement of RelA for noncanonical NF-«B signaling induced by LTBR. (A and B) BLC and SLC mRNA levels in resting cells (open
bars) and in response to LTBR stimulation as measured by real-time Q-PCR) in early-passage fibroblasts of the indicated genotypes. mRNA levels
relative to the GAPDH control are plotted. (C) NF-kB DNA binding activity in MEF lines of the indicated genotypes during LTBR signaling.
Specific kB-DNA binding complexes are indicated by arrows (RelA dimers) and arrowheads (RelB dimers). The asterisk denotes a nonspecific
DNA-protein complex. (D) The composition of NF-xB DNA binding activity induced upon LTBR stimulation in wild-type or relb~'~ MEFs was
examined by supershift analysis using the indicated antibodies. At 24 h poststimulation RelA-p50 and RelB-p52 dimers appear as the major NF-«kB
DNA binding activity in the nucleus, with accompanying RelA-p52 and RelB-p50 dimers as minor DNA binding activity. «, anti.

tion of RelA-p50 and RelB-p52 dimers is potentiated by RelA-
induced transcription of the nfkb2 gene (7). Inducibly synthe-
sized p100 was proposed to be processed into p52, allowing for
RelB-p52 dimer activation (26, 34). To test the proposed
model, we quantitatively examined transcriptional activation of
relb and nfkb2 genes in wild-type MEFs upon LTBR stimula-
tion. Using an RPA, we found robust induction of both RelB
and NF-kB2 mRNA in response to TNF stimulation but could
detect only a small increase in the level of those mRNAs upon
LTBR stimulation (Fig. 2A). This observation does not suffi-
ciently explain the quantitative dependence of RelB dimer
activation on RelA (Fig. 1C).

Next, we asked if RelA is required for the constitutive syn-
thesis of NF-kB2 or RelB mRNA in resting cells. Comparison
of the relative abundance revealed that the NF-kB2 mRNA
level was reduced to 70% and that the RelB mRNA level was
reduced to 30% in rela '~ MEFs (Fig. 2B). Immunoblotting of
wild-type and rela '~ MEF extracts showed a proportional
reduction of RelB protein but more significantly reduced levels
of p100 (Fig. 2C). Consistent with the observed defect in RelB-
p52 dimer activation (Fig. 1C), LTBR-responsive generation of
p52 was also significantly reduced in rela ™'~ cells (Fig. 2D,
lanes 5 to 8). Interestingly, in relb~'~ MEFs, p100 was com-
pletely degraded upon LTBR engagement (Fig. 2E, lanes 5 to
8), indicating that RelB may stabilize and protect de novo
generated p52 from proteolysis. Thus, limited availability of
RelB in rela™’~ MEFs may in part be responsible for the
observed defect in p52 generation upon receptor stimulation.
As discussed later (see Fig. 6F), the availability of RelB is
limited not only because its reduced synthesis (Fig. 2B) but

also because RelB protein is sequestered in dimers with p50
made available by the loss of RelA protein in these cells.
Consistent with this hypothesis, retroviral transduction of a
RelA transgene into rela”’~ MEFs not only rescued the
steady-state level of p100 and RelB proteins (Fig. 2C) but also
restored p52 production upon LTBR stimulation (Fig. 2D,
lanes 9 to 12) and the activation of both RelA and RelB DNA
binding dimers (Fig. 2F, lanes 11 to 15). Collectively, our
analyses indicate that the relb gene and, to a lesser extent, the
nfkb2/p100 gene are transcriptionally regulated by RelA in
resting cells; this constitutive, or homeostatic, level of tran-
scription of RelB mRNA is important for p52 generation and
the activation of the RelB-p52 dimer in response to non-
canonical stimuli such as those transduced through LTBR.
To test whether constitutive transcription of p100 or RelB
may be sufficient, we first expressed pl00 from an ectopic
retroviral promoter (27) in rela /= MEFs. Although such con-
stitutive expression rescued the p100 protein level in these cells
(Fig. 3A), it did not restore RelB dimer activation (Fig. 3B,
lanes 9 to 12). Similarly, we expressed RelB in rela '~ MEFs
and found an elevated level of p100 protein (Fig. 3C) due to
transcriptional upregulation of the nfkb2 gene by constitutive
RelB activity (Fig. 3D) in the nucleus and RelB-dependent
stabilization of p100. LTBR stimulation of these cells resulted
in the gradual appearance of p52 (Fig. 3E, lanes 9 to 12), which
complexes with the constitutively expressed (transgenic) RelB
to appear as RelB-p52 DNA binding activity (Fig. 3F, lanes 9
to 12, and G). However, rescue of RelB-p52 DNA binding
activity was only partial in the rela~'~/RelB cell line as over-
expression of the RelB transgene led to elevated synthesis of
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FIG. 2. RelA is required for LTBR signaling and controls steady-state RelB expression. (A) RPA to examine NF-kB2 and RelB mRNA levels
in wild-type MEFs stimulated with TNF or LTBR agonist (left panel). Relative induction levels of NF-kB2 and RelB mRNA in response to TNFR
or LTBR stimulation are plotted after normalizing to L32 mRNA (right panel). (B) Steady-state level of NF-kB2 and RelB mRNA in wild-type
or rela~’~ MEFs was examined by RPA (left panel). Respective mRNA levels were quantified and normalized to L.32 and GAPDH mRNA and
plotted (right panel). (C) Immunoblotting for p100 and RelB in wild-type, rela /", or rela '~ MEFs reconstituted with a retroviral RelA transgene.
Presence of a nonspecific band is denoted with an asterisk. (D and E) Immunoblotting to examine p100 processing into p52 during LTBR signaling
in MEFs of the indicated genotypes. (F) NF-kB-DNA binding activities induced upon LTBR stimulation in rela—’~ MEFs that express the RelA

transgene were analyzed by EMSA. «, anti.

pl100 protein (Fig. 3C) that sequestered RelB even in the
stimulated cells (data not shown). Despite the incomplete
functional reconstitution, our analysis indicated that the con-
trol of RelB synthesis, but not of p100, is a primary determi-
nant for RelB-p52 dimer activation via noncanonical signaling.
Interestingly, we noticed an increased RelB level (data not
shown) in the previously utilized rela ™'~ (1) MEF line (9, 42),
which provides a plausible explanation of why noncanonical
NF-«kB activity is intact in these cells.

A regulatory role of IKKf3 on RelB dimer activation. LTBR
signaling involves IKKa-mediated phosphorylation and subse-
quent proteasomal processing of p100 into p52 to allow for
NF-kB activation (9, 28, 42). In contrast, p100 processing upon
LTBR engagement was shown to be qualitatively intact in
ikkB~'~ MEFs (7, 28), leading to the notion of two separate
NF-«B signaling pathways, the canonical IKKB-mediated and
the noncanonical IKKa-mediated pathways (31). However,
our EMSA analyses with ikkB '~ MEFs indicated a complete
absence of NF-kB/RelB activation in response to LTBR stim-
ulation (Fig. 4A, lanes 6 to 10).

Previously, we have reported that the three canonical IkBs,
IkB-a, -B, and -¢, are important for regulating the constitutive
DNA binding activity of RelA-p50 dimer in the nucleus (2).
Steady-state activity of IKKB was shown to control IkB ho-
meostasis and thus constitutive RelA-pS0 activity in resting

cells (30). Given that ikkB~/~ MEFs lack constitutive NF-xB
activity (Fig. 4A), we asked if the steady-state levels of the
constituents of the noncanonical pathway are reduced in these
cells. Our analysis revealed that the NF-kB2/p100 mRNA and
protein levels were reduced in ikkB~/~ MEFs, while RelB
mRNA and protein were almost undetectable (Fig. 4B and C).

By mutating the serines present in the activation loop of
IKKB (S177 and S181), the activation potential of the kinase
can be modulated (8, 23). Retroviral reconstitution of ikk ™/~
MEFs with the IKKB-wt transgene, but not the activation-
defective mutant IKKB-AA, restored the constitutive level of
RelB and p100 protein (Fig. 4D, lanes 1 and 2). Moreover,
reconstitution of ikkB '~ cells with the constitutively active
mutant IKKB-EE resulted in an increase in RelB and p100
levels above wild type (Fig. 4D). Thus, our analyses indicated
that the activation state of IKKR in resting cells determines the
homeostatic levels of cellular RelB and p100 proteins. To ex-
plore the functional consequences of IKKB-dependent consti-
tutive synthesis, we examined RelB dimer activation in these
reconstituted cells. IKKB-AA-reconstituted MEFs, similar to
the parental ikkB '~ cells, lack constitutive RelA-p50 DNA
binding and showed no RelB activation upon LTBR stimula-
tion (Fig. 4E, lanes 5 to 8), while expression of IKKB-wt res-
cued both constitutive RelA-p50 activity and LTBR-responsive
RelB activation (Fig. 4E, lanes 1 to 4, and F, top panel).
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FIG. 3. Constitutive expression of RelB is sufficient to restore LTBR-induced RelB activation in rela '~ MEFs. (A and C) Immunoblotting to
reveal p100 (A) or RelB (C) expression from transgene in rela '~ MEFs. (B and F) EMSA to examine NF-kB DNA binding activity in response
to LTBR stimulation in rela '~ MEFs that expresses p100 (B) or RelB (F) from transgene. (D) Steady-state level of NF-kB2 mRNA in rela /'~
MEFs in the absence or presence of the retroviral RelB transgene was analyzed by RPA. (E) Immunoblotting to examine processing of p100 and
generation of p52 upon LTBR stimulation in rela /= MEFs in the absence or presence of the retroviral RelB transgene. (G) Supershift analysis
to examine the composition NF-kB DNA binding activity induced upon LTBR stimulation in rela~’~ MEFs that expresses RelB transgene. a, anti.

Strikingly, expression of the IKKB-EE transgene in ikk ™/~
MEFs not only resulted in increased constitutive RelA-p50
DNA binding (Fig. 4E, lane 9) but also rescued RelB dimer
activation in response to LTBR engagement (Fig. 4E, lanes 9
to 12, and F, middle panel). Further, transgenic RelB expres-
sion was sufficient to restore RelB-p52 dimer activation defects
in ikkB '~ MEFs (Fig. 4E, lanes 13 to 16, and F, bottom panel)
as shown for rela '~ MEFs (Fig. 3).

In sum, we have revealed that the constitutive nuclear RelA-
pS0 activity plays a critical role for LTBR-mediated activation
of the noncanonical RelB-p52 dimer by ensuring RelB expres-
sion. Furthermore, constitutive IKK@ activity is required for
RelB expression, although IKKRB does not participate in non-
canonical signaling per se, such as p100 processing and RelB
nuclear localization. By considering the functional mechanisms
that control cellular homeostasis, we have identified cross talk
within the resting cells, even prior to stimulation, between the
canonical and the noncanonical NF-kB signaling pathways
that determines the cellular responsiveness to developmen-
tal stimuli.

Genetic redundancy between nfkb1 and nfkb2 in lymph node
development involves RelB. Previously, we have reported that
nfkb2~/~ mice show only partial defects in lymph node devel-
opment and also that nfkbI ~'~ mice lack inguinal lymph nodes
(20). A complete defect, similar to that seen in the lffr/~ mice
(32), was observed upon combined deletion of both the nfkbI!
and nfkb2 genes (20). These results indicated that there is
genetic redundancy between pS0 and p52 in lymph node de-
velopment and that both proteins may be coordinately re-
quired. To address the underlying molecular mechanism, we
examined the expression of lymphoid chemokines, blc and slc,
in a variety of knockout cells. We found that nfkbl '~ MEFs

are partially defective in the expression of these RelB target
genes in response to LTRR stimulation (Fig. 5A). However,
nfkb1~'~ relb~'~ MEFs showed a complete lack of blc or slc
gene expression upon LTBR stimulation, confirming that the
remaining lymphoid chemokine expression was RelB depen-
dent. In nfkb2~/~ MEFs, we found not only that LTBR-in-
duced gene activation was abrogated, confirming that nfkb2/
p100 is the primary regulator of the noncanonical pathway, but
also that the constitutive level of lymphoid chemokine mRNA
was elevated (Fig. 5B). By using nfkb2~'~ relb~'~ MEFs that
are deficient in both p100 and RelB, we found that constitutive
levels of BLC and SLC mRNA were restored to wild-type
levels. Thus, we were able to determine that the elevated basal
expression of these chemokines in nfkb2~/~ MEFs was in fact
due to RelB. These results suggest that misregulation of RelB
is responsible for masking the defective lymph node develop-
ment phenotype in nfkb2 /™ mice.

To address the biochemical basis for these gene expression
phenotypes, we measured LTBR-induced kB-DNA binding ac-
tivity in these knockout cells. In nfkb1 '~ MEFs, p52-contain-
ing NF-kB dimers were only weakly activated during signaling
at late time points (Fig. 5C, lanes 5 to 8, and D), whereas
nfkb1 '~ relb~'~ double knockout MEFs revealed some RelA-
p52 activation but no RelB activity (Fig. 5C, lanes 9 to 12, and
D). In contrast, we observed constitutive RelB-p50 activity in
nfkb2~'~ MEFs (Fig. 5C, lanes 13 to 16, and D), which was
ablated in nfkb2~/~ relb~'~ doubly deficient cells (Fig. 5C,
lanes 17 to 20, and D). These results suggest that the four gene
products of nfkbl and nfkb2 (p105/p50 and p100/p52, respec-
tively) function in concert (i) to control the availability of
RelB-containing dimers in the cell, (ii) to ensure their inhibi-
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tion in resting cells, and thus (iii) to mediate their stimulus-
responsive activation.

Cross-regulation via processing of p105/p50 and p100/p52
proteins. Next, we examined the potential mechanisms under-
lying deregulated RelB activity in single knockout cells. To this
end, we first investigated the possibility that relb and nfkb2 or
nfkbl transcription may be perturbed in nfkbI '~ or in
nfkb2~'~ MEFs, respectively. Instead, our quantitative analysis
indicated that the steady-state levels of RelB and NF-kB2
mRNA in nfkbI '~ MEFs or of RelB and NF-kBl mRNA in
nfkb2~'~ MEFs are similar to the levels of wild-type cells (Fig.
6A). However, immunoblot analysis of nfkbI '~ cell extracts
indicated a lower level of p100 protein due to elevated consti-
tutive processing of p100 into p52; LTBR signaling did not
further increase the level of p52 in these mutant cells (Fig. 6B,
lanes 1 to 8). Similarly, we observed an increase in the steady-
state level of p50 in nfkb2 '~ MEFs compared to the wild-type
cells, although p50 generation was not responsive to LTBR
signaling (Fig. 6C, lanes 1 to 8).

Based on our analyses, we propose that the absence of the
major RelA-interacting partner pS0 leads to the elevated level
of RelA-p52 complexes in nfkbl '~ MEFs, thereby promoting
steady-state p100 processing. Cellular IkB proteins sequester
the RelA-p52 dimer in the cytosol and release bound NF-«B
dimer as nuclear activity upon TNF stimulation of nfkbl /'~
MEFs (14). However, elevated constitutive processing depletes
the cellular pool of pl00 complexes that are available for

LTBR-responsive processing, thereby attenuating activation of
p52-containing dimer during LTBR stimulation (Fig. 5C).

To address the hypothesis that the availability of RelA and
RelB regulates the degree of constitutive processing of p105
and p100, we examined the ratio of precursor to mature pro-
cessing product in double knockout cells. Indeed, we found
that the p52-to-p100 ratio, which was increased in nfkbl '~
MEFs, could be restored to the wild-type level in nfkbl /'~
rela~'~ MEFs but not in nfkbl '~ relb~/~ MEFs (Fig. 6D).
These results confirm that the availability of RelA in the ab-
sence of pS0 potentiates constitutive p100 processing that gen-
erates p52.

Furthermore, p100 restored in nfkbl '~ rela—'~ MEFs was
still subject to inducible processing and generated p52 upon
LTPR signaling (Fig. 6E, top panel). Interestingly, these cells
also rescued the defect in LTBR-responsive p52 generation in
rela”’~ MEFs (Fig. 2D). We suggest that p5S0 made available
by the absence of RelA (in rela '~ MEFs) sequesters RelB and
thereby interferes with RelB-dependent stabilization of p52
during LTBR signaling. Once such p50 competition was re-
lieved in nfkbl '~ rela~’~ MEFs, RelB-p52 DNA binding ac-
tivity was again induced by LTBR stimulation (Fig. 6E, bottom
panel). Due to the reduced RelB mRNA synthesis in the ab-
sence of RelA, however, the observed DNA binding activity
was weaker than in wild-type cells.

In contrast, the absence of the primary RelB-interacting
partner p52/p100 in nfkb2~'~ MEFs resulted in increased
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RelB-p50 association (Fig. 6F), and this finding accounts for
the increased level of p50 in these cells. Indeed, the nfkb2 and
relb compound deficiency restored the p50/p105 ratio to that
observed for wild-type MEFs (Fig. 6G). In sum, by utilizing a
panel of knockout cells devoid of various NF-kB proteins, we
reveal cross-regulation between p105/p50 and p100/p52 at the
level of precursor processing that is based on competition for
the dimerization partners, RelA and RelB.

DISCUSSION

The molecular mechanisms by which NF-«B is activated has
been studied in some detail. In the present study we examined
the mechanisms that regulate the formation of several impor-
tant NF-kB dimers via the expression of monomer constitu-
ents, their proteolytic processing to mature subunits, and
dimerization. Our results allow us to chart the NF-kB dimer
generation pathways in a wiring diagram that integrates the
previously described activation mechanisms, as discussed
below.

The single NF-kB dimer signaling module. During inflam-
matory signaling the RelA-p50 heterodimer acts as the primary
mediator of NF-«kB activity in MEFs. Three canonical IkBs,
IkBa, -B and -g, were shown to regulate the RelA-p50 dimer
activation in the inflammatory pathway (13, 16). A detailed
understanding of the biochemical events has permitted the
construction of a mathematical model that recapitulates the
experimentally observed NF-kB activation dynamics in inflam-
matory settings (15, 17, 40). However, this model, which com-
prises three IkBs, proved inadequate to describe RelA-p50
activation during developmental signaling. Subsequent bio-
chemical analyses revealed the asymmetric (p100), homodimer
IkBd as a fourth IkB molecule, which we included in the
mathematical model that then recapitulated RelA-p50 activa-

tion in response to both inflammatory and developmental sig-
nals (2). The functional connectivity between these compo-
nents is presented in the form of a schematic wiring diagram in
Fig. 7A. In this diagram, canonical IkBs and IkB&/(p100),
inhibit RelA-p50 dimer nuclear translocation. Inducible pro-
cesses (red lines), such as IKKB-mediated IkB degradation or
IKKa-mediated (p100), degradation, relieve this inhibition.
Constitutive processes (black lines), such as RelA-p50 dimer
assembly from the monomer subunits or RelA-p50 dimer nu-
clear import, also regulate NF-kB DNA binding activity. In-
ducible resynthesis of the four IkBs by NF-kB-dependent tran-
scription (green lines) mediates feedback within this module.

A multi-NF-kB dimer signaling system. LTBR signaling ac-
tivates multiple NF-«kB dimers (3, 5, 20, 39) that may have
distinct functions in gene expression (4, 14). However, a com-
prehensive description of their coordinated activation is lack-
ing. The prevalence of various NF-kB dimers in resting and in
activated cells is modulated by the synthesis, degradation, and
processing mechanisms that generate constituent monomers as
well as by association and dissociation rates of the monomer
subunits to generate dimers. Here, we present wiring diagrams
to recapitulate both generation of these NF-kB dimers and
their activation during signaling. For the sake of clarity, we
have depicted only signal-responsive protein and protein com-
plexes, omitting pools of dimers, such as p50-p50, p105-p50,
pl05-RelA, pl100-p52, or pl00-RelB, or c-Rel-containing
dimers that do not appear to change in abundance during
LTPR signaling in fibroblast cells.

As depicted in Fig. 7B, RelB heterodimerizes with either
pS0 or p52. The level of RelB synthesis is determined by
constitutive activity of the canonical pathway via RelA-depen-
dent transcription of relb (Fig. 2 and 3). This cross-regulation
mechanism controls the cellular abundance of the RelB mono-
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mer subunit and thus latent RelB dimer (Fig. 7B). Our data
showed that homeostatic control of RelB expression is more
important to noncanonical dimer activation than the previ-
ously proposed RelA-inducible expression of p100 (7) during
LTBR signaling.

Similarly, RelA monomer is capable of dimerizing with p50
or p52. Indeed, p50 and p52 compete for binding to RelA and
RelB (Fig. 7C). Constitutive p105 processing generates pS0 in
the resting cell. In contrast, p100 processing to generate p52 is
inhibited by RelB but is responsive to developmental stimuli
such as LT. Thus, the competition between p50 and p52 for
binding partners RelA and RelB regulates the ratio of p100/
p52 and therefore the availability of the noncanonical regula-
tor p100 (Fig. 5 and 6). Alterations in the expression of RelA
and pl05/p50 will therefore (but unintuitively) affect the
strength of the noncanonical signaling, potentially providing
signaling cross talk between inflammatory and developmental
signaling pathways.

Finally, we combined these proposed homeostatic cross-reg-
ulatory mechanisms (Fig. 7B and C) with the canonical and
noncanonical signaling inputs, mediated typically (but not ex-
clusively) by IKKB and IKKa, respectively (Fig. 7A), to con-
struct a wiring diagram to describe an NF-«B signaling system
that accounts for the generation and activation of four distinct

dimers (Fig. 7D). In this diagram, inflammatory signals acti-
vate the RelA-p50 dimer through IKKB-mediated IxkB degra-
dation, while IkB&/(p100),-inhibited RelA-p50 and RelB-p50
complexes are released into the nucleus upon IKKa-mediated
developmental signaling. Furthermore, p52 is cotranslationally
generated from p100 in response to IKKa signaling and dimer-
izes with RelB and RelA to appear as RelB-p52 and RelA-p52
DNA binding complexes. The RelA-p50 dimer controls RelB
synthesis and thus modulates stimulus-responsive activation of
the RelB dimers via the noncanonical pathway. On the other
hand, feedback inhibition mediated by the resynthesized IkBs
is capable of terminating RelA responses (15). In addition, we
found that RelB-containing dimers may transcriptionally up-
regulate nfkb2 and relb, forming a positive feedback loop that
due to its potential cancer relevance deserves further study.
Perturbations in the NF-kB signaling system in gene knock-
outs. We next examined whether our newly constructed wiring
diagram helps explain misregulated dimer activation in various
NF-«kB knockouts (Fig. 8E). The wiring diagram in Fig. 7D
qualitatively depicted functional connectivities but did not re-
flect the relative strengths of biochemical reactions. For exam-
ple, p50’s preferred binding partner is RelA, whereas p52-
RelB dimers are more abundant than p52-RelA dimers. To
appropriately reflect such reaction preferences, we have indi-
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cated relative reaction preferences by the line width of the
arrows in a modified wiring diagram (Fig. 8A). This wiring
diagram serves as a starting point for examining the effects of
gene knockouts of NF-kB family members.

The lack of RelA activity not only resulted in the complete
absence of the NF-«kB activity during inflammatory signaling
but also abrogated the noncanonical pathway (Fig. 8E). Two
distinct mechanisms are responsible for such defective RelB
activation (Fig. 8B). First, RelA deficiency reduces RelB
mRNA synthesis. Second, excess pS0 (resulting from the lack
of RelA) competes with p52 for RelB binding and thus inter-
feres with p52 generation and RelB-p52 dimer formation.
Therefore, it is possible that the observed phenotype in rela ™'~
tnfrl '~ mice (1) could be in part due to the attenuated RelB
activity during lymph node development (Fig. 8E).

It has been suggested that RelB binding to p100 inhibits its
stimulus-responsive processing G. Ghosh, personal communi-
cation. We propose here that RelA, in contrast, allows consti-
tutive p100 processing, which results in elevated processing in
nfkb1 '~ MEFs (Fig. 6) and functional compensation at the
level of gene expression during TNF signaling in nfkbl '~
MEFs (14). However, elevated p100 processing also depletes

the cellular pool of p100 that can be inducibly processed into
p52 during noncanonical signaling (Fig. 8C). As such, func-
tional compensation in inflammatory signaling impairs the sys-
tem’s responsiveness to developmental signals. Therefore, our
system wiring diagram illustrates an explanation for the ob-
served NF-kB activation defect in nfkbl /'~ mice that may
impair lymph node development (Fig. 8E) (20). Similarly, the
wiring diagram (Fig. 8D) illustrates that in nfkb2~'~ MEFs, all
of the RelB protein is available to bind p50, thereby, depleting
the pool of constitutive p105. As RelB-p50 is not subject to
inhibition by canonical IkB proteins, it appears as a constitu-
tive DNA binding activity in the nucleus. We postulate that the
transcriptional activity of the constitutive RelB-p50 dimer
partly masks the phenotype that is otherwise expected in
nfkb2~'~ mice (Fig. 8E) (20).

Therefore, genetic and biochemical analyses indicated that
lymph node development and its maintenance require both
components of the canonical (rela and nfkbl) and the nonca-
nonical (relb and nfkb2) pathways. Understanding LTBR sig-
naling requires integration of both pathways into a single
NF-kB signaling system. The system wiring diagram describes
mechanisms that function in the resting cell, prior to stimula-
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tion, to control the homeostasis of various NF-kB dimers.
Regulation of the homeostatic state emerged as an important
factor underlying dimer activation during LTBR signaling.
Hence, our results emphasized not only the functional inter-
dependence of the canonical and the noncanonical pathways
but also the functional interconnectedness of the homeostatic
mechanisms that are responsible for NF-kB dimer generation
and the stimulus-induced, dynamic mechanisms that control
dimer activation (Fig. 8A).

Such interdependencies and functional interconnectedness
are not limited to the NF-kB/IkB proteins but also exist at the
level of the kinases that regulate them. The noncanonical sig-
nal transducer IKKa was shown to be involved in terminating
canonical NF-kB/RelA activity induced in macrophages upon
lipopolysaccharide stimulation (18). Furthermore, the absence
of IKKB in hepatocytes was compensated by other kinase(s),
presumably by IKKe, to allow NF-«kB activation in response to
TNF (21). Our understanding of the cross-regulatory mecha-
nisms between IKK subunits is currently limited by an incom-
plete biochemical characterization of the multiple kinase com-
plexes that they form.

In sum, our analysis of the NF-kB system reveals interesting
systems properties such as complexity (four dimers, nine pro-
teins, and two kinases), robustness (partial penetrance of the
phenotype in nfkb2~/~ mice), sensitivity (unexpected pheno-
type in nfkb1 /" mice), and cross-regulation (RelB activation
defects in rela~'~ mice). The NF-kB signaling system consists
of 15 different potential homo- or heterodimers comprising
five homologous proteins, RelA, c-Rel, RelB, p50, and p52
(16). Our current system wiring diagram describes four of them
that are activated during LTBR signaling, but it does not con-
vey the dynamics of activation. Construction of a mathematical
model that recapitulates NF-kB monomer expression, dimer
formation, and LTBR-responsive activation may enable fur-
ther understanding of the emergent network properties in ho-
meostatic and dynamic control.
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