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The activation dynamics of the transcription factor NF-kB exhibit damped
oscillatory behavior when cells are stimulated by tumor necrosis factor—o (TNFa)
but stable behavior when stimulated by lipopolysaccharide (LPS). LPS binding to
Toll-like receptor 4 (TLR4) causes activation of NF-kB that requires two down-
stream pathways, each of which when isolated exhibits damped oscillatory
behavior. Computational modeling of the two TLR4-dependent signaling path-
ways suggests that one pathway requires a time delay to establish early anti-
phase activation of NF-xB by the two pathways. The MyD88-independent
pathway required Inferon regulatory factor 3—dependent expression of TNFo to
activate NF-xB, and the time required for TNFa synthesis established the delay.

The transcription factor NF-xB regulates nu-
merous genes that function in diverse pro-
cesses, including inflammatory responses,
immune system development, apoptosis, learn-
ing in the brain, and bone development (7).
Aberrant NF-xB activity has been linked to
oncogenesis, tumor progression, and resist-
ance to chemotherapy (2). NF-kB has also
been identified as a tumor promoter in
inflammation-associated cancer (3). Under-
standing the specificity and temporal mecha-
nisms that govern NF-kB activation may
therefore be important in understanding can-
cer progression, and systems-based and com-
putational approaches are being developed to
address this issue (4, 5).

The activity of NF-xB shows damped oscil-
latory behavior in cells stimulated with TNFa.
Using a computational model coordinated to
molecular and biochemical techniques, we have
demonstrated that the oscillations in NF-xB
activity are largely due to negative feedback by
the NF-«xB inhibitor protein IxBo (6). Another
study performed in single cells has provided
further evidence for these conclusions (7).

NF-kB mediates cellular responses to a wide
variety of stimuli other than TNFa (8), and we
wanted to determine whether NF-kB activation
dynamics exhibited oscillations under other stim-
ulation conditions. We observed non-oscillatory
dynamics of active NF-xB when cells were
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stimulated with LPS (Fig. 1A). This difference
in NF-xB activation could be linked to
differences in the TNFa and LPS signaling
pathways. Upon TNFa binding to the TNF
receptor, the receptors aggregate and bind
adaptor proteins, leading to activation of the
IxB kinase (IKK) complex. Phosphorylation
of IkB by IKK leads to ubiquitination and
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degradation of IxB and allows free NF-xB to
bind target genes. One such target is IxBa,
and its production results in a negative
feedback loop (9—11).

In contrast, LPS signals through TLR4.
TLR4 activates two downstream pathways,
each of which is thought to directly activate
NF-xB (12-14). The MyD88-dependent
pathway recruits the kinases interleukin-1
receptor—associated kinase 1 (IRAK1) and
IRAK4, which phosphorylate TNF receptor—
associated factor 6 (TRAF6), leading to the
activation of the IKK complex. The MyD88§-
independent pathway leading to NF-xB acti-
vation is not fully understood. The pathway
is dependent on the TIR domain—containing
adaptor inducing interferon-f (Trif) adaptor
molecule, and Trif-related adaptor molecule
(Tram), receptor-interactor protein 1 (RIP1),
and RIP3 have been identified as important
factors in the pathway (/5—17). However,
the end result of these pathways is the same
as the end result of the TNFo-activated
pathway: degradation of IxB, which is fol-
lowed by activation of IkBo gene transcrip-
tion. We monitored IkBo mRNA transcript
and protein levels over a 180-min time course
in LPS-stimulated wild-type cells and found
that IxBa protein expression decreased and
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remained low, whereas mRNA expression
increased and remained high (Fig. 1, B and
C). Therefore, it remains puzzling that there
are oscillations in NF-xB activity and IkBa
protein expression after activation by TNF but
not in cells stimulated with LPS.

NF-«xB activation through the MyD88-
dependent pathway occurs earlier than activa-

tion by the MyD88-independent pathway (16).
This suggested that the non-oscillatory behav-
ior of NF-xB activation through TLR4 could
be due to the interaction of the two pathways.
We monitored nuclear NF-xB activity over a
240-min time course in LPS-stimulated
MyD88-deficient, Trif-deficient, and MyD8§8-
Trif doubly deficient mouse embryo fibroblasts
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Fig. 2. Modeling the activation of NF-xB. (A) Schematic of a computational model of TLR4-
dependent activation of NF-xB, partially represented as a block diagram (27). The blocks in the
model contain first-order transfer functions of the form K/(ts + 1), where K is called the steady
state gain of the function and t describes the time behavior. The parameter values were determined
by (B) phosphoimager quantitation of NF-xB activation time courses (Fig. 1, A and D). “Trif" is used
to denote the MyD88-independent pathway. (C to E) The predicted time courses of nuclear NF-xB
activity (C), IxBo protein levels (D), and IKK activity (E). (F) IKK activity in wild-type, Trif-deficient,
and MyD88-deficient cells. Dashed lines in (D) and (E) facilitate comparison of model predictions

with data in Fig. 1E and (F).
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(MEFs) (Fig. 1D). LPS stimulation of MEFs
that contained only one TLR4 pathway
resulted in an oscillatory NF-xB activation
response. LPS-stimulated cells deficient in
both MyD88 and Trif showed no NF-xB ac-
tivation. Moreover, in comparison with wild-
type and Trif-deficient cells, LPS-stimulated
MyD88-deficient cells were substantially
slower to reach initial peak NF-kB activation.
Over a 180-min time course, the amount of
IkBa protein decreased in LPS-stimulated
Trif- and MyD88-deficient cells, and the
protein was then resynthesized, further con-
firming the underlying oscillatory NF-kB ac-
tivation response. The period of oscillation for
NF-xB activation (~45 min) was shorter than
the period of the oscillation in IxBa abundance
(~90 min) (Fig. 1E).

A lag in NF-xB activation could occur in
two ways: (i) The kinetics of the MyD88-
independent pathway could simply be much
slower than the kinetics of the MyD88-dependent
pathway, or (ii) the MyD88-dependent and
MyDS88-independent pathways could display
similar kinetics, in which case the initiation
of the MyD88-independent pathway signal-
ing must be delayed. We built a computa-
tional model to simulate NF-kB activation by
TLR4 stimulation (Fig. 2A). The feedback
loop between NF-xB and IxBa is a slightly
modified version of our earlier model (6, 18).
Because the kinetic details of the MyD8§8-
dependent and MyD88-independent pathways
are not known, we described both pathways
simply as first-order processes whose param-
eters were determined from our quantitated
time course data (Fig. 2B). The model indi-
cated that both the MyD88-independent and
MyD88-dependent pathways are likely to
have similar activation kinetics but that the
MyD88-independent pathway requires a rough-
ly 30-min time delay before it is activated
(Fig. 2C).

This delay in pathway activation may
occur at the level of IKK (Fig. 2E). We
therefore monitored IKK activity in LPS-
stimulated MyD88-deficient, Trif-deficient,
and wild-type MEFs (Fig. 2F). IKK activa-
tion in wild-type and Trif-deficient MEFs
began as early as 15 min after stimulation of
cells with LPS and was sustained until 90
min. At that point, IKK activity in wild-type
MEFs continued to increase, whereas IKK
activity in Trif-deficient cells decreased. Fur-
thermore, IKK activity in MyD88-deficient
MEFs began to increase at 45 min. In con-
trast, TNFo-dependent activation of IKK
reaches peak activity between 5 and 10 min
and is inactive by 30 min (/9, 20). This dif-
ference in the length of IKK activity may
help explain the difference in period length
between nuclear NF-kB activity and IxBao
protein levels for TLR4 stimulation. In Trif-
deficient cells, IKK activity remains high
through two complete oscillations of nuclear
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NF-xB activity. This suggests that the oscil-
lations in nuclear NF-xB activity are not due
solely to IxkBa protein abundance.

The computational model is necessarily
minimal with respect to parameters and was
derived primarily from the quantitative electro-
mobility shift assay (EMSA) data. As such, the
model fails to predict the discrepancy in period
for IxBa protein synthesis and NF-kB activa-
tion, as well as the extended activation of IKK.
However, the IxBo protein synthesis data
qualitatively agrees with our model’s prediction
that IxBa protein levels would oscillate in the
knockout cells but not in the wild-type cells
(Figs. 1E and 2D) and the IKK activation data
supports the prediction that the MyDS§8-
independent pathway requires a time delay
for activation (Fig. 2, E and F).
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This delay might occur if NF-xB activation
by the MyD88-independent pathway required
protein synthesis. Thus, we pretreated wild-type,
MyDB88-deficient, Trif-deficient, and MyD88-
Trif doubly deficient cells with cycloheximide
before LPS stimulation, and monitored NF-xB
activation over a 135-min time course (Fig. 3A).
In LPS-stimulated wild-type or Trif-deficient
cells, cycloheximide pretreatment triggered ac-
tivation of NF-xB greater than that in wild-type
cells, and MyD88-Trif doubly deficient cells
demonstrated no inducible NF-kB activation.
However in LPS-stimulated MyD88-deficient
cells, NF-kB activation was abolished. Thus,
the MyD88-independent pathway appears to
require protein synthesis to activate NF-kB.

We used microarray technology to compare
gene expression levels in LPS-stimulated
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Fig. 3. MyD88-independent pathway activation of NF-kB requires IRF3-mediated expression of
TNFa. Determination of LPS-induced nuclear NF-kB activity in MyD88-deficient MEFs by EMSA,
where cells were (A) treated with cycloheximide (CHX) (25 pg/ml) for 60 min; (B) cotreated with
one or all of the following: cycloheximide, soluble 4-1BB receptor (8 pg/ml), antibody to IP-10

(16.5 pg/ml), antibody to MIP-1a (2 pg/ml),

antibody to MIP-2 (0.75 pg/ml), soluble TNFa

receptor Il (8.3 pg/ml); (C) infected with a lentiviral small interfering RNA construct to knock
down IRF3 expression. (D) TNFo gene expression in wild-type, Trif-deficient, and MyD88-deficient
MEFs stimulated with LPS, determined by qPCR. (E) Schematic of the proposed pathway for
activation of NF-xB by means of Trif. Trif activates IRF3 through TBK1 and I«xB kinase i, after which
TNFa is expressed and secreted, activating NF-xB through the TNF pathway. TIRAP, Toll-
interleukin 1 receptor domain—containing adaptor protein.
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MyD88-deficient cells at 0 and 45 min. In-
creased transcription of seven genes—T cell
costimulatory receptor 4-1BB, glycoprotein
CD83, chemokine interferon-inducible protein
10 (IP-10), macrophage inflammatory protein
(MIP)-10, MIP-1pB, and MIP-2, and TNFo—
was detected and confirmed by quantitative
polymerase chain reaction (qQPCR) (P value <
0.001, fold change > 2) (table S2). The
majority of the identified genes (4-1BB, IP-
10, the MIPs, and TNFo) encode extracellular
messengers. We therefore treated MyD88-
deficient cells with neutralizing antibodies or
soluble receptors specific to certain candidate
genes, stimulated the cells with LPS, and
monitored activation of NF-kB (Fig. 3B). In
MyD88-deficient cells, only pretreatment
with soluble TNF receptor blocked LPS-
stimulated activation of NF-kB. We detected
small concentrations of TNFa (<30 pg/ml)
by enzyme-linked immunosorbent assay in
the supernatant of LPS-stimulated MyDS§8-
deficient cells. In addition, expression of
TNFo transcript in LPS-stimulated MyD88-
deficient cells was up-regulated between 13-
and 58-fold before NF-xB was active (Fig.
3C). Thus, the Trif-dependent pathway acti-
vates TNFa production and secretion in an
NF-kB-independent manner. The secreted
TNFo binds its receptors on the cell leading
to NF-kB activation.

Interferon-regulatory factor 3 (IRF3) is a
MyD88-independent pathway-specific tran-
scription factor that directly regulates early
response genes (for example, those encoding
interferon-f and IP-10) and is active within 30
min of LPS stimulation (27). Furthermore, the
TNFo promoter has several potential IRF
binding sites. We used a retrovirus expressing
an RNA interference cassette to silence en-
dogenous IRF3 protein expression (22) in
MyD88-deficient MEFs. Protein immuno-
blotting showed that the virus decreased the
amount of IRF3 to one-eighth that in control
cells (Fig. 3D). Depletion of IRF3 impaired the
activation of NF-kB. Thus, IRF3 appears to
mediate the activation of TNFa in the MyDS§8-
independent pathway.

Previous studies by two different groups
suggested that Trif directly activates NF-xB by
interacting with adaptor molecules TRAF6
and Tank-binding kinase 1 (TBK1) (23, 24).
However, LPS-stimulated TRAF6-deficient
macrophages were still capable of NF-xB
activation with similar kinetics to the MyD88-
independent pathway, and TLR3 signaling,
which is dependent on Trif, was also not af-
fected (25). We suggest that the activation of
NF-xB by the Trif-dependent pathway results
by means of a secondary response through
TNFo and IRF3, establishing an autocrine path-
way for delayed NF-xB activation (Fig. 3E).
The combination of two out-of-phase oscillatory-
based responses appears to allow for the stable
and consistent early NF-xB response to LPS.
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Nature often builds on a single mechanism
to increase specificity and complexity. For
transcription, increasingly complex genomes
often contain a greater number of transcrip-
tion factor family members than separate
transcription factor families (26). This suggests
that diversity within a gene family may provide
specificity and versatility. Here the canonical
pathway of NF-kB activation, which is acti-
vated once in cells treated with TNFa, is ac-
tivated twice in response to TLR4 stimulation
to create a distinct NF-kB activation profile.
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Stimulus Specificity of Gene
Expression Programs Determined
by Temporal Control of IKK Activity

Shannon L. Werner,* Derren Barken,* Alexander Hoffmannt

A small number of mammalian signaling pathways mediate a myriad of dis-
tinct physiological responses to diverse cellular stimuli. Temporal control of
the signaling module that contains IxB kinase (IKK), its substrate inhibitor of
NF-xB (IxB), and the key inflammatory transcription factor NF-xB can allow
for selective gene activation. We have demonstrated that different inflamma-
tory stimuli induce distinct IKK profiles, and we examined the underlying
molecular mechanisms. Although tumor necrosis factor-a (TNFa)—-induced IKK
activity was rapidly attenuated by negative feedback, lipopolysaccharide (LPS)
signaling and LPS-specific gene expression programs were dependent on a
cytokine-mediated positive feedback mechanism. Thus, the distinct biological
responses to LPS and TNFo depend on signaling pathway—specific mechanisms
that regulate the temporal profile of IKK activity.

The evolutionarily conserved, signal-responsive
transcription factor NF-xB plays a role in a
myriad of physiological functions. These in-
clude lymphoid tissue development, immune,
inflammatory, and environmental stress re-
sponses, and neuronal signaling (1, 2). A num-
ber of human pathologies are caused by the
impairment of signal-responsive NF-kB reg-
ulation, including chronic inflammatory dis-
eases (3) and cancers (4). Thus, mechanisms
that regulate NF-xB activity and allow it to
control stimulus-specific physiological re-
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sponses are of pressing clinical relevance
(5, 6) and are also of interest as a model sys-
tem for studies of complex mammalian sig-
naling systems.

NF-«B is held in an inactive state by as-
sociation with one of three IxB proteins. In
response to stimulation, the IxB kinase (IKK)
phosphorylates NF-kB-bound IxB proteins,
targeting them for proteolysis through the
ubiquitin-proteasome pathway (7). A mathe-
matical model based on ordinary differential
equations recapitulated signaling of the IKK-
IxB-NF-xB signaling module in response to
the inflammatory cytokine tumor necrosis
factor—o (TNFa) in murine embryonic fibro-
blasts (MEFs) (8). This model predicted dy-
namic signaling behavior resulting from IxB
resynthesis, as observed biochemically (8) or
in single-cell real-time imaging studies (9).
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Further refinements of the model have led to
correct predictions of cross-regulation be-
tween IkB family members (/0) and have
uncovered important negative feedback medi-
ated by the IxkBe isoform (/7).

The functional pleiotropism of NF-xB is
based on the responsiveness of IKK to diverse
signals transduced by plasma membrane—bound
receptors or subcellular organelles (Fig. 1A)
(12). Although different stimuli activate the
same IKK-IkB-NF-kB signaling module, they
elicit different gene expression programs. Be-
cause temporal control of NF-xB activity can
lead to selective gene expression (8), we
reasoned that stimulus-specific temporal con-
trol of IKK activity might allow for distinct
biological responses if signal processing within
the IKK-IkB-NF-kB signaling module resulted
in distinct NF-xB activity profiles. To examine
the signal processing characteristics of the sig-
naling module, we generated a collection of
potential IKK profiles with a simple algorithm
(Fig. 1B). The algorithm allows for variable
rises in IKK activity (over a time period of a =
0, 60, 120, or 240 min), a first plateau of
various amplitudes (x = 4, 12, 34, or 101 nM)
and durations (b =0, 5, 15, 30, 60, or 120 min),
variable decays (over a time period of ¢ = 0,
60, 120, or 240 min), and a second, equal or
lower, plateau of activity at or above baseline
(y=1,4,12, 34, or 101 nM).

The resulting comprehensive library of 687
distinct IKK activity profiles (fig. S1) served
as inputs for computational simulations with
our newly refined mathematical model (/3).
Each IKK input-NF-xB output pair (examples
in Fig. 1C) reflects signal processing within
the IKK-IkB-NF-kB signaling module. By
grouping similar NF-xB activity profiles using
standard K-means clustering, we investigated
which IKK activity profiles are distinguished
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