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TNF-induced NF-�B activity shows complex temporal regulation whose different phases lead to distinct gene
expression programs. Combining experimental studies and mathematical modeling, we identify two temporal
amplification steps—one determined by the obligate negative feedback regulator I�B�—that define the
duration of the first phase of NF-�B activity. The second phase is defined by A20, whose inducible expression
provides for a rheostat function by which other inflammatory stimuli can regulate TNF responses. Our results
delineate the nonredundant functions implied by the knockout phenotypes of i�b� and a20, and identify the
latter as a signaling cross-talk mediator controlling inflammatory and developmental responses.
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Tumor necrosis factor (TNF) is a potent cytokine and
critical regulator of apoptosis, inflammation, and immu-
nity (Wallach et al. 1999) via control of the transcription
factor nuclear factor �B (NF-�B). In resting cells, NF-�B is
sequestered in complexes with one of three Inhibitor of
�B (I�B) isoforms (�, �, or �). Upon cellular stimulation,
the inhibitor of �B kinase (IKK) phosphorylates I�B pro-
teins, targeting them for proteolysis, which leads to
NF-�B nuclear accumulation and transcriptional activa-
tion of hundreds of genes, including inflammatory me-
diators such as cytokines and chemokines, and regula-
tors of proliferation and apoptosis (Ghosh and Karin
2002; Hoffmann and Baltimore 2006).

In response to injury or infection, TNF is secreted in
bursts by tissue-resident macrophages, and due to a short
half-life (Beutler et al. 1985) it is sensed by responsive
cells as transient, or pulse, stimulation. Termination of
the resulting NF-�B activity is critical to preventing ab-
errant inflammatory gene expression, and its misregula-
tion has been implicated in pathologies including cancer,
heart disease, and Crohn’s disease (Kaufman and Choi
1999; Aggarwal et al. 2002; Monaco and Paleolog 2004).
Several attenuators of the TNF–NF-�B axis have been

described, including the rapidly and highly inducible
i�b� and a20 genes (Scott et al. 1993; Song et al. 1996).
I�B� attenuates NF-�B nuclear localization and DNA
binding (Scott et al. 1993) and A20 inhibits signaling up-
stream of IKK by interfering with the K63-linked ubiq-
uitin chains on RIP1 that are required for activation of
the TNR receptor (TNFR)-associated signaling complex
(Wertz et al. 2004; M.P. Boldin and D. Baltimore, un-
publ.). Based on their NF-�B-dependent inducible expres-
sion, I�B� and A20 are commonly thought of as negative
feedback regulators in the TNF–NF-�B signaling path-
way. However, whether inducible expression is required
for their function (i.e., as obligate negative feedback
regulators) remains to be tested. Abolishing both consti-
tutive and inducible expression by genetic deletion in
mice results in lethality, perinatally in the case of i�b�
(Beg et al. 1995; Klement et al. 1996) or within a few
weeks of age in the case of a20 (Lee et al. 2000). This
suggests that even though I�B� and A20 act in the same
signaling axis, they apparently have nonredundant (i.e.,
differential or specific) functions. Indeed, mutations in
the i�b� gene are linked to Hodgkins lymphoma (Ca-
bannes et al. 1999; Krappmann et al. 1999), whereas A20
has been shown to control the severity of atherosclerosis
(Wolfrum et al. 2007), the responsiveness to commen-
sual bacteria (Boone et al. 2004; Hitotsumatsu et al.
2008; Turer et al. 2008) and of T cells (Stilo et al. 2008),
as well as the development of regulatory T cells and in
anti-tumor responses (Song et al. 2008).
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Negative feedback regulators not only terminate cel-
lular responses, they also modulate the dynamics of cel-
lular signaling (Stelling et al. 2004; Kholodenko 2006). In
the case of TNF signaling, the temporal profile of NF-�B
activity is complex: A first phase of NF-�B activity is
associated with the expression of a large number of genes
that mediate nonspecific inflammatory and stress re-
sponses (such as cytokines, anti-apoptotic regulators,
and heat-shock proteins), whereas longer lasting NF-�B
activity elicits the expression of chemokines (e.g.,
MCP3, MCP5, and RANTES) and tissue proteases (e.g.,
MMP3, MMP9, MMP10, MMP12, MMP13) required for
an effective adaptive immune response (Saccani et al.
2001; Hoffmann et al. 2002, 2003; Tian et al. 2005;
Werner et al. 2005).

Mechanistic mathematical modeling allows for quan-
titative analyses and temporal resolution of dynamic sig-
naling events that biochemical measurements cannot
achieve alone. A mathematical model of the I�B–NF-�B
signaling module was first developed based upon bio-
chemical data (Hoffmann et al. 2002) and was validated
with real-time single cell fluorescence imaging (Nelson
et al. 2004). The model quantitatively accounts for asso-
ciation and dissociation of protein complexes, synthesis
of I�B proteins, IKK-dependent and -independent I�B deg-
radation, and nuclear localization of the I�Bs and NF-�B.
It recapitulates homeostatic control of NF-�B in resting
cells (O’Dea et al. 2007), and dynamic regulation differ-
entially provided by the three I�B isoforms (�, �, and �)
(Kearns et al. 2006) in response to distinct inflammatory
signals via differential IKK temporal profiles (Werner et
al. 2005).

To examine how temporal control of NF-�B is encoded
in response to TNF stimulation, we identified functional
signaling modules (Hartwell et al. 1999) within the in-
flammatory network. First, we constructed a math-
ematical model for the TNFR–IKK signaling module that
recapitulates the biochemical events triggered by TNFR
engagement, and then integrated it with the I�B–NF-�B
module to yield a mathematical description of the TNF–
NF-�B signaling axis. Using the combined model in con-
junction with experiments, we reveal distinct roles of
I�B� and A20 in encoding NF-�B temporal control.

Results

TNF signaling to NF-�B: an integrated mathematical
model of two signaling modules

We constructed and parameterized a mathematical
model that recapitulates TNF signaling to NF-�B. The
model is comprised of 33 species and 98 reactions
(Supplemental Tables 1, 2) and consists of a newly con-
structed model for the TNFR–IKK signaling module (Fig.
1A, blue box; Supplemental Material) combined with the
model for the I�B–NF-�B signaling module (Fig. 1A, yel-
low box) that is based on previously published work
(Hoffmann et al. 2002; Werner et al. 2005; Kearns et al.
2006; O’Dea et al. 2007). Our model of the TNFR–IKK

signaling module includes the TNF-induced receptor tri-
merization step (Banner et al. 1993; Grell et al. 1998),
receptor internalization (Watanabe et al. 1988), recruit-
ment, and activation of the TRAF2, TRADD, RIP (TTR)
complex to TNFR1 to form active Complex 1 (C1*) via
K63 ubiquitination of RIP (Schneider-Brachert et al.
2004), and activation of the TAK1/TAB2/TAB3 kinase
complex (TAK) (Wang et al. 2001). IKK is activated via
phosphorylation of activation loop serines (Mercurio et
al. 1997) and inactivated via an activity-dependent
mechanism (Delhase et al. 1999). The combined model
of the TNFR–IKK and I�B–NF-�B modules also includes
the reactions that control NF-�B-dependent synthesis of
A20, which directly counteracts C1 activation.

Rate constants for the TNFR–IKK module were de-
rived either from the literature or our own experimental
data (Supplemental Tables 1, 2). For example, parameter
values for A20 mRNA/protein synthesis and half-life
were derived from experimentally determined mRNA
(Supplemental Fig. 3A) and protein expression profiles
(Supplemental Fig. 1C). Other rate constants were de-
rived via parameter-fitting techniques and ascribed val-
ues within ranges that satisfied a set of experimentally
determined constraints (Supplemental Material).

Simulation of chronic TNF stimulation results in
curves for the concentrations over time of “free” TNF
protein, IKK, and NF-�B activities (Fig. 1B). In vitro ki-
nase activity measurements of immunoprecipitated IKK
complexes (Supplemental Fig. 1A) confirmed that peak
activation occurs at 10 min followed by a rapid attenu-
ation to a plateau that is just a few fold above baseline.
Similarly, TNF-induced I�B� protein degradation and
rapid resynthesis is accurately reproduced in the model
simulation, as is the induction of A20 protein synthesis
(Supplemental Fig. 1B). The model correctly describes
the experimentally measured NF-�B activity profile,
which peaks at 30 min, followed by post-induction re-
pression at 90 min, and a subsequent plateau of late ac-
tivity (Fig. 1B; Supplemental Fig. 1A).

Given that TNF secretion by macrophages occurs in
transient bursts, we first examined signaling to NF-�B by
very short pulses of TNF. In simulations, we found that
both IKK and NF-�B activity profiles are strikingly simi-
lar no matter how long the TNF pulses are: A 1-min TNF
pulse was predicted to provide the same degree of acti-
vation as a 15-min pulse (Fig. 1C). We addressed this
prediction experimentally. Treating cells with TNF
pulses of 1, 2, 5, and 15 min, we found that the temporal
profile of IKK and nuclear NF-�B activities did not
change with the duration of the TNF pulse (Fig. 1D). The
results suggest that the TNF-NF-�B signaling axis en-
sures that NF-�B activity lasts at least 45 min to provide
for robust stress response gene expression program. In-
deed, we found that even a 1-min pulse of TNF stimu-
lation was able to induce inflammatory gene expression
(Fig. 1E).

This first invariant phase of NF-�B activity may be
described as “hardwired,” as it is not only independent of
the TNF pulse duration, but also the TNF concentration
(Werner et al. 2005; Cheong et al. 2006). The hardwired
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sensitivity of the pathway to transient TNF bursts is due
to two temporal amplification steps (Supplemental Fig.
1D): The first, within the TNFR-IKK signaling module,
is determined by the autoinhibitory mechanism of the
IKK complex that was proposed to involve C-terminal
phosphorylation (Delhase et al. 1999) and ensures that
IKK activity lasts at least 15 min no matter how short
the TNF pulse duration; the second, within the I�B–NF-�B
signaling module, is a function of the I�B� feedback.
This explains why the first mathematical model of
NF-�B activation (Hoffmann et al. 2002), which did not
include the TNF-IKK module, correctly recapitulated
NF-�B responses to transient TNF stimuli of >15 min,

but erroneously predicted reduced NF-�B activation with
shorter TNF stimulation durations.

Distinguishing between obligate and nonobligate
feedback regulation

Both I�B� and A20 protein expression are rapidly in-
duced in response to TNF, and have been reported to play
important roles in regulating NF-�B responses (Beg et al.
1995; Klement et al. 1996; Lee et al. 2000). In our com-
putational simulations (Fig. 2A), post-induction repres-
sion of NF-�B activity occurs at 1 h in wild-type cells,
but is delayed to 3 h in i�b�−/− cells. In a20−/− cells,

Figure 1. A mathematical model of TNFR signaling to NF-�B. (A) Schematic depicting TNF signaling from TNFR to IKK, which
functions as the input to the NF-�B signaling module. The two most rapidly NF-�B-inducible attenuators, I�B� and A20, are shown.
A detailed schematic of the model is available in the Supplemental Material. (B) Computational simulations of persistent TNF
stimulation depicting free TNF levels and the activities of IKK and NF-�B. (C) Computational simulations of IKK (top) and NF-�B
(bottom) activities in response to 1-, 2-, 5-, or 15-min TNF pulses. (D) IKK and NF-�B activities were experimentally measured in
wild-type MEFs in response to 1-, 2-, 5-, or 15-min 1 ng/mL TNF pulses via in vitro IP-kinase assay and EMSA, respectively. (E) RPA
to track expression of NF-�B target genes in wild-type MEFs stimulated with a 1-min pulse of TNF (1 ng/mL).
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NF-�B activity is sustained and elevated between 3 and 6
h. These simulations conform to experimental results
(Hoffmann et al. 2002; Werner et al. 2005), where only
a20−/− cells exhibited elevated IKK and NF-�B activity at
late (>3-h) time points (Supplemental Fig. 2A,B). One
consequence of a greatly enhanced first phase of NF-�B
activity in i�b�−/− cells is elevated A20 induction, which
results in complete attenuation of late IKK (Supple-
mental Fig. 2C). This, together with elevated I�B� induc-
tion (Kearns et al. 2006), diminishes the second phase of
NF-�B activity.

We asked whether feedback control by these regula-
tors via inducible synthesis is important, or whether
constitutive transcription alone could provide proper
control of NF-�B activity. Using a parameter sensitivity

analysis, we set the inducible I�B� or A20 transcription
rates to zero and repeatedly ran the model with consti-
tutive transcription rates modified by factors of 2x

(where –10 � × � 10). We then plotted the simulation
outputs (nuclear NF-�B activity) over time (Fig. 2B, X-
axis) using a color heat map, ranging from blue (0 nM) to
red (100 nM) (Fig. 2B), with the constitutive transcription
rate modifier on the Y-axis.

For I�B�, removing inducible transcription while
maintaining the original constitutive transcription pa-
rameter value results in NF-�B activity similar to that
seen in i�b�−/− cells, where peak activation occurs be-
tween 1 and 2 h, and is attenuated by 3 h (Fig. 2B, left
panel). Although turning down the parameter had little
effect, increasing it impacts NF-�B activation severely.

Figure 2. Inducible expression is critical for the function of I�B� but not A20. (A) Simulations of nuclear NF-�B activity in wild-type,
i�b�−/−, and a20−/− MEFs in response to TNF. The data are presented as graphs (top) and as heat maps (below) in which the level of
NF-�B is color-coded from 0 nM (blue) to 100 nM (red). (B) Simulations of nuclear NF-�B activity in models with altered constitutive
transcription rates of I�B� (left) or A20 (right) in the absence of inducible transcription. In each simulation the constitutive transcrip-
tion rate was multiplied by one of 21 constitutive transcriptional modifiers, ranging from 2−10, 2−9, 2−8. . .1. . .28, 29, 210. The results
were graphed over time (X-axis), with the value of the rate modifier on the Y-axis. NF-�B activity is color-coded as in Figure 2A. (C)
Simulations of nuclear NF-�B activity in models possessing both constitutive and inducible expression of I�B� (wild type), or each
individually. Nuclear NF-�B activity was then measured via EMSA in wild-type cells, or in i�b�−/− cells reconstituted with a
constitutively expressing i�b� transgene (pBABE.I�B�.puro) or an empty vector control (pBABE.EV.puro, labeled i�b�−/−) in response to
a 15-min pulse of TNF (1 ng/mL). (D) Simulations predict NF-�B activity in TNF-treated cells that have either constitutive or inducible
A20 expression, or both (wild type). Nuclear NF-�B activity was measured via EMSA in wild-type cells, or in a20−/− cells reconstituted
with a constitutively expressing a20 transgene (pBABE.A20.puro), an NF-�B-inducible transgene (fIL8.A20.puro), or an empty vector
control (pBABE.EV.puro, labeled a20−/−) in response to persistent TNF stimulation (1 ng/mL).

Werner et al.

2096 GENES & DEVELOPMENT



At a 16-fold (24) increase, NF-�B activation is limited to
1 h as in wild-type cells; however, the amplitude of this
first phase peak is significantly reduced and no late ac-
tivity is seen. Interestingly, increasing the constitutive
I�B� transcription rate by �25 (a level that is similar to
the maximal inducible rate) completely abrogates NF-�B
activation. We conclude that inducible I�B� synthesis is
critical for stimulus-responsive activation and timely
post-induction repression of NF-�B.

In the case of A20, model simulations also predict that
removing A20 inducible transcription results in IKK and
NF-�B activity resembling that in a20−/− cells (Fig. 2B,
right panel; Supplemental Fig. 2C). Although the tempo-
ral profiles of IKK and NF-�B activity are largely invari-
ant to turning down the constitutive A20 transcription
rate, increasing it has two effects (Fig. 2B, right panel).
First, late NF-�B activity (3–6 h) is dampened as in wild-
type cells. Second, further increases of A20 expression
results in a delay and reduction of the peak of NF-�B
activity. In other words, our computational simulations
predict that, unlike the case of I�B�, a specific range of
the constitutive transcription rate of A20 (fourfold to
16-fold higher than that estimated for murine embryonic
fibroblasts [MEFs]) allows for a TNF-induced NF-�B ac-
tivity profile that is similar to that observed in wild-type
cells.

We tested these predictions experimentally by recon-
stituting individual knockout cells with I�B� or A20
expressing transgenes containing heterologous promot-
ers. In a cell line that constitutively expresses I�B�
(i�b�−/−.pBABE.I�B�) (Supplemental Fig. 2D), we did in-
deed find, as computationally predicted (Fig. 2C, top
panel), that NF-�B activity induced by a 15-min TNF
pulse was equivalent to that seen in i�b�−/− (Fig. 2C,
bottom panel). In contrast, either constitutive or induc-
ible transcription of A20 was able to restore late NF-�B
attenuation in silico and in vivo (Fig. 2D; Supplemen-
tal Fig. 2E). Constitutive A20 transcription was modeled
fourfold higher than that of wild-type cells, consis-
tent with our experimental work where resting
a20−/−.pBABE.A20 cells contained 3.6-fold more A20
mRNA than wild-type cells (data not shown). Overall,
our analysis makes a strong case for the necessity for
feedback control for I�B�, but not for A20. We surmised
that there might be additional physiological functions
for inducible A20 expression.

Signaling cross-talk mediated by A20

Both i�b� and a20 are highly inducible genes whose ex-
pression is activated in response to several NF-�B-induc-
ing inflammatory stimuli (Dixit et al. 1990). Interest-
ingly, IL-1 induces A20 expression (Fig. 3A; Supplemen-
tal Fig. 3A), but A20, unlike I�B�, does not affect IL-1
signaling (Fig. 3B; Lee et al. 2000). What may be the func-
tional role of IL-1-induced A20? In vivo, cells are con-
tinuously exposed to a variety of stimuli, and we specu-
lated that cells that are “primed” by IL-1 to increase
cellular A20 expression might be less responsive to sub-
sequent TNF stimulations. We employed the computa-

tional model to examine potential A20-dependent cross-
talk between IL-1 and TNF for a range of TNF concen-
trations. Graphing the TNF dose response curve (ranging
from 10−3 to 103 ng/mL) for naïve and IL-1-pretreated
cells indicated that NF-�B activity induced by low TNF
stimulations (0.1 ng/mL or less) is more affected than
higher TNF doses (1 ng/mL or more) (Fig. 3C; Supple-
mental Fig. 3D,E).

We tested these predictions experimentally by mea-
suring TNF-induced NF-�B activity in cells exposed to
the IL-1 pretreatment regime (Fig. 3D; Supplemental Fig.
3C). For a 0.1 ng/mL TNF treatment, NF-�B activation
was severely diminished in wild-type cells, but not in
a20−/− cells (Fig. 3D; Supplemental Fig. 3B). At 1 ng/mL
of TNF, IL-1 pretreatment also had a small effect, but this
was A20-independent and possibly due to TNFRI ectodo-
main shedding (Islam et al. 2006). We confirmed that the
cellular memory to inflammatory signaling provided by
A20 is transient in silico and in vivo; allowing cells to rest
for 24 h after IL-1 pretreatment resulted in normal TNF
responsiveness (Fig. 3D; Supplemental Fig. 3F).

A temporal dose response analysis reveals distinct
roles of I�B� and A20

As a paracrine mediator with a short half-life, cellular
exposure to TNF is usually transient but of variable du-
ration. Using the model, we investigated the roles of
I�B� and A20 in mediating NF-�B signal processing in
response to TNF stimulations of varying durations. Us-
ing a three-dimensional plot, we graphed IKK and NF-�B
activity (Fig. 4A, color heat map) over time (Fig. 4A, X-
axis) for TNF pulses of various durations (Fig. 4A, Y-axis;
Supplemental Fig. 4A). In wild-type cells, even very short
TNF pulses provide for almost 1 h of NF-�B activity
(Figs. 1C,D, 4A, top panel). Longer lasting TNF stimula-
tions do not change the duration of the first phase of
NF-�B activity, but allow for a second phase of NF-�B
activity of proportionally increasing duration. However,
in the absence of I�B�, the first invariant phase of NF-�B
activity balloons to 3 h (Fig. 4A, middle panel). In A20-
deficient cells, our model simulations indicate a largely
intact first phase of NF-�B but a second phase that is en-
hanced (Fig. 4A, bottom panel). Even very short stimuli
elicit a second phase that is predicted to last at least 3 h.

Given that A20 protein expression is markedly up-
regulated only after 1 h following stimulation onset
(Supplemental Fig. 1B), the prediction that A20 plays a
role in regulating responses to much shorter pulses of
TNF seemed surprising. Single simulations of 5-, 15-,
and 45-min TNF pulses reiterated that A20-deficient
cells were predicted to have elevated NF-�B activity at 2
h and longer (Fig. 4B, top panel). Experimentally, we
found this to indeed be the case: An electrophoretic mo-
bility shift assay (EMSA) analysis revealed that NF-�B
activity is elevated in a20−/− cells during the later phase
in response to short TNF pulse stimulations (Fig. 4B,
bottom panel). This effect is correlated with incomplete
attenuation of IKK activity in the knockout cells
(Supplemental Fig. 4B).
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Overall, our study reveals distinct roles for the two
highly inducible negative feedback regulators I�B� and
A20 (Fig. 4C, top). Whereas the inducibility of I�B� de-
termines the duration of the first phase of NF-�B activity
(Fig. 4C, bottom), A20 determines the temporal dose re-
sponse of the TNF-NF-�B signaling pathway by control-
ling primarily the duration of the second phase of NF-�B
activity. Interestingly, we found that the concentration,
not the rate of synthesis or inducibility of the A20 pro-
tein, determines the duration of the second phase (Fig.
4C, bottom). The concentration of A20 protein within
the cell can be modulated not only by TNF itself but also
by multiple inflammatory stimuli (Fig. 4C, top), thus
conferring a rheostat function. At high levels of expres-
sion in “primed” cells, the A20 rheostat can dampen the
amplitude of the first phase of NF-�B activity (but never
the duration), suggesting a role in establishing inflam-
matory tolerance.

Discussion

As the molecular connectivity within signaling net-
works has increasingly become a focus of biomedical re-
search, a surprising number of inducible negative regu-
lators have been identified; these are usually categorized
as negative feedback regulators. However, remarkably
few have been examined to determine what functional
roles their inducible expression may play; indeed, little
is known about whether inducible expression can even
allow for distinct functional roles. Our analysis demon-
strates distinct functions for I�B� and A20, whose ex-
pression is driven by similarly inducible promoters. In
the case of I�B�, negative feedback is required for func-
tion; in other words, no value of constitutive I�B� ex-
pression parameters will provide the degree of
NF-�B activation and post-induction repression that
NF-�B-responsive expression of I�B� allows for. In con-

Figure 3. A20 can mediate signaling cross-talk between inflammatory stimuli. (A) Quantitated A20 and I�B� mRNA expression in
MEFs stimulated with 1 ng/mL TNF or IL-1, as measured by RPA. (B) Nuclear NF-�B activity was measured via EMSA in wild-type,
a20−/−, and i�b�−/− cells in response to 1 ng/mL TNF or IL-1 stimulation. (C) Simulation of TNF–NF-�B dose response in naïve (black)
and IL-1 pretreated (blue) cells. Computational simulations calculated the maximal nuclear NF-�B activity for TNF doses ranging from
10−3 to 103 ng/mL. IL-1 pretreatment was simulated as a 1-h stimulation followed by 1 h of “rest” prior to TNF stimulation. (D)
Nuclear NF-�B activity in response to persistent TNF stimulation (0.1 or 1 ng/mL) was measured by EMSA in wild-type and a20−/−

cells that were naïve (−) or pretreated with IL-1 for 1 h, followed by 1 h or 24 h of “rest.”
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trast, there is a range of constitutive A20 expression val-
ues that can functionally replace A20 negative feedback.
Hence, we distinguish between an obligate (I�B�) and a
nonobligate (A20) feedback regulator. Indeed, the A20
regulatory mechanism may not fit a narrower definition
of a negative feedback regulator.

Instead, the inducibility of A20 expression functions
to tune a rheostat that controls cellular signaling respon-
siveness. This is demonstrated most clearly by the fact
that A20 mediates signaling cross-talk between inflam-
matory stimuli when they are administered sequen-
tially. However, A20’s rheostat function is not limited to
cross-talk between IL-1 and TNF, as its promoter is in-
ducible by all NF-�B-inducing stimuli tested so far. It
provides short-term cellular memory by transiently “to-

lerizing” (i.e., reducing the sensitivity of) the TNF sig-
naling pathway. Whereas the dynamics of I�B� induc-
ibility, but not the actual protein concentration, criti-
cally define NF-�B activity, the A20 protein
concentration determines its attenuation function, re-
gardless of whether the protein level was the result of in-
ducible or constitutive expression. This distinction be-
tween the negative regulators may explain how subtle mis-
regulation of A20 protein levels have been implicated in a
range of physiological and pathological processes, includ-
ing atherosclerosis (Wolfrum et al. 2007), T-cell responsive-
ness (Stilo et al. 2008), the homeostasis of signaling by
pathogen-sensing receptors (Turer et al. 2008) and of com-
mensual bacteria (Hitotsumatsu et al. 2008), and suppres-
sion of autoreactive immune responses (Song et al. 2008).

Figure 4. Temporal dose response analysis of TNF-induced NF-�B activity. (A) Simulation of NF-�B activity in wild-type, i�b�−/−, and
a20−/− cells in response to TNF pulses ranging from 1 min to 180 min in 1-min increments. The results were graphed over time (hours),
with the pulse duration (hours) on the Y-axis. NF-�B activity (nanomolar) was color-coded as in Figure 2. (B) NF-�B activity profiles
were simulated in response to 5-, 15-, or 45-min TNF pulses in wild-type and a20−/− cells (top), and were then measured experimentally
via EMSA (bottom). (C) Schematic summary of how negative feedback regulators I�B� and A20 encode NF-�B activity dynamics in the
TNF signaling pathway. Whereas dynamic feedback (yellow box) is critical to I�B�’s function, inducible expression of A20 confers a
tunable rheostat (blue box) function. Via this rheostat function, A20 mediates signaling cross-talk, for example, from prior cellular
exposure to IL-1. (Below) TNF produces a typically biphasic NF-�B activity that is encoded by the differential functions of A20 and
I�B�. The duration of the first phase is a function of the inducibility (change in synthesis rate, or second-order derivative, denoted by
“¨”) of I�B�, but is not a function of the TNF stimulus duration or concentration. The duration of the second phase is a function of
the concentration of the A20 protein at that time. High concentrations of A20 protein during the early phase (as a result of prior NF-�B
activity) may also affect the amplitude of the first phase, but not its duration.
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What might be the molecular basis for the differential
functionality? There are differences in network connec-
tivity (model topology) and rate constants (parameter
values) that may be relevant to consider. Although both
I�B� and A20 are rapidly and highly inducible at the
level of mRNA transcripts (which show a similarly short
half-life), producing the larger A20 protein takes more
time. More importantly, a significantly longer protein
half-life allows for not only a gradual build-up of the A20
protein, but also a memory function that we revealed in
cross-talk or priming experiments. Whereas the obligate
negative feedback regulator I�B� functions as a stochio-
metric binder of the NF-�B activator, the nonobligate
feedback attenuator A20 reaches back many more reac-
tions into the pathway, making its effect more tempo-
rally diffuse at the NF-�B level. In addition, A20 pos-
sesses an enzymatic function, which further slows its
total functional effect. These conclusions are insensitive
to alterations of parameter values within the ranges set
by experimental constraints (Supplemental Material). In
fact, model topology aspects mirror prior theoretical con-
siderations pertaining to metabolic networks (Dibrov et
al. 1982). We suggest that theoretical modeling work
may prove useful in distinguishing between different
categories of negative feedback regulators in signaling. In
addition, our combined computational and experimental
strategy may be applied to other signaling systems to
characterize the functional diversity of negative feed-
back regulators.

TNF-induced NF-�B dynamics are encoded not only by
I�B� and A20, but also by an IKK autorepression mecha-
nism that provides powerful negative feedback on a
faster scale than mechanisms involving de novo gene
expression. Although our model recapitulates the ob-
served temporal IKK activity profile, it does not describe
the actual regulatory mechanism(s) because further mo-
lecular characterization is required. Indeed, recent work
suggests that the association of the essential IKK scaffold
subunit NEMO with catalytic subunits IKK1 and IKK2 is
regulated via phosphorylation (Hayden and Ghosh 2008).
Similarly, the mechanism by which K63-linked ubiqui-
tin chains activate IKK, the involvement of A20 in their
removal (M.P. Boldin and D. Baltimore, unpubl.), and
whether and how TAK1/Tab2/3 is involved in IKK con-
trol remains to be characterized in more detail. New
mechanistic insights should lead to a revision of our
mathematical model, in turn enabling an investigation
of their role in determining NF-�B dynamics. The itera-
tive strategy of combined experimental and modeling
work promises to result in amply validated and suffi-
ciently detailed models that may function as standalone
discovery tools.

Materials and methods

Experimental studies

Immortalized MEFs were prepared and cultured as described
previously (Lee et al. 2000; Hoffmann et al. 2002). a20−/− MEFs
were reconstituted with retroviral vectors pBABE.A20.puro
(created by cloning a human A20 ORF into pBABE-puro) and
fIL8.A20.puro, which was generated by inserting an inducible

A20 cassette (A20 ORF under the control of the IL-8 promoter),
followed by a PuroR expression module into a FUGW vector
(Lois et al. 2002). i�b�−/− MEFs were reconstituted with
pBABE.I�B�.puro or empty vector controls, and were a kind gift
from Erika Mathes. Cells were stimulated with recombinant
murine TNF� (Roche Diagnostics) or murine IL-1� (EMD Bio-
sciences). p65 (sc-372), actin (sc-1615), and mSin3A (sc-994) an-
tibodies were generously provided by Santa Cruz Biotechnolo-
gies and A20 (IMG-161) antibody was obtained from Imgenex.
EMSA, immunoprecipitation kinase assays, RNase protection
assays (RPAs), and immunoblotting were done as described
(Hoffmann et al. 2002; Werner et al. 2005; Kearns et al. 2006).

In silico studies

A computational model was constructed to describe key reac-
tions linking extracellular TNF ligand to NF-�B nuclear local-
ization. This model includes a reaction set based on the previ-
ously published models of the NF-�B–I�B signaling module
(Hoffmann et al. 2002; Werner et al. 2005; Kearns et al. 2006;
O’Dea et al. 2007), as well as reactions that describe the up-
stream TNFR–IKK signaling module (see the Supplemental Ma-
terial for details). The model was written in and analyzed with
Mathworks MATLAB version R2008a, and the files are avail-
able upon request.
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