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ABSTRACT OF THE DISSERTATION

A NF-kappaB temporal code to ensure specificity
in inflammatory signaling

by

Shannon L. Werner
Doctor of Philosophy
University of California, San Diego, 2009
Professor Alexander Hoffmann, Chair

Cellular signaling pathways transmit and process signals from receptors to
activate gene expression programs that regulate development, cellular life/death
decisions, or the coordinated activation of the immune response. While biochemical
and molecular biological studies have identified a large number of signaling proteins
with diverse adaptor and/or enzymatic functions, recent work has revealed that
relatively few transcriptional effector proteins are responsible for specific gene
expression programs in response to a large number of stimuli. This begs the question:
what mechanisms ensure stimulus-specific gene expression? It has been shown that

xxii

signaling events are highly dynamic, suggesting that further progress in the
understanding of cellular signaling requires quantitative studies that include the
temporal dimension. My graduate work has focused on the dynamic regulation of the
transcription factor Nuclear Factor kappaB (NF-κB) in response to specific cellular
stimuli, the mechanisms that encode stimulus-specific signaling dynamics, their
potential functional roles, and the utility of integrated computational and experimental
studies in unraveling complex regulatory networks.
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Chapter 1:
Introduction

1

2
Nuclear factor-kappaB (NF-κB) was first identified as a transcription factor
that binds to the enhancer of the immunoglobulin κ light-chain gene in B cells (Sen
and Baltimore 1986a; Sen and Baltimore 1986b). While induction of DNA-binding
activity was correlated with antibody production, recent studies have shown that NFκB is neither a regulator of the κ light-chain, nor specific to B-cells, and its cellular
localization is tightly regulated. NF-κB signaling has become the focus of many
research programs, as it is a major regulator of inflammatory responses as well as
adaptive and innate immunity (Li and Verma 2002; Bonizzi and Karin 2004; Karin
and Greten 2005). Indeed, misregulation of NF-κB signaling is implicated in human
diseases, such as cancer, diabetes, atherosclerosis, multiple sclerosis, and Crohn’s
Disease (www.nf-kb.org and (Karin and Ben-Neriah 2000; Ghosh and Karin 2002 ;
Courtois and Gilmore 2006; Karin 2006; Hayden and Ghosh 2008)).

The molecular constituents of NF-κB signaling.
NF-κB does not connote a single protein, but rather a family of transcription
factors comprised of homo- and heterodimers of five proteins: RelA/p65, c-Rel, RelB,
p50 and p52, which are encoded by the rela, rel, relb, nfkb1, and nfkb2 genes,
respectively (Figure 1.1). These proteins share a Rel-homology domain (RHD) near
their N-terminus (Baldwin 1996; Ghosh et al. 1998), which is responsible for DNAbinding, dimerization, inhibitor binding and nuclear localization. Additionally, cRel
and RelA possess an acidic transactivation domain. Structural information for several
NF-κB family members bound to DNA via their RHD or dimerization domain has
been elucidated, which provided much insight into the mechanism of subunit

3

Figure 1.1 The NF-κB and Iκ B family members. Five mammanlian NF-κB genes give rise to five
transcription factor proteins RelA, cRel, RelB, p50 and p52, that share the Rel-homology domain
(RHD, turquoise blox), which is responsible for DNA-binding, dimerization, and association with IκB
proteins. The proteins p50 and p52 are derived from a proteolytic processing event of the p105 and
p100 precursor proteins, respectively. Their C-terminal portions contain ankyrin repeat domains (ARD)
that are the hallmark of the classical IκB inhibitor proteins IκBα, IκBβ, and ΙκΒε. This schematic was
adapted from (Hoffmann and Baltimore 2006).

4
association and DNA recognition by the NF-κB transcription factors (Ghosh et al.
1995; Muller et al. 1995; Cramer et al. 1997; Chen et al. 1998; Huxford et al. 1999;
Huang et al. 2001). Of the 15 possible dimers of NF-κB subunits (Figure 1.2), at least
12 are able to bind DNA and potentially regulate transcription. It is thought that
RelA:RelB, cRel:RelB and RelB:RelB dimers do not bind to DNA. In a given cell, a
subset of dimers may be present, depending on the cell-type, stage and conditioning by
environmental cues. For example, RelA dimers are ubiquitously expressed, but cRel
dimers are more highly expressed in mature lymphoid (B or T) cells. Interestingly,
although κB-site sequences are diverse, the different dimers have broad sequence
recognition specificities that largely overlap (Hoffmann et al. 2003).
A primary mechanism by which NF-κB is controlled is through regulation of
its binding to DNA. The inhibitor of kappaB (IκB) proteins are members of the
ankyrin repeat domain (ARD) superfamily, and include the canonical IκB proteins
IκBα, IκBβ, and ΙκΒε, as well as the non-canonical precursor proteins p105/ ΙκΒγ and
p100/ΙκΒδ, whose N-terminal portions encode p50 and p52, respectively (Liou et al.
1992; Dobrzanski et al. 1995; Karin and Ben-Neriah 2000). Functionally, the
canonical IκB proteins bind NF-κB dimers and sequester them to the cytoplasm by
masking their nuclear localization sequence (NLS) to prevent DNA-binding. Cellular
stimulation results in specific phosphorylation, ubiquitination and proteasomemediated proteolysis of the NF-κB-bound IκB protein, which facilitates NF-κB
nuclear localization and subsequent transcriptional activity (Karin and Ben-Neriah
2000).
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Figure 1.2 The NF-κ B homo- and heterodimers. The five proteins can form 15 transcription factors
via homo- or heterodimerization. While in principle, every isoform of one molecule type can interact
with every member of the adjacent family, differential affinities make some interactions much more
likely than others. In general, it is thought that the RelA:RelB, cRel:RelB and RelB:RelB dimers do not
functionally bind DNA (denoted by transparent dimers). These dimers recognize a consensus κB site,
as shown below. This schematic was adapted from (Hoffmann et al. 2006).
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Activation of the NF-κB signaling module.
Canonical NF-κB signaling. A plethora of stimuli activate the NF-κB
transcription factors (Pahl 1999), including (i) bacterial, fungal or viral products, (ii)
intercellular mediators such as inflammatory cytokines and growth factors, (iii)
metabolic or genotoxic stress agents induced by environmental hazards, and (iv)
immunoglobulin domain-containing receptors that regulate the adaptive immune
response (Figure 1.3). The most well-studied activation pathway utilized by most
stimuli is the “canonical” NF-κB signaling pathway, which impinges on the RelA:p50
and c-Rel:p50 heterodimers (Figure 1.4). Upon cellular stimulation, the trimeric IκBkinase (IKK) complex, consisting of IKKα, IKKβ and IKKγ/NEMO (NF-κB essential
modulator), phosphorylates the canonical IκB proteins (α, β, ε) at two specific Nterminal serines (32 and 36 on IκBα). Upon phosphorylation, the IκB proteins are
poly-ubiquitinatied by the (β-TRCP)SCFIκB (Skp1, Cdc53/Cullin1, and F-box protein
β transducing repeat containing protein) E3 ubiquitin ligase complex, which induces
proteasome-mediated degradation of the IκB protein, thus enabling NF-κB nuclear
localization and DNA-binding (Karin and Ben-Neriah 2000). Of the two catalytic
subunits, IKKβ is responsible for the majority of IKK kinase activity in most cell
types. However, in the absence of IKKβ, IKKα can provide residual IKK activity (Hu
et al. 1999), whereas deletion of IKKα in IKKβ-expressing cells has no effect on
canonical IKK activity (Li et al. 1999).
Prompt activation of NF-κB is required to mount an effective immune or
inflammatory response; however, termination of such responses is critical to prevent
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Figure 1.3 The IKK-Iκ B-NF-κB signaling module. The NF-κB signaling pathway is activated by a
wide variety of extracellular and intracellular signals to control a diverse set of cellular responses.
Negative feedback control mediated by the IκB isoforms allows for dynamic regulation of NF-κB. This
schematic was adapted from (Werner et al. 2005).
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Figure 1.4 Two pathways for NF-κ B signaling. In response to inflammatory stimuli, IKKβdependent degradation of the IκB’s leads to NF-κB (RelA:p50) translocation and DNA-binding
activity; this pathway is known as “canonical” signaling. For developmental or antigen signaling, the
“non-canonical” pathway is activated such that IKKα-dependent degradation of p100 results in RelBcontaining dimer translocation to the nucleus to effect gene expression of p100 itself. Additionally,
p100 is co-translationally processed to produce p52, which can then dimerize with RelB for a sustained
NF-κB response. Schematic was adapted from (Basak et al. 2007).
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aberrant signaling that can lead to tissue damage, septic shock and increase the risk for
cancer and autoimmune disease (Karin and Greten 2005). The IκB proteins play a
major role in dampening NF-κB activity (Figure 1.4). IκBα is an early NF-κB target
gene, and newly-synthesized protein enters the nucleus and associates with DNAbound NF-κB dimers, leading to their inactivation and export to the cytoplasm (Scott
et al. 1993; Sun et al. 1993). This forms a simple negative feedback loop that prevents
constitutive NF-κB activity, while also serving to “reset” the system such that the
pathway can be reactivated. Despite this layer of regulation, termination of NF-κB
signaling is more complex, and is thought to involve the degradation of nuclear RelA
(Lawrence et al. 2005; Maine et al. 2007; Tanaka et al. 2007; Natoli and Chiocca
2008). There are several stimulus-specific mechanisms that drive negative regulation
of NF-κB signaling, many of which are receptor proximal events, and I will discuss
these in greater detail within this dissertation. In this capacity, I will examine three
inflammatory stimuli as model systems for NF-κB activation: tumor necrosis factor
(TNF), interleukin 1β (IL-1β), and lipopolysaccharide (LPS).
Canonical NF-κB signaling via the TNF Receptor. Much of our
understanding regarding the NF-κB signaling pathway is based upon studies of tumor
necrosis factor (TNF) signaling. TNF is a member of a large superfamily of trimeric
cytokines and is one of the most potent activators of inflammation. TNF binds to two
receptors, TNFR1 and TNFR2, where the former plays a more important role in NFκB signaling (Figure 1.5). Ligand engagement of TNFR1 leads to receptor
trimerization and recruitment of the adapter TRADD (TNFR1-associated death
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Figure 1.5 Activation of canonical NF-κB signaling via TNFR, IL-1R and TLR4 pathways. For
TNFR signaling, ligation of TNFR results in TRADD-dependent recruitment of TRAF2/5 and RIP.
TRAF2 catalyzes K63-linked ubiquitination of RIP1, which recruits the IKK complex to the
signalosome. IKK activation is catalyzed by either trans-autophosphorlation, or by an upstream kinase
(IKKK; MEKK3 or TAK1/TAB1/2/3), or a combination of both. For IL-1R signaling, the MyD88 and
TOLLIP adapters recruit TRAF6, which ubiquitinates IRAK1/4 and thus recruits the IKK complex. For
TLR4 signaling, NF-κB activation occurs via both MyD88- and TRIF-dependent pathways.
TIRAP/MAL and TRAM serve as bridging factors to recruit MyD88 and TRIF, respectively. As for
IL-1R, MyD88 recruits TRAF6 and members of the IRAK family, leading to IKK activation.

11
domain protein (Hsu et al. 1996b; Micheau and Tschopp 2003), which then recruits
TRAF2/5 (TNFR-associated factors 2 and 5) and RIP1 to the receptor (Hsu et al.
1996a; Ting et al. 1996; Meylan et al. 2004). RIP1 is most likely polyubiquitinated by
TRAF2 (Ea et al. 2006), which facilitates recruitment of the IKK complex via
polyubiquitinated IKKγ/NEMO. While IKK activation has been shown to involve
trans-autophosphorylation upon membrane recruitment (Rothwarf and Karin 1999),
other studies have suggested that upstream kinases (an “IKKK”) may play a role in
IKK activation, such as the MAP Kinase Kinase MEKK3 (Yang et al. 2001).
Fibroblasts lacking MEKK3 exhibit defective NF-κB activation in response to TNF;
however, this effect is not seen in immune cells. Another upstream kinase implicated
in IKK activation is TAK1 (Transforming growth factor beta activating kinase 1), with
its regulatory subunits TAB1, TAB2 and TAB3 (Wang et al. 2001; Ishitani et al.
2003). TAK1 or TAB1/2-deficient mice show some defect in TNF signaling, but the
evidence is not entirely clear. The involvement of TAK1 or MEKK3 in IKK
activation may be cell-type specific, and they may be responsible for amplifying IKK
signals rather than initiating activation. Conversely, it also possible that these kinases
trigger IKK activation, and trans-autophosphorylation amplifies IKK activity to elicit
downstream NF-κB responses.
Canonical NF-κB signaling via the IL-1 Receptor. Members of the Tolllike receptor/Interleukin 1-Receptor (TLR/IL-1R) superfamily are also potent
activators of canonical NF-κB signaling. Both TLR and IL-1R family members share
a common motif in their cytoplasmic domain called the TIR domain (Martin and
Wesche 2002; Kawai and Akira 2007). Similar to TNFR, TIR-containing receptors do
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not possess intrinsic catalytic activity, and require recruitment of adapter proteins,
ubiquitin ligases and protein kinases to transduce signals. The IL-1 receptor (Figure
1.5) heterodimerizes with the IL-1 Receptor accessory protein (IL-1RAcP), which
then recruits the TIR-domain-containing adapter MyD88 (myeloid differentiation
primary response gene 88) and TOLLIP (Toll-interacting protein) (Burns et al. 2000;
O'Neill 2008). MyD88 then recruits two proteins: IRAK1 (IL-1R-associated kinase 1)
and TRAF6 (Cao et al. 1996; Takatsuna et al. 2003). The related protein IRAK4 is
also involved (Kawai and Akira 2007). The IRAKs share structural features with
RIP1, as well as the fact that their kinase function is not required for NF-κB activation
(Knop and Martin 1999). Similar to RIP1, the IRAKs undergo K63-linked
ubiquitination via TRAF6 (Conze et al. 2008). TRAF6 also binds to the TAB1/2/3
complex, and reportedly leads to TAK1-mediated IKK activation (Sato et al. 2005).
However, the role of TAK1 in IL-1-induced IKK activation remains controversial.
Canonical NF-κB signaling via the TLR4 Receptor. Cellular responses to
E. coli infection begin with engagement of the TLR4 receptor by its ligand
lipopolysaccharide (LPS) (Figure 1.5). Ligand binding induces TLR4
homodimerization, and receptor function also depends on the presence of CD14 and
MD2 (Shimazu et al. 1999; Akashi et al. 2000; Jiang et al. 2000; da Silva Correia et al.
2001). Like IL-1R signaling, TLR4 recruits the adapter MyD88; however, a second
adapter called TRIF (TIR domain-containing adapter-inducing IFNβ) is also recruited
to the receptor (Akira and Takeda 2004). TLR4 binds to these adapter proteins via
intermediary adapters called TIRAP/MAL (Toll/interlukin-1 receptor adapter protein)
or TRAM (Trif-related adapter molecule), respectively. TLR4 is unique in that it
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binds both MyD88 and TRIF; other TLR’s bind MyD88 only (TLR9) or TRIF only
(TLR3) (Yamamoto and Akira 2005; Kawai and Akira 2007). While the MyD88dependent pathway leads to IKK activation similar to that for IL-1R, the TRIFdependent pathway may also activate NF-κB activity (Kawai et al. 2001). TRIFdependent signaling plays a greater role in inducing IFNβ (Interferon beta) activity via
the IKK-related kinases TBK1 and IKKε (Sato et al. 2003). It has been reported that
IFN gene induction plays an important role in activating the full NF-κB response in
IFN-producing cells because of the transcriptional cooperation between IRF3
(Interferon regulatiory factor 3) and NF-κB (Hiscott 2007).
Non-canonical NF-κB signaling. Several non-inflammatory stimuli have
been shown to engage the “non-canonical” or “alternative” NF-κB signaling pathway,
which is associated with developmental signaling cues (Figure 1.4). Depending on the
stimulus or cell-type, non-canonical NF-κB activity consists of RelB and/or RelA
complexed with the dimerization partners p50 or p52. While the activation
mechanism is largely dependent on the signaling components upstream of the IKK
complex, the non-canonical signaling axis activates the upstream kinase NIK (NF-κBinducing kinase), which leads to IKKα activation (Senftleben et al. 2001; Xiao et al.
2001), and subsequent p100 processing. Whether p100 is processed to generate p52containing dimers, or it simply functions as an IκB protein to sequester NF-κB dimers
remains unclear. Previous studies have shown that p100 processing is co-translational
and is thereby restricted to newly synthesized protein (Mordmuller et al. 2003). In
addition, recent studies showed a simplified model in which p100 functions as an IκB

14
protein that sequesters both RelA:p50 and RelB:p50 dimers in resting cells. Upon
cellular stimulation, IKKα activity leads to full degradation of p100, but newly
synthesized p100 is preferentially processed to p52, which can dimerize with both
RelA and RelB to ensure long-lasting NF-κB activity (Basak et al. 2007). Noncanonical signaling is regulated by NIK turnover, which is reported to be dependent
on TRAF3 and/or TRAF2 (He et al. 2007; Gardam et al. 2008; Vallabhapurapu et al.
2008).
One notable difference between canonical and non-canonical signaling is that
non-canonical NF-κB activation is significantly slower and is sustained over many
hours (or even days), which may be explained by the fact that RelB-containing dimers
are not subject to control by the canonical IκB proteins, and thus the signaling axis
lacks strong negative feedback mechanisms or dynamic control. Steady, long-lasting
activity may be indicative of the primary physiological functions of the non-canonical
pathway: cellular differentiation, survival and organogenesis.

Signal Transduction: a dynamic process.
Signaling networks are comprised of a large number of protein interactions,
which suggests that signals are transduced through highly selective protein-protein
interactions. On the other hand, there are relatively few transcription factors that are
responsible for a large number of diverse cellular responses to different stimuli,
physiological contexts and timescales. This begs the question: how do cells
“compute” the correct response (output) at the level of cell biology and gene
expression, to a given a set of stimuli (input)? The experimental methods that have
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been instrumental in the identification of signaling proteins are often not quantitative.
In addition, they also lack information in the temporal dimension. To better
understand the molecular mechanisms that generate specificity in signal transduction
requires a different set of experimental approaches that provide quantitative
information on the dose-responses, dynamics and temporal control of signaling
transduction.
Recently, experimental studies have drawn attention to signaling dynamics by
examining the activity of signaling intermediates via timecourse analyses in cell
populations, or real time fluorescence imaging in single cells. Previously, it has been
shown that IκBα, a NF-κB response gene, attenuates NF-κB activity in an
autoregulatory feedback loop (de Martin et al. 1993; Le Bail et al. 1993; Scott et al.
1993). While this model explained some aspects of NF-κB regulation, it failed to
explain how some inducers (i.e. LPS), could elicit persistent NF-κB responses. Upon
the cloning and characterization of the IκBβ isoform, it became clear that although
IκBα and IκBβ display similar inhibitory activities, they respond to NF-κB inducers
in a temporally different manner (Thompson et al. 1995). Whereas some stimuli elicit
early yet transient NF-κB activity by inducing only IκBα degradation, others yield a
more persistent NF-κB response by causing the degradation of both IκBα and IκBβ.
The results suggest that activation of NF-κB occurs in a two-step process, where
stimuli such as LPS cause NF-κB release from IκBα-containing complexes early,
followed by release from IκBβ-containing complexes. The dynamics of NF-κB-IκB
signaling have been further explored in human and mouse cell lines, where it was
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shown that persistent TNF stimulation elicited two phases of NF-κB activation
(Hoffmann et al. 2002). Using combinations of single and double knockouts of the
IκB isoforms, the study further revealed that the coordinated degradation, synthesis,
and localization of all IκB isoforms (α, β, ε) are required to yield characteristic NF-κB
activation profiles. Single cell work using fluorescence imaging of NF-κB (RelA) and
IκBα fluorescent fusion proteins has also corroborated these results that negative
feedback plays an important role in NF-κB dynamics (Nelson et al. 2004).
A closer look signaling dynamics: oscillations versus dynamic amplitude
modulation.
Oscillations. Temporal control of a signaling system may be described in
terms of the propagation of oscillating intracellular signals, which encodes information
based upon a signal’s frequency or periodicity. Calcium, an intracellular second
messenger, also exhibits oscillatory behavior, as stimulation by neurotransmitters or
hormones leads to repetitive signaling events that modulate cellular events such as
gene expression, proliferation, secretion (Berridge et al. 2000; Tang and Kalil 2005).
Specifically, calcium signaling is a well-known regulator of axon outgrowth in cortical
neuron development in a frequency-dependent manner (Gomez and Spitzer 2000;
Henley and Poo 2004; Tang and Kalil 2005). Recently, oscillations in cellular
localization and transcription factor concentrations are being recognized as features of
signaling pathways, such as the p53 (Lev Bar-Or et al. 2000; Lahav et al. 2004) and
NF-κB pathways (Nelson et al. 2004; Covert et al. 2005; Ashall et al. 2009).
However, the role of oscillations in NF-κB signaling remains controversial. For
example, when cells showing oscillatory NF-κB responses were compared to cells that
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do not, no differences in endogenous gene expression was observed (Barken et al.
2005). Furthermore, studies have uncovered a second feedback mechanism that cells
have evolved to dampen IκB-mediated oscillations (Kearns et al. 2006a), indicating
that the NF-κB signaling system may have in fact evolved to counteract oscillatory
behavior.
Dynamic amplitude modulation. In contrast to oscillatory behavior, dynamic
amplitude modulation does not encode information in the frequency of a signal.
Rather, information of upstream signals is encoded in the temporal amplitude profile
of the transcription factor where several phases of activity may be distinguished. Each
activity phase may be associated with distinct features of amplitude or duration. The
NF-κB pathway is described as a negative feedback-containing signaling module
containing interactions between IKK, IκB isoforms, and NF-κB. In this module,
signals from various cellular receptors (inputs) are transmitted to downstream nuclear
promoter-bound protein complexes that govern gene expression (outputs) (Figure 1.3
and (Hoffmann et al. 2002)). This work explained an important feature of the NF-κB
signaling module: it is able to process both transient and persistent signals yielding
different outputs. For example, persistent TNF stimulation of mouse embryonic
fibroblasts resulted in a biphasic NF-κB activation profile, where the first peak of
activity lasted for approximately 60 minutes, followed by a trough, and then a second,
attenuated activation at 90 minutes that lasted as long as the stimulus. Transiently
stimulated cells (i.e. pulses of 5, 15, 30, 60 minutes) led to NF-κB DNA binding
activity profiles of similar duration, which was equivalent to the first peak of
persistently stimulated NF-κB activity. In other words, the response duration of
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transiently stimulated cells is invariant. Thus, the NF-κB signaling module possesses
bimodal signaling characteristics; one mode allows for significant NF-κB responses
even in the presence of short stimulation, whereas the second mode yields responses
proportional to stimulus duration when the stimulation time exceeds 1 hour. In
addition, it has been shown that the “trough” in NF-κB activation (60-75 minutes postTNF stimulation) is not only invariant to pulse duration, but also to the dose of TNF
stimulation (Cheong et al. 2006). This study explains that although the amplitude of
NF-κB activity is approximately proportional to the logarithm of TNF concentration,
the first phase of activity always lasts 45-60 minutes, thereby showing that the first
phase of NF-κB activation is “hardwired”.
What is the physiological significance of these findings? One implication is
that the activation of a particular set of NF-κB response genes might be responsive to
a short pulse of TNF stimulation, whereas a different set of genes may require a
stimulation time longer than 1 hour. Indeed, some genes (i.e. the chemokine IP-10)
are activated irrespective of stimulus duration, whereas others (i.e. RANTES) require
persistent NF-κB activation (Hoffmann et al. 2002). Recently, a microarray study
focusing on TNF-induced gene expression programs corroborated these results (Tian
et al. 2005), and mapped each gene response group to its molecular function. A
subsequent bioinformatics analysis resolved that genes requiring only a short pulse of
TNF encode for cytokines and negative regulators of the NF-κB pathway, whereas
genes requiring persistent NF-κB activation encode cell surface receptors, adhesion
molecules and signaling adaptors.
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Temporal control of NF-κB signaling: a hypothesis.
The aforementioned studies suggest that temporal control of NF-κB signaling
may be important for generating specificity in stimulus-specific gene expression.
Based on these findings, I hypothesized that different stimuli will encode for specific
IKK activity profiles, which may allow for stimulus-specific NF-κB activation and
subsequent gene expression. Here, I will discuss the role of temporal control of NFκB in three model systems – TNFR, IL-1R and TLR4 signaling – and the underlying
mechanisms that drive stimulus-specific IKK activity. Additionally, I will explore
how common pharmacological inhibitors can have surprisingly stimulus-specific
effects on the IKK-NF-κB signaling module, as well as how pathogen infection can
disrupt host NF-κB signaling by modulation of IKKβ homeostasis.

The role of computational modeling in understanding signaling dynamics: an
interdisciplinary approach.
The temporal information on dynamic cell behavior gained from biochemical
and genetic analyses is not easily represented in diagrams, but can be animated using
computational modeling (Hasty et al. 2001; Kearns and Hoffmann 2009). Based upon
ordinary differential equations (ODEs), computational models allow for quantitative
analysis and temporal resolution of dynamic signaling events that basic biochemistry
read-outs and in vitro reconstitution studies cannot achieve alone. Specifically,
models can take into account the non-linearity of pathways, feedback loops, and the
combinatorial regulation of molecular interactions (Monk 2003; Kholodenko 2006).
Basic network diagrams are useful for showing required protein interactions, but fail
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to account for the timing of signaling events and coordinated control of gene
expression. A computational model allows for reconstitution of complex processes in
silico, thus determining the sufficiency of a defined signaling system and, in turn,
allowing for the study of a system’s emergent properties.
A mathematical model of the IκB-NF-κB signaling module was first
developed based upon biochemical data (Hoffmann et al. 2002) and was validated
with real-time single cell fluorescence imaging (Nelson et al. 2004). The model
quantitatively accounts for association and dissociation of protein complexes,
synthesis of IκB proteins, IKK-dependent and -independent IκB degradation, and
nuclear localization of the IκBs and NF-κB. It recapitulates homeostatic control of
NF-κB in resting cells (O'Dea et al. 2007), dynamic regulation differentially provided
by the IκB isoforms (Kearns et al. 2006a; Basak et al. 2007), and experimentally
observed TNF dose responses (Cheong et al. 2006). In my graduate work, I
collaborated with computational modeling colleagues to take an interdisciplinary
approach in exploring the role of NF-κB temporal control as a mechanism to generate
signaling specificity.

Chapter 2:
Materials and Methods
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Materials and Methods
The following materials and methods were consistently used throughout my
graduate work. Detailed descriptions of more specific experiments will be included at
the conclusion of each chapter.
Cell Lines and Tissue Culture: Both primary and immortalized mouse embryonic
fibroblasts (MEFs) were grown in DMEM supplemented with 10% bovine calf serum,
penicillin (100 units/ml), and streptomycin (100 µg/ml), and L-glutamine (1%) at 5%
CO2, 37°C. Confluent-and-serum starved (0.5% serum) cells were stimulated with
varying concentrations and durations of LPS (Sigma, B5:055), TNFα (Roche) or IL-1
(EMD Biosciences). Transiently stimulated cells were washed two times with 1X
PBS, and untreated 0.5% serum-containing medium was added back to the cells until
harvesting. The time-points in each experiment refer to time after the onset of
stimulation at T=0 minutes.

Electrophoretic Mobility Shift Assay (EMSA): After stimulation, cells were washed
with ice cold Phosphate Buffered Saline (PBS) + 1mM EDTA, and were scraped and
collected into a microcentrifuge tube and pelleted at 2000xg. Cells (about 106) were
resuspended in 100µl CE Buffer [10mM HEPES-KOH (pH 7.9), 60mM KCl, 1mM
EDTA, 0.5% NP-40, 1mM DTT, 1mM PMSF], and vortexed for lysis. Nuclei were
pelleted at 4000xg, resuspended in 30µl NE Buffer [250mM Tris (pH 7.8), 60mM
KCl, 1mM EDTA, 1mM DTT, 1mM PMSF], and lysed by 3 freeze-thaw cycles.
Nuclear lysates were cleared by 14000xg centrifugation and protein concentrations
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were normalized via Bradford assay. 2.5µl total nuclear protein was reacted at room
temperature for 15 minutes with 0.01 pmol of P32-labeled 38bp double-stranded
oligonucleotide containing two consensus kappaB sites:
(GCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGG) in binding buffer
[10mM Tris-Cl (pH 7.5), 50mM NaCl, 10% glycerol, 1% NP-40, 1mM EDTA,
0.1µg/µl polydI:dC], for a total reaction volume of 6µl. Complexes were resolved on
a non-denaturing 5% acrylamide (30:0.8) gel containing 5% glycerol and 1X TGE
[24.8mM Tris, 190mM glycine, 1mM EDTA], and were visualized/quantitated using a
PhosphorImager (Molecular Dynamics), in which the unbound probe (>20 fold
excess) was used to normalized for loading variability.

In Vitro IKK Kinase Assay (IKK KA): After stimulation, cytoplasmic extracts were
isolated from cells as described above using 200µl IKK CE Buffer [10mM HEPESKOH (pH 7.9), 250mM NaCl, 1mM EDTA, 0.5% NP-40, 0.2% Tween 20, 2mM DTT,
1mM PMSF, 20mM β-glycerophosphate, 10mM NaF, 0.1mM Na3VO4], and were
normalized via Bradford assay. Cytoplasmic extracts (100µl) were incubated with
1µg IKKγ monoclonal antibody (BD Pharmingen) for 2hr at 4°C, and then with
Protein G agarose-conjugated beads (Amersham Biosciences) for 1hr at 4°C. After
washing with IKK CE Buffer twice and kinase buffer [20mM HEPES (pH 7.7),
100mM NaCl, 10mM MgCl2, 2mM DTT, 1mM PMSF, 20mM β -glycerophosphate,
10mM NaF, 0.1mM Na3VO4] once, the beads were incubated with 20µl kinase buffer
containing 20 µM adenosine 5'-triphosphate (ATP), 10µCi -[32P] ATP, and 0.5µg
bacterially expressed GST–IκBα(1-54) substrate at 30°C for 30 min. The reaction was
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resolved by 10% SDS-PAGE and was visualized and quantitated by PhosphorImager
(Molecular Dynamics). To normalize kinase activities, proteins from a portion of the
SDS gel (175kd-50kd) was transferred to PVDF (Amersham Biosciences) and probed
for IKKα (Santa Cruz Biotechnologies) or IKKβ (Biosource) using standard
immunoblotting techniques.

RNase Protection Assay (RPA): Total RNA was prepared from confluent-and-serum
starved (0.5% serum) primary and immortalized 3T3 mouse embryonic fibroblasts
using Trizol-Reagent (Invitrogen). RPA was performed with 2.5-5µg RNA using
Riboquant probe sets (Pharmingen) according to the manufacturer's instructions. Data
was analyzed using a Molecular Dynamics PhosphorImager. During quantitation of
data, mRNA transcript levels were normalized to the expression of the L32
housekeeping gene.

Chapter 3:
Stimulus-specificity of gene expression programs determined by
temporal control of IKK activity
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ABSTRACT
A surprisingly small number of mammalian signaling pathways mediate
distinct physiological responses to diverse cellular stimuli. In this chapter, I will
discuss how temporal control of the signaling module that contains IκB kinase (IKK),
its substrate inhibitor of NF-κB (ΙκΒ), and the key inflammatory transcription factor
NF-κB can allow for selective gene activation. Using a temporal control mutant cell
line that is still responsive to inflammatory stimuli, we see a remarkable reduction in
the stimulus-specificity of induced gene expression. Our work demonstrates that
stimulus-specific temporal regulation of NF-κB constitutes a temporal code that
conveys information to gene promoters to generate gene expression specificity.

INTRODUCTION
The evolutionarily conserved, signal-responsive transcription factor NF-κB
plays a role in a myriad of physiological functions, including lymphoid tissue
development, immune, inflammatory, and environmental stress responses, and
neuronal signaling (Gerondakis et al. 1999; Ghosh and Karin 2002). A number of
human pathologies are caused by the impairment of signal-responsive NF-κB
regulation including chronic inflammatory diseases (Yamamoto and Gaynor 2001) and
cancers (Aggarwal 2004). Thus, mechanisms that regulate NF-κB activity and allow
it to control stimulus-specific physiological responses are of pressing clinical
relevance (Darnell Jr. 2002; Karin et al. 2004), and are also of interest as a model
system for studies of complex mammalian signaling systems.
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The functional pleiotropism of NF-κB is based on the responsiveness of IKK
to diverse signals transduced by plasma membrane-bound receptors or sub-cellular
organelles (Pahl 1999). Initially, Hoffmann and colleagues used a combination of
computational and experimental methods to show that temporal control of NF-κB
activity can lead to selective gene expression (Figure 4 in (Hoffmann et al. 2002)). In
short, they showed that stimulation of mouse embryonic fibroblasts (MEFs) with a
short pulse of tumor necrosis factor (TNF; 15 min) resulted in transient NF-κB
activity, which was sufficient for the expression of particular NF-κB-responsive genes
(i.e. IP-10). In contrast, induction of the chemokine gene RANTES was correlated
with persistent NF-κB activity, and could not be induced by a shorter, transient
stimulation. Thus, the duration of NF-κB activity is important for specificity in gene
expression.
RESULTS AND DISCUSSION
Exploring temporal control of IKK activity in regulating NF-κB signaling.
While hundreds of different stimuli activate the same IKK-IκB-NF-κB
signaling module, they elicit different gene expression programs. We reasoned that
stimulus-specific temporal control of IKK activity might allow for distinct biological
responses if signal processing within the IKK-IκB-NF-κB signaling module resulted
in distinct NF-κB activity profiles. To examine the signal processing characteristics of
the signaling module, my collaborator Derren Barken utilized the computational
model to generate a collection of potential IKK profiles with a simple algorithm
(Figure 3.1).
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Figure 3.1 A library of theoretical IKK activity curves. A set of diverse IKK profiles were
computationally generated by the following algorithm: each input had a rising phase (parameter a), a
first plateau (parameter b), a falling phase (parameter c), and a second plateau, each with varying time
values of 0, 60, 120, 240 min (parameter a; x-axis), or 0, 5, 15, 30, 60, or 120 min (parameter b) or 0,
60, 120, or 240 min (parameter c). The heights of the first (parameter x) and second (parameter y)
plateau were also varied to 4, 12, 34, 101nM IKK (parameter x), or 1, 4 12, 34, 101nM IKK (parameter
y, y ≤ x). Simulations were performed by Derren Barken.
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The algorithm allowed 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
c = 0, 60, 120, or 240 min), and a second, equal or lower plateau of activity at or
above baseline (y = 1, 4, 12, 34, 101 nM).
The resulting comprehensive library of 687 unique IKK activity profiles served
as inputs for computational simulations with our mathematical model. Each IKK
input-NF-κB output pair (examples in Figure 3.2) reflects signal processing within the
IKK-IκB-NF-κB signaling module. By grouping similar NF-κB activity profiles
using standard K-means clustering, we investigated which IKK activity profiles are
distinguished by the signaling module, and which profiles – though seemingly
different – are likely to have similar biological effects (Figure 3.2). Examination of
the clusters revealed, for example, that the amplitude of the first peak of IKK activity
was not a major determinant of the NF-κB activity profile (for example, clusters 2 and
25). However, different rates of IKK activation (contrast clusters 9 and 10) and the
duration of the first peak of activity (contrast clusters 14 and 21, or 28 and 31) did
result in different NF-κB activity profiles. The signaling module does not distinguish
very much between different decay rates of IKK activity at late times (for example,
clusters 9 and 24). However, the amplitude of IKK activity in the second phase
(secondary plateau) was very important (compare clusters 21, 27, and 28). While
transient aberrations in IKK activity do not result in much NF-κB activity (cluster 36),
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Figure 3.2 Exploring temporal control of IKK activity in silico. From the library of 687 IKK curves,
the corresponding set of NF-κB activity profiles were calculated (red, top left panel). The activity
profiles were clustered by K-means clustering (MatLab 7.0 Statistical Toolbox). Shown here is a
selection of 36 clusters. The corresponding IKK profiles (blue) were grouped accordingly. Simulations
and clustering were performed by Derren Barken.
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large but very transient IKK activities have a similar signaling effects as do sustained
smaller increases (cluster 3): both result in an NF-κB activity profile that persists
much longer than the duration of the transient pulse of IKK activity. The signaling
module appears to be particularly sensitive to sustained low IKK activity (cluster 30),
but robust to transient perturbations.
One prediction of this computational exploration is that long-lasting NF-κB
activity may be mediated by surprisingly low amplitudes of IKK activity, whereas
transient NF-κB activity requires a much higher increase in IKK activity. Examining
the actual kinase activity profiles in cells exposed to either brief (45 min) or prolonged
(chronic) stimulation revealed that IKK was highly active at early timepoints but
activity dropped to low levels after about 30 min (Figure 3.3). Consistent with the
computational investigation, IKK activity profiles were similar with only a slightly
increased late plateau of activity elicited by persistent stimulation. However, as
discussed earlier, these stimulation conditions have distinct biological effects mediated
by a late phase of NF-κB activity (Hoffmann et al. 2002). The importance of small
changes in late or prolonged IKK activity suggests that mechanisms may have evolved
to modulate it with remarkable precision.
Stimulus-specific signaling by the IKK-NF-κB signaling module.
Actual cellular IKK activity profiles are determined by distinct signaling
pathways emanating from receptors that allow for stimulus-specific signal processing.
I measured IKK activity profiles in response to the inflammatory stimuli TNF and
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Figure 3.3 IKK Activity in response to transient or persistent TNF stimulation. IKK activity was
measured in mouse embryonic fibroblasts (MEFs) after chronic (TNFc) or 45 min pulse (TNFp) TNF
stimulation (1ng/ml) by IKK IP-kinase assay (IKK KA). GST-IκBα(1-54) served as a substrate in the
assay, and its phosphorylation by IKK was quantitated, normalized and graphed.
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LPS. Transient administration of these stimuli (45 min) resulted in different IKK
activity profiles (Figure 3.4). LPS elicited a small increase in IKK activity within the
first 30 min, and a larger increase between 45 and 90 min with a slowly attenuating
late phase. In contrast, TNF elicited a sharp peak of IKK activity within the first 15
min with a return to baseline within 60 min. Computational simulations with those
experimentally determined IKK activity profiles predicted temporally distinct NF-κB
activity profiles (simulations by Derren Barken, data not shown). Experimental
analysis revealed that the temporal NF-κB activity profiles (Figure 3.5) and IκB
protein levels (Figure 3.6) were similar to those predicted.
Gene expression microarrays were used to compare gene expression programs
in response to transient stimulation of MEFs with LPS and TNF. Although there was
substantial overlap between LPS- and TNF-induced gene expression programs at early
timepoints, many genes showed higher transcript levels at late times in response to
LPS than TNF (Figure 3.7). We performed an additional microarray analysis of MEFs
stimulated with not only TNF and LPS, but also the inflammatory cytokine interleukin
1-beta (IL-1β). Temporal clustering of normalized fold-induction data of stimulusresponsive genes was performed by my colleague Christine Cheng (Figure 3.8). In
this data set, 669 genes were upregulated in any one of diverse inflammatory
stimulation conditions at an early (1 hr) or later (8 hr) timepoint. Strikingly, more than
85% of these were categorized as stimulus-specific when similarly analyzed by kmeans clustering. We identified genes expressed specifically in response to TNF
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Figure 3.4 IKK Activity in response to distinct stimuli. IKK profiles were measured by IP-kinase
assay in MEFs stimulated with a 45 min pulse of either TNF (1ng/ml) or LPS (0.1µg/ml). Quantitated
and normalized results were graphed.
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Figure 3.5 NF-κB activity in response to distinct stimuli. NF-κB activity profiles were measured by
electrophoretic mobility shift assay (EMSA) in response to a 45 min pulse of TNF (1ng/ml) and LPS
(0.1µg/ml). Results from the EMSA were normalized and graphed.
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Figure 3.6 IκB degradation profiles in response to TNF and LPS stimulation. IκB levels were
monitored by immunoblotting in MEFs stimulated with a 45 min pulse of TNF (1ng/ml) and LPS
(0.1µg/ml).

gene expression in response to LPS
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Figure 3.7 Microarray gene expression profiling in TNF and LPS-stimulated MEFs. Profiling
revealed 734 genes whose expression was increased by more than 3-fold in response to either TNF or
LPS at the 1 or 8 hour timepoint. mRNA transcript levels of each gene (in arbitrary units) are shown
for the 1hr (blue) and 8hr (red) timepoint following TNF stimulation (x-axis) and LPS stimulation (yaxis).
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Figure 3.8 Clustering analysis of genes expressed in response to TNF, LPS and IL-1. Microarray
gene expression analysis in wild-type and NF-κB-deficient (rela-/-nfkb1-/-crel-/-) MEFs in response to
four model stimuli at 1 and 8 hours: TNFc (1ng/ml; chronic), TNFp (1ng/ml; 45 min pulse), LPS
(0.1µg/ml; chronic), IL-1 (1ng/ml; chronic). For the NF-κB-deficient MEFs, only TNFc and LPS
samples for 1 and 8 hr are mapped. The gene expression heatmap shows K-means generated clusters of
co-regulated genes for each stimulus. Clustering analysis was performed by Christine Cheng.
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(cluster B), IL-1 (cluster C and F), and LPS (clusters D and J). The TNF-specific
genes were expressed in response to either a transient or chronic stimulation, and
included signaling effector proteins (Table 3.1). The number of IL-1-specific genes
(Table 3.2) in this data set was small (38), and included carboyhydrate-binding
proteins, cell adhesion molecules, and signaling effectors such as DUSP11 (Dual
specificity phosphatases) and A20 (negative regulator of the TNFR pathway – see
Chapters 4 and 5). It is surprising that the A20 gene is shown as IL-1-specific, as it is
know that it is also induced in response to TNF and LPS (Dixit et al. 1990; Lee et al.
2000; Werner et al. 2008). This phenomenon could be attributed to three possible
factors; the first being a result of the gene induction threshold that is chosen for
bioinformatic analysis, as well as the criteria imposed on the clustering analysis (i.e.
how many clusters are chosen, method of clustering, etc). The second possibility is
that the timepoints chosen for the analysis were not ideal for capturing the expression
of this gene in response to other stimuli. The third possibility is that an error may
have occurred during the hybridization of the mRNA to the Codelink array chip.
Examination of the raw data suggests that the third possibility (failed reading for this
particular hybridization) is the most likely candidate, as the A20 gene is known to be
induced by both TNF and LPS within one hour of stimulation. Unlike that for TNF
and IL-1, there are a large number LPS-specific genes (194, clusters D and J) that are
expressed at the 8 hr timepoint (Table 3.3). These genes belong to a broad range of
functional classes, including apoptosis (Caspases-1 and -7), chemokines,
inflammation, immune regulation (interferon-inducible gene products, antigens), and
signaling effectors (STAT2, TRAF1).
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Table 3.1 TNF-specific gene expression. A subset of 36 TNF-specific (Figure 3.8, cluster B) genes
are shown here. A complete list of clustered genes can be found in the appendix of this chapter.

Stimulus Condition
TNF-specific

Gene
Ankrd1
Csn1d
Gss
Igf1r
Jundm2
Tgfbi

Description
Signaling Effectors
Ankyrin repeat domain 1
Casein kinase delta
Glutathione synthetase
Insulin-like growth factor 1 receptor
Jun dimerization protein 2
Transforming growth factor beta-induced
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Table 3.2 IL-1-specific gene expression. A subset of 38 IL-1-specific (Figure 3.8, clusters C and F)
are shown here. A complete list of clustered genes can be found in the appendix of this chapter.

Stimulus Condition
IL-1-specific

Gene

Description
Carbohydrate-binding/Cell Adhesion Molecules
Clecsf10 C-type (Ca2+, carbohydrate dependent) lecthin 10
Clecsf12 C-type (Ca2+, carbohydrate dependent) lecthin 12
Sele
Selectin
Chemokines
Ccl6
Chemokine (C-C motif) ligand 6
Signaling Effectors
Bcar3
Breast cancer anti-estrogen resistance gene
Dusp11
Dual specificity phosphatase 11
Ebag9
Estrogen receptor binding fragment assoc-prot.
Map3k8
Mitogen Activated Kinase Kinase Kinase 8
Tnfaip3
A20 - Dual specificity ubiquitinase
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Table 3.3 LPS-specific gene expression. A subset of 194 LPS-specific genes (Figure 3.8, clusters D
and J) are shown here. A complete list of clustered genes can be found in the appendix of this chapter.

Stimulus Condition
LPS-specific

Gene
Casp1
Casp7
Daxx
Ccl3
Ccl4
Ccl17
Ccl19
Ccl22
Cxcl11
ATM
Il1a
Il12b
Il18
Cd72
Cd86
Ifi1
Ifi35
Ifrg15
Irf5
Isg20
Ly86
Mx1
Sp100
Tcirg1
Tlr1
Trim26
Arhgef3
Rgs1
STAT2
Traf1
Tyki
Ubd

Description
Apoptosis
Caspase-1
Caspase-7
Fas death domain-associated protein
Chemokines
Chemokine (C-C motif) ligand 3
Chemokine (C-C motif) ligand 4
Chemokine (C-C motif) ligand 17
Chemokine (C-C motif) ligand 19
Chemokine (C-C motif) ligand 22
Chemokine (C-X-C motif) ligand 11
DNA Damage
Ataxia telangiectasia mutated homolog
Inflammation
Interleukin-1 alpha
Interleukin-12 beta
Interleukin-18
Immune Regulation
CD72 antigen
CD86 Antigen
Interferon-inducible protein 1
Interferon-inducible protein 35
Interferon-alpha responsive gene
Interferon Regulatory Factor 5
Interferon-stimulated protein 20
Lymphocyte antigen 86
Myxovirus resistance gene 1
Nuclear Antigen Sp100
T cell, immune regulator 1
Toll-like Receptor-1
CD52 antigen
Signaling Effectors
Rho guanine nucleotide exchange factor (GEF)
Regulator of G-protein signaling-1
Signal Transducer & Activator of Transcription 2
TNF-receptor associated factor 1
Thymidylate kinase family
Ubiquitin D
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Approximately 15% of the genes were responsive to both chronic TNF
stimulation and LPS stimulation (cluster E, 111 genes), and were expressed at the late
timepoint (Table 3.4). These genes included apoptosis and immune regulators
(Interferon-inducible genes), inflammatory genes, and signaling effectors (MyD88,
PKCδ, PKR, RelA, and STAT1). Another 20% of the genes were responsive to both
IL-1 and LPS stimulation (clusters A and I, 123 genes), and were expressed most
highly at the 8 hr timepoint (Table 3.5). In addition to chemokines and immune
regulators, the genes were also represented in other functional classes such as
extracellular matrix (ECM) regulators (Metallomatrix proteinases), oxidative stress
regulators (SOD3/Superoxide dismutase 3), and transcriptional regulators (CEBPδ and
cAMP responsive element modulators). Several signaling molecules were found in
this cluster, including IKKβ, IKKε, MAPKK1, NF-κB1/p105, SOCS1 and TRAF3.
Approximately 10% of the genes were responsive to the TNFc, LPSp, and IL-1c
stimulation regimens (79 genes, cluster K), which included apoptosis regulators
(Caspase-4, -8), chemokines, ECM and immune regulators and signaling molecules
such as several TNF Receptor-associated family members (Table 3.6).
A subset of genes could be classified as constituting a common core expression
program (94 genes, cluster G and H) that responded to all four stimulation conditions.
Again, several gene classes were represented in this cluster (Table 3.7). The
expression of approximately half of these common genes is NF-κB-independent,
including several growth factors, kinases, and transcriptional regulators (denoted in
red in Table 3.7).
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Table 3.4 TNFc and LPS-specific gene expression. A subset of 111 TNFc- and LPS-specific genes
(Figure 3.8, cluster E) are shown here. A complete list of clustered genes can be found in the appendix
of this chapter.

Stimulus Condition
TNFc/LPS-specific

Gene

Description
Apoptosis
Casp12
Caspase 12
Cflar
CASP8 and FADD-like apoptosis regulator
Carbohydrate-binding/Cell Adhesion Molecules
Clecsf9
C-type (Ca2+, carbohydrate dependent) lectin 9
Chemokines
Cxcl9
Chemokine (C-X-C motif) ligand 9
Immune Regulation
Apobec3
Apolipoprotein B editing complex 3
Ifi202b
Interferon-inducible protein
Ifi47
Interferon gamma-inducible protein
Ifit1
Interferon-induced prot. w/ tetracopeptide repeats 1
Ifit2
Interferon-induced prot. w/ tetracopeptide repeats 2
Ifit3
Interferon-induced prot. w/ tetracopeptide repeats 3
Igtp
Interferon gamma-inducted GTPase
Irf7
Interferon response factor 7
Isgf3g
Interferon-stimulated gene factor 3 gamma
Itga5
Integrin alpha 5 (fibronectin receptor)
Mx2
Myxovirus (influenza virus) resistance 2
Tlr3
Toll-like receptor 3
Inflammation
Il15
Interleukin 15
Il18bp
Interleukin 18-binding protein
Signaling Effectors
Akap2
Protein kinase A anchor protein 2
Edg3
Endothelial differentiation G-coupled receptor
Gnb4
Guanine nucleotide binding protein gamma 12
Gnb12
Guanine nucleotide binding protein gamma 4
Myd88
Myeloid differentiation factor 88
Prkcd
Protein kinase C delta
Prkr
Protein kinase R
Rela
RelA
Stat1
Signal transducer and activator of transcription 1
Ube2l6
Ubiquitin-conjugating enzyme E2L 6
Usp25
Ubiquitin specific protease 25
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Table 3.5 IL-1 and LPS-specific gene expression. A subset of 123 IL-1 and LPS-specific genes
(Figure 3.8, clusters A and I) are shown here. A complete list of clustered genes can be found in the
appendix of this chapter.

Stimulus Condition
LPS + IL-1-specific

Gene
Clecsf5
Clecsf8
Ccr1
Ccl9
Cxcl5
Cxcl16
Ptges
Mmp9
Mmp10
Mmp12
Cd47
Fcgr1
Gbp1
Ifi203
Ifitm7
Msr1
Il1r1
Il3
Il13ra2
Sod3
Calcrl
Ctsc
Ikbkb
Ikbke
Map2k1
Nfkb1
Socs1
Traf3
vegfc
Cebpd
Creb3l1
Crem

Description
Carbohydrate-binding/Cell Adhesion Molecules
C-type (Ca2+, carbohydrate dependent) lectin 5
C-type (Ca2+, carbohydrate dependent) lectin 8
Chemokines
Chemokine (C-C motif) receptor 1
Chemokine (C-C motif) ligand 9
Chemokine (C-X-C motif) ligand 5
Chemokine (C-X-C motif) ligand 16
Ecosanoid Metabolism
Prostaglandin E synthetase
Extracellular Matrix Regulation
Matrix Metalloproteinase
Matrix Metalloproteinase
Matrix Metalloproteinase
Immune Regulation
Antigen
Fc receptor
Guanylate nucleotide binding protein 1
Interferon gamma-inducible protein 16
Interferon-induced Tm protein
Macrophage scavenger receptor 1
Inflammation
Interleukin-1 type receptor 1
Interleukin-3
interleukin 13 receptor, alpha 2
Oxidative Stress Regulation
Superoxide dismutase 3
Signaling Effectors
Calcitonin receptor-like
Cathepsin C
Inhibitor of kappaB kinase beta
Inhibitor of kappaB kinase epsilon
Mitogen Activated Protein kinase kinase 1
Nuclear factor kappaB gene 1 (p105)
Suppressor of cytokine signaling 1
TNF receptor associated factor 3
Vascular endothelial growth factor c
Transcription
CCAAT/Enhancer-binding protein-delta
cAMP responsive element binding protein 3-like-1
cAMP responsive element modulator
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Table 3.6 TNFc, IL-1 and LPS-specific gene expression. A subset of 79 genes requiring persistent
TNF, IL-1 and pulse LPS-stimulation (Figure 3.8, cluster K) are shown here. A complete list of
clustered genes can be found in the appendix of this chapter.

Stimulus Condition
Chronic T, L, I

Gene
Bid
Casp4
Casp8
Gas7
Ccl5
Ccl8
Ccl11
Ccl12
Cx3cl1
Mmp3
Mmp13
Timp1
Vcam1
Bnip3
Csf1
Gbp2
Gbp3
Pvrl2
Saa3
Il1rl1
Sod2
Caml
Jak2
Nr6a1
Ppap2b
Tfpi2
Tnfrsf5
Tnfrsf6
Tnfrsf23
Tnip1

Description
Apoptosis
BH3-interacting domain death agonist
Caspase 4
Caspase 8
Cell Cycle
Growth arrest specific 7
Chemokines
Chemokine (C-C motif) ligand 5
Chemokine (C-C motif) ligand 8
Chemokine (C-C motif) ligand 11
Chemokine (C-C motif) ligand 12
Chemokine (C-X3-C motif) ligand 1
Extracellular Matrix Regulation
Matrix Metalloproteinase 3
Matrix Metalloproteinase 13
Tissue inhibitor of metalloproteinase
Vascular cell adhesion molecule 1
Immune Regulation
BCL2/Adenovirus E1B interacting protein
Macrophage colony stimulating factor 1
Guanylate nucleotide binding protein 2
Guanylate nucleotide binding protein 3
Poliovirus receptor-related 2
Serum amyloid A3
Inflammation
Interluekin 1 receptor-like1
Oxidative Stress Regulation
Superoxide dismutase 2
Signaling Effectors
Calcium modulating ligand
Janus Kinase 2
Nuclear receptor subfamily 6
Phosphatidic acid phosphatase type 2B
Tissue factor pathway inhibitor 2
TNFR superfamily member 5
TNFR superfamily member 6
TNFR superfamily member 23
A20-interacting protein
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Table 3.7 Common core gene expression program. A subset of 94 genes expressed in all stimuliconditions (Figure 3.8, clusters G and H) are shown here. NF-κB-independent gene expression is
denoted in red. A complete list of clustered genes can be found in the appendix of this chapter.

Stimulus Condition
Common genes

Gene

Description
Cell Cycle
Mdm2
Murine double minute oncogene
Chemokines
Ccl7
Chemokine (C-C motif) ligand 7
Ccrl2
Chemokine (C-C motif) receptor 2
Cxcl1
Chemokine (C-X-C motif) ligand 1
DNA Damage
Gadd45b
Growth arrest and DNA-damage inducible beta
Gadd45g Growth arrest and DNA-damage inducible gamma
Immune Regulation
Btg1
B-cell translocation gene-1, anti-proliferative
Btg2
B-cell translocation gene 2, anti-proliferative
Cd14
CD14 Antigen
Cd83
CD83 Antigen
Csf2
Granulocyte macrophage colony stimulating factor
Ifrd1
Interferon-related developmental regulator 1
Irf1
Interferon regulatory factor 1
Tlr2
Toll-like receptor 2
Inflammation
Il1b
Interleukin 1-beta
IL6
Interleukin 6
IL10
Interleukin 10
Signaling Effectors
Ctgf
Connective tissue growth factor
Dusp1
Dual specificity phosphatase 1
Dusp8
Dual specificity phosphatase 8
Egr1
Early growth factor 1
Egr2
Early growth factor 2
Egr4
Early growth factor 4
F3
Coagulation factor III
Hspa1a
Heat shock protein 1a
Ier2
Immediate early response 2
Ier5
Immediate early response 5
Map3k14 Mitogen activated protein kinase kinase kinase 14
Nfkbia
Inhibitor of kappaB alpha
Nfkbib
Inhibitor of kappaB beta
Plk2
Polo-like kinase 2
Ptgs2
Prostaglandin oxide synthase 2
Relb
RelB
Sgk
Serum/glucocorticoid regulated kinase
Socs2
Suppressor of cytokine signaling 2
Socs3
Suppressor of cytokine signaling 3
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Table 3.7 (continued).

Srf
Tnf
Tnfaip2
Tnfsf9
Atf3
Bteb1
Cebpb
Cited2
Copeb
Fos
Junb
Tcfec

Serum response factor
Tumor necrosis factor
TNF-induced protein 2
TNFR superfamily member 9
Transcription
Activating transcription factor 3
Basic transcription element binding protein 1
CCAAT/enhancer binding protein beta
CBP/p300-interacting transactivator
Core promoter binding element protein
c-Fos proto-oncogene
Jun B proto-oncogene
Transcription factor EC
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Rewiring stimulus-specific gene expression via a temporal control mutant.
To determine whether temporal control of NF-κB is important for generating
stimulus-specificity in gene expression programs, a mutant is required that is deficient
in stimulus-specific temporal control of NF-κB, but retains stimulus-specific temporal
control of IKK (Figure 3.9). In other words, is there a mutant signaling module that
cannot distinguish between distinct IKK profiles, and thus stimulus-specificity in NFκB temporal control and subsequent gene expression is abrogated? I reasoned that
utilizing a mutant deficient in the inducible negative feedback regulators IκBα and
IκBε might provide insight into this question, as the deficiency should not affect
upstream IKK signaling, but would have a direct impact on the temporal control of
NF-κB activity.
Using MEFs derived from IκBα- and IκBε-deficient mice, I compared IKK
and NF-κB activation profiles in response to both TNF and LPS. IKK activation
profiles in the iκbα-/-ε-/- MEFs resembled those in wild-type for both stimuli (Figure
3.10, top panels). However, while NF-κB profiles were distinct in wild-type cells,
computational simulations as well as experimental results showed more similar
profiles in the mutant (Figure 3.10, bottom panels). Next, I tested whether temporal
control of NF-κB plays a role in conferring stimulus-specificity to gene expression
programs; in other words, whether a temporal code determines inflammatory
specificity. In collaboration with Christine Cheng, I performed a microarray
expression analysis of a subset of 170 inflammatory genes induced specifically by
either TNF or LPS (Figure 3.11). To focus on stimulus-specific gene expression, we
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Figure 3.9 Rewiring NF-κ B temporal control.
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Figure 3.10 Rewiring stimulus-specific NF-κ B temporal control in iκ b α -/-ε -/- MEFs. IKK activity
(top panels), computational simulations of NF-κB activity (middle panels) and nuclear NF-κB activity
(bottom panels) in response to TNF and LPS stimulation regimens in wild-type and iκbα-/-ε-/- MEFs.
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Figure 3.11 Microarray analysis of gene expression programs in wild-type and iκ b α -/-ε -/- MEFs. A
heatmap of k-means clustered gene expression data was generated for 170 genes induced in response to
TNF and LPS pulse stimulation at 8hrs in wild-type and in iκbα-/-ε-/- cells. The expression data were log
transformed and median centered within the wild-type and iκ bα-/-ε-/- datasets before performing Kmeans clustering. Red indicates greater than average fold induction, green indicates less than average
fold induction.
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median-centered the data and confirmed that the majority of the genes were more
highly induced by LPS in wild-type MEFs (clusters A and B), but that stimulusspecificity was abolished in the iκbα-/-ε-/- MEFs for more than half of the genes (cluster
B, 90 genes), and was reduced for the remaining genes (cluster A, 66 genes). TNFspecific gene expression was also lost in the mutant cells (cluster C, 14 genes). RNase
protection assays (RPA) of a select group of these inflammatory response genes
showed distinct patterns of gene activity in response to TNF and LPS in wild-type
MEFs (Figure 3.12). However, in iκbα-/-ε-/- MEFs, TNF-induced gene expression was
elevated and more LPS-like and the LPS-induced pattern of gene expression was
reduced and more TNF-like. As a result, stimulus-specificity in the gene expression
programs was severely diminished. Although several of the tested genes are known to
be targets for AP-1/ATF (G-CSF) and IRF/STAT (IP-10, RANTES) transcription
factors that have been described to synergize with NF-κB activity (Himes et al. 1993;
Ohmori et al. 1997; Majumder et al. 1998), defective dynamic control of NF-κB alone
was sufficient to abrogate the stimulus-specific regulation of transcriptional
expression, overriding the assumed critical role of combinatorial transcription factor
control.
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Figure 3.12 Stimulus-specific gene expression is abrogated in iκ bα -/-ε -/- MEFs. RNase Protection
Assay (RPA) of indicated NF-κB target genes induced by TNF and LPS stimulation regimes in wildtype and iκbα-/-ε-/- MEFs.
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MATERIALS AND METHODS
Experimental Procedures and Analysis
Cell Lines and Tissue Culture: Primary mouse embryonic fibroblasts (MEFs) from
C57/Bl6 mice (wild-type) as well as iκbα-/-ε-/-, crel-/-nfkb1-/-rela-/- (NF-κB-deficient)
amd crel-/-nfkb1-/- (control) MEFs were prepared from E12.5-E14.5 embryos. All cells
were grown in DMEM supplemented with 10% bovine calf serum, penicillin (100
units/ml), and streptomycin (100 µg/ml), and L-glutamine (1%) at 5% CO2, 37°C and
were used between passages 4-7. Confluent-and-serum starved (0.5% serum) cells
were stimulated with either 0.1µg/ml LPS (Sigma, B5:055) or 1 ng/ml murine TNFα
(Roche) for 45 minutes. Cells were then washed two times with 1X PBS, and
untreated 0.5% serum-containing medium was added back to the cells until harvesting.
The time-points in each experiment refer to time after the onset of stimulation at T=0
minutes.
Immunoblotting: Cytoplasmic extracts were isolated as described above. Proteins
were separated by 10% SDS-PAGE, and were transferred to PVDF membrane
(Amersham). Antibodies against IκBα, -β, and -ε (Santa Cruz Biotechnology) were
utilized at 1:10,000, 1:10,000, and 1:1,000, respectively.
Microarray: Total RNA was purified from wild-type and iκbα-/-ε-/- MEFs utilizing
the RNAeasy Kit (Qiagen) according to manufacturer’s instructions. RNA was
hybridized to Codelink UniSet mouse 10K Gene Chips (GE Healthcare) and the data
were normalized using Amersham Codelink v4.0 software (Biogem Core Facility,
UCSD). The expression data of genes induced greater than two fold in any wild type
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conditions were analyzed using K-means clustering with correlation uncentered
similarity matrix (Eisen et al. 1998). For Figure 3.11, expression data for the 170
induced inflammatory genes were log transformed and median centered within the
wild-type and iκbα-/-ε-/- data sets before performing K-means clustering.

Mathematical Modeling
The Mathematical Model: The model (versions 2.0 and 2.3) includes a reaction set
of the NF-κB-IκB signaling module (Hoffmann et al. 2002; Werner et al. 2005;
Kearns et al. 2006a), and was written in and used for simulations with Mathworks
MatLab version R2007a. The model consists of a system of ordinary differential
equations (ODEs) to describe with mass action kinetics the biochemical reactions
involved in signal transduction between IKK and nuclear NF-κB activity.
Computational simulations were performed by my collaborator Derren Barken.
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APPENDIX: Full clustering analysis of TNF, IL-1 and LPS-induced genes (669 genes, as in Figure 3.8).
Cluster ACCN
A
NM_013710
A
NM_007863

OGS
#N/A
#N/A

A

AK005939

1700013B14Rik

A

AK007678

1810033A06Rik

A

AK007856

1810054D07Rik

A
A

NM_025530
AK011632

2310039I18Rik
2610030H06Rik

A

AK019621

4930449I23Rik

A

AF213389

Abcc1

A

AK006541

Acsl5

A
A
A

AK018241
NM_007413
NM_030711

Adhfe1
Adora2b
Arts1

A

NM_007494

Ass1

A
A

NM_024472
AK013950

BC002216
Bfar

Description
Sh3 domain YSC-like 1 (Sh3yl1)
"discs, large homolog 1 (Drosophila) (Dlgh1)"
"adult male testis cDNA, RIKEN clone:1700013B14 product:hypothetical protein,
full insert sequence"
RIKEN cDNA 1810033A06 gene (1810033A06Rik)
"10 day old male pancreas cDNA, RIKEN full-length enriched library,
clone:1810054D07 product:hypothetical Tetratricopeptide repeat (TPR) structure
containing protein, full insert sequence"
RIKEN cDNA 2310039I18 gene (2310039I18Rik)
AGENCOURT_10012950 NCI_CGAP_Mam2 cDNA clone IMAGE:6487513 5'
"adult male testis cDNA, RIKEN clone:4930449I23 product:hypothetical DHHCtype Zn-finger/Zn-finger CCHC type/N-6 Adenine-specific DNA
methylase/ATP/GTP-binding site motif A (P-loop) containing protein, full i .."
ATP-binding cassette protein (Abcc1b) mRNA
"12 days embryo body between diaphragm region and neck cDNA, RIKEN
clone:9430064N06 product:fatty acid Coenzyme A ligase, long chain 5, full insert
sequence"
"alcohol dehydrogenase, iron containing, 1 (Adhfe1)"
adenosine A2b receptor (Adora2b)
type 1 tumor necrosis factor receptor shedding aminopeptidase regulator (Arts1)
vv66d03r1 Stratagene mouse skin (#937313) cDNA clone IMAGE:1227365 5'
similar to gb:M31690 Mouse argininosuccinate synthetase (MOUSE);.
mb95d12r1 Soares mouse p3NMF19.5 cDNA clone IMAGE:337175 5'.
RIKEN cDNA 3110001I22 gene (3110001I22Rik)
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A

K02782

C3

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

NM_018782
NM_024495
NM_011338
NM_010581
NM_013498
NM_019389
NM_009982
NM_023158
NM_030250
AK021334
NM_019967
AF396879
NM_007945
NM_010186
NM_010259
NM_053108
NM_053187
NM_008198
NM_008329
AF088910
NM_019777
NM_016679
NM_010749
NM_008927

Calcrl
Car13
Ccl9
Cd47
Crem
Cspg2
Ctsc
Cxcl16
D10Ertd438e
D16Ertd472e
Dbccr1
Dst
Eps8
Fcgr1
Gbp1
Glrx1
Gopc
H2-Bf
Ifi203
Ikbkb
Ikbke
Keap1
M6pr
Map2k1

"ui89b04y1 Sugano mouse liver mlia cDNA clone IMAGE:1889551 5' similar to
gb:K02765 COMPLEMENT C3 PRECURSOR (HUMAN); gb:K02782 Mouse
complement component C3 mRNA, alpha and beta subunits, (MOUSE);."
calcitonin receptor-like (Calcrl)
carbonic anhydrase 13 (Car13)
chemokine (C-C motif) ligand 9 (Ccl9)
"CD47 antigen (Rh-related antigen, integrin-associated signal transducer) (Cd47)"
cAMP responsive element modulator (Crem)
chondroitin sulfate proteoglycan 2 (Cspg2)
cathepsin C (Ctsc)
chemokine (C-X-C motif) ligand 16 (Cxcl16)
"DNA segment, Chr 10, ERATO Doi 438, expressed (D10Ertd438e)"
"DNA segment, Chr 16, ERATO Doi 472, expressed (D16Ertd472e)"
deleted in bladder cancer chromosome region candidate 1 (human) (Dbccr1)
dystonin (Dst)
epidermal growth factor receptor pathway substrate 8 (Eps8)
"Fc receptor, IgG, high affinity I (Fcgr1)"
guanylate nucleotide binding protein 1 (Gbp1)
glutaredoxin 1 (thioltransferase) (Glrx1)
golgi associated PDZ and coiled-coil motif containing (Gopc)
"histocompatibility 2, complement component factor B (H2-Bf)"
"interferon, gamma-inducible protein 16 (Ifi16)"
inhibitor of kappaB kinase beta (Ikbkb)
inhibitor of kappaB kinase epsilon (Ikbke)
kelch-like ECH-associated protein 1 (Keap1)
Mmusculus cation-dependent mannose-6-phosphate receptor pseudogene
mitogen activated protein kinase kinase 1 (Map2k1)
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A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

NM_026656
NM_019471
NM_013599
NM_026331
AF027131
NM_019472
NM_008689
NM_008708
NM_010927
NM_020282
NM_019643
NM_023908
AK019474
NM_053126
NM_025951

Mcoln2
Mmp10
Mmp9
Mscp
Muc3
Myo10
Nfkb1
Nmt2
Nos2
Nqo2
NULL
NULL
NULL
Pcdhb1
Pi4k2b

A

NM_011636

Plscr1

A

AK012678

Plxnd1

A
A

NM_013632
NM_011968

Pnp
Psma6

A

NM_010724

Psmb8

A
A
A
A

NM_022415
AK013690
NM_023380
NM_022028

Ptges
Rab12
Samsn1
Sav1

mucolipin 2 (Mcoln2)
matrix metalloproteinase 10 (Mmp10)
matrix metalloproteinase 9 (Mmp9)
mitochondrial solute carrier protein (Mscp)
mucin glycoprotein MUC3 mRNA
myosin X (Myo10)
"nuclear factor of kappa light chain gene enhancer in B-cells 1, p105 (Nfkb1)"
N-myristoyltransferase 2 (Nmt2)
"nitric oxide synthase 2, inducible, macrophage (Nos2)"
"NAD(P)H dehydrogenase, quinone 2 (Nqo2)"
"teratocarcinoma expressed, serine rich (Tera)"
"solute carrier organic anion transporter family, member 3a1 (Slco3a1)"
RIKEN cDNA 4631426J05 gene (4631426J05Rik)
protocadherin beta 1 (Pcdhb1)
phosphatidylinositol 4-kinase type 2 beta (Pi4k2b)
RIKEN mammary gland RCB-0527 Jyg-MC(B) cDNA cDNA clone G930021C04
3'
"10, 11 days embryo whole body cDNA, RIKEN full-length enriched library,
clone:2810005G07 product:hypothetical protein, full insert sequence"
purine-nucleoside phosphorylase (Pnp)
"proteasome (prosome, macropain) subunit, alpha type 6 (Psma6)"
"proteosome (prosome, macropain) subunit, beta type 8 (large multifunctional
protease 7) (Psmb8)"
prostaglandin E synthase (Ptges)
"RAB12, member RAS oncogene family (Rab12)"
"SAM domain, SH3 domain and nuclear localisation signals, 1 (Samsn1)"
UI-M-EM0-bvj-o-24-0-UIr1 NIH_BMAP_EM0 cDNA clone IMAGE:5693039 5'
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A

NM_011111

Serpinb2

A

NM_008732

Slc11a2

A
A

NM_011774
NM_021398

Slc30a4
Slc43a3

A

NM_007514

Slc7a2

A
A
A
A
A
A
A
A
A

NM_026537
NM_009896
NM_011435
NM_021547
NM_021433
NM_009384
NM_019501
NM_020562
NM_011766

Slco2a1
Socs1
Sod3
Stard3
Stx6
Tiam1
Tprt
U90926
Zfpm2

"serine (or cysteine) proteinase inhibitor, clade B, member 2 (Serpinb2)"
"solute carrier family 11 (proton-coupled divalent metal ion transporters), member
2 (Slc11a2)"
"solute carrier family 30 (zinc transporter), member 4 (Slc30a4)"
"solute carrier family 43, member 3 (Slc43a3)"
"solute carrier family 7 (cationic amino acid transporter, y+ system), member 2
(Slc7a2)"
RIKEN adult male testis (DH10B) cDNA clone 4932432K24 3'
suppressor of cytokine signaling 1 (Socs1)
"superoxide dismutase 3, extracellular (Sod3)"
START domain containing 3 (Stard3)
syntaxin 6 (Stx6)
T-cell lymphoma invasion and metastasis 1 (Tiam1)
trans-prenyltransferase (Tprt)
cDNA sequence U90926 (U90926)
"zinc finger protein, multitype 2 (Zfpm2)"

Cluster
B
B
B
B
B
B
B
B

ACCN
NM_026124
AK017628
NM_025561
NM_030724
NM_013468
NM_007540
NM_031161
AK004606

OGS
1110008F13Rik
5730438N18Rik
A230065J02Rik
AA407809
Ankrd1
Bdnf
Cck
Csnk1d

Description
RIKEN cDNA 1110008F13 gene (1110008F13Rik)
RIKEN cDNA 5730438N18 gene (5730438N18Rik)
"RIKEN cDNA 1810064L21 gene (1810064L21Rik), mRNA."
expressed sequence AA407809 (AA407809)
ankyrin repeat domain 1 (cardiac muscle) (Ankrd1)
brain derived neurotrophic factor (Bdnf)
cholecystokinin (Cck)
"casein kinase 1, delta (Csnk1d), transcript variant 2"
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B

NM_007808

Cycs

B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B

NM_007584
NM_007933
NM_008129
NM_025331
NM_008180
NM_013882
AF056187
NM_030887
NM_013601
NM_018868
NM_008742
NM_010489
NM_016866
NM_011966
NM_026731
NM_011967
NM_011276
NM_013923
NM_009250
AV000455
NM_015747
NM_009229
NM_009272

Ddr1
Eno3
Gclm
Gng11
Gss
Gtse1
Igf1r
Jundm2
Msx2
Nol5
Ntf3
NULL
NULL
NULL
Ppp1r14a
Psma5
Rnf12
Rnf19
Serpini1
Sertad1
Slc20a1
Sntb2
Srm

vs05d01r1 Barstead mouse irradiated colon MPLRB7 cDNA clone
IMAGE:1137313 5' similar to gb:M22877_cds1 CYTOCHROME C (HUMAN);
gb:X55771 M.musculus cytochrome c(T) mRNA (MOUSE);.
"discoidin domain receptor family, member 1 (Ddr1)"
"enolase 3, beta muscle (Eno3)"
"glutamate-cysteine ligase , modifier subunit (Gclm)"
"guanine nucleotide binding protein (G protein), gamma 11 (Gng11)"
glutathione synthetase (Gss)
G two S phase expressed protein 1 (Gtse1)
insulin-like growth factor I receptor (Igf1r)
Jun dimerization protein 2 (Jundm2)
"homeo box, msh-like 2 (Msx2)"
nucleolar protein 5 (Nol5)
neurotrophin 3 (Ntf3)
"hyaluronidase 2 (Hyal2), mRNA"
"serine/threonine kinase 39, STE20/SPS1 homolog (yeast) (Stk39)"
"proteasome (prosome, macropain) subunit, alpha type 4 (Psma4)"
"protein phosphatase 1, regulatory (inhibitor) subunit 14A (Ppp1r14a)"
UI-M-FX0-ccg-l-19-0-UIr1 NIH_BMAP_FX0 cDNA clone IMAGE: 6819332 5'
ring finger protein 12 (Rnf12)
ring finger protein (C3HC4 type) 19 (Rnf19)
"serine (or cysteine) proteinase inhibitor, clade I, member 1 (Serpini1)"
SERTA domain containing 1 (Sertad1)
"solute carrier family 20, member 1 (Slc20a1)"
"syntrophin, basic 2 (Sntb2)"
spermidine synthase (Srm)
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B

NM_021537

Stk25

B
B
B

NM_009369
NM_025482
NM_013841

Tgfbi
Tpd52l2
Vps45

Cluster
C
C
C
C
C
C

ACCN
NM_021525
AK004503
AK006068
AK008493
NM_013867
NM_009139

OGS
#N/A
1190005P17Rik
1700017I11Rik
2010300G19Rik
Bcar3
Ccl6

C

AK013634

Ccnt2

C

NM_007638

Cct7

C

NM_020001

Clecsf10

C

NM_020008

Clecsf12

C
C
C
C
C
C
C

AK012212
AK008492
NM_019480
NM_010265
NM_021342
NM_010722
Z16406

Col16a1
Dusp11
Ebag9
Gcnt1
Kcne4
Lmnb2
Meox2

vi15a07r1 Barstead mouse proximal colon MPLRB6 cDNA clone
IMAGE:903828 5'.
"transforming growth factor, beta induced (Tgfbi)"
tumor protein D52-like 2 (Tpd52l2)
vacuolar protein sorting 45 (yeast) (Vps45)
Description
pre-B-cell colony-enhancing factor 1 (Pbef1)
RIKEN cDNA 1190005P17 gene (1190005P17Rik)
RIKEN cDNA 1700017I11 gene (1700017I11Rik)
RIKEN cDNA 2010300G19 gene (2010300G19Rik)
breast cancer anti-estrogen resistance 3 (Bcar3)
chemokine (C-C motif) ligand 6 (Ccl6)
"adult male hippocampus cDNA, RIKEN full-length enriched library,
clone:2900041I18 product:cyclin T2, full insert sequence"
chaperonin subunit 7 (eta) (Cct7)
"C-type (calcium dependent, carbohydrate recognition domain) lectin, superfamily
member 10 (Clecsf10)"
"C-type (calcium dependent, carbohydrate recognition domain) lectin, superfamily
member 12 (Clecsf12)"
"procollagen, type XVI, alpha 1 (Col16a1)"
dual specificity phosphatase 11 (RNA/RNP complex 1-interacting) (Dusp11)
estrogen receptor-binding fragment-associated gene 9 (Ebag9)
"glucosaminyl (N-acetyl) transferase 1, core 2 (Gcnt1)"
"potassium voltage-gated channel, Isk-related subfamily, gene 4 (Kcne4)"
lamin B2 (Lmnb2)
mesenchyme homeobox 2 (Meox2)
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C
C

NM_025898
NM_021504

Napa
Ngly1

C

AK005904

NULL

C
C

NM_021882
NM_013933

Si
Vapa

Cluster ACCN
D
AK002739
D
AA681734

OGS
0610033I05Rik
1110051N18Rik

D

AK005342

1500032H18Rik

D
D
D
D
D
D
D
D

AK010017
NM_009627
NM_007487
NM_007604
NM_009807
NM_007625
NM_007654
AK014670

4631416I11Rik
Adm
Arl4
Capza2
Casp1
Cbx4
Cd72
Cds1

D

NM_012004

Cops7b

D
D
D
D

AK017651
NM_010070
NM_011816
NM_007920

Cpne3
Dok1
E430034L04Rik
Elf1

N-ethylmaleimide sensitive fusion protein attachment protein alpha (Napa)
N-glycanase 1 (Ngly1)
"16 days neonate cerebellum cDNA, RIKEN clone:9630046K15 product:NADPDEPENDENT MALIC ENZYME, MITOCHONDRIAL PRECURSOR (EC
11.1.40) (NADP-ME) homolog [Homo sapiens], full insert sequence"
silver (Si)
"vesicle-associated membrane protein, associated protein A (Vapa)"
Description
RIKEN cDNA 0610033I05 gene (0610033I05Rik)
vr45g05s1 Knowles Solter mouse 2 cell cDNA clone IMAGE:1123640 5'.
"adult male cerebellum cDNA, RIKEN full-length enriched library,
clone:1500032H18 product:hypothetical protein, full insert sequence"
mKIAA1386 protein
adrenomedullin (Adm)
ADP-ribosylation factor-like 4 (Arl4)
"capping protein (actin filament) muscle Z-line, alpha 2 (Capza2)"
caspase 1 (Casp1)
chromobox homolog 4 (Drosophila Pc class) (Cbx4)
CD72 antigen (Cd72)
CDP-diacylglycerol synthase 1 (Cds1)
mc94d05r1 Soares mouse embryo NbME13.5 14.5 cDNA clone IMAGE:356169
5'.
copine III (Cpne3)
downstream of tyrosine kinase 1 (Dok1)
RIKEN cDNA E430034L04 gene (E430034L04Rik)
E74-like factor 1 (Elf1)
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D

U66891

Emr1

D
D
D
D
D
D
D
D
D

NM_010187
NM_008013
AF061744
AF177211
AK005274
NM_013545
NM_010438
NM_008384
AB024521

Fcgr2b
Fgl2
Fyb
Gpr105
Haghl
Hcph
Hk1
Inpp1
Lmtn

D

AF000427

Lst1

D
D
D

NM_010745
M57696
NM_011839

Ly86
Lyn
Mab21l2

D

NM_025910

Mina

D
D
D
D
D
D

NM_027209
NM_028595
NM_026425
L11455
NM_008677
NM_026835

Ms4a6b
Ms4a6c
Nat5
Ncf1
Ncf4
NULL

D

AK013741

NULL

"EGF-like module containing, mucin-like, hormone receptor-like sequence 1
(Emr1)"
RIKEN NOD-derived CD11c +ve dendritic cells cDNA clone F630045A01 5'
fibrinogen-like protein 2 (Fgl2)
FYN binding protein (Fyb)
G protein-coupled receptor 105 (Gpr105)
hydroxyacylglutathione hydrolase-like (Haghl)
hemopoietic cell phosphatase (Hcph)
hexokinase 1 (Hk1)
inositol polyphosphate-1-phosphatase (Inpp1)
limitin (Lmtn)
"mj85d07y1 Soares mouse p3NMF19.5 cDNA clone IMAGE:482893 5' similar to
gb:M18187_rna1 Mouse B144 cDNA clone containing two potential ORFs, 3'
(MOUSE);."
lymphocyte antigen 86 (Ly86)
Yamaguchi sarcoma viral (v-yes-1) oncogene homolog (Lyn)
mab-21-like 2 (C elegans) (Mab21l2)
UI-M-DJ2-bwd-g-02-0-UIs1 NIH_BMAP_DJ2 cDNA clone UI-M-DJ2-bwd-g02-0-UI 3'
"membrane-spanning 4-domains, subfamily A, member 6B (Ms4a6b)"
"membrane-spanning 4-domains, subfamily A, member 6C (Ms4a6c)"
"N-acetyltransferase 5 (ARD1 homolog, S cerevisiae) (Nat5)"
neutrophil cytosolic factor 1 (Ncf1)
neutrophil cytosolic factor 4 (Ncf4)
"RIKEN cDNA 1110058E16 gene (1110058E16Rik), mRNA"
"adult male diencephalon cDNA, RIKEN clone:9330162M21
product:unclassifiable, full insert sequence"
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D

NM_021524

Pbef1

D

AK012667

Phip

D

AK007777

Pik3ap1

D

NM_011138

Pou2f2

D

NM_008905

Ppfibp2

D
D
D

NM_015811
BC005529
NM_021788

Rgs1
Rin2
Sap30

D

NM_009121

Sat1

D
D
D
D
D
D
D
D
D
D
D
D
D

NM_009776
NM_025286
NM_023377
NM_019963
NM_011504
NM_011518
AK011614
NM_016921
NM_019714
NM_030682
NM_013706
AK010336
NM_018793

Serping1
Slc31a2
Stard5
Stat2
Stxbp3
Syk
Tbrg1
Tcirg1
Tle4
Tlr1
Trim26
Trip13
Tyk2

pre-B-cell colony-enhancing factor 1 (Pbef1)
"10, 11 days embryo whole body cDNA, RIKEN full-length enriched library,
clone:2810004D21 product:unknown EST, full insert sequence"
"10 day old male pancreas cDNA, RIKEN clone:1810044J04 product:B cell
phosphoinositide 3-kinase adaptor, full insert sequence"
"POU domain, class 2, transcription factor 2 (Pou2f2)"
"protein tyrosine phosphatase, receptor-type, F interacting protein, binding protein
2 (Ppfibp2)"
regulator of G-protein signaling 1 (Rgs1)
Ras and Rab interactor 2 (Rin2)
sin3 associated polypeptide (Sap30)
vq75h07s1 Knowles Solter mouse 2 cell cDNA clone IMAGE:1108189 5' similar
to gb:L10244 Mouse spermidine/spermine N1-acetyltransferase (MOUSE);.
"serine (or cysteine) proteinase inhibitor, clade G, member 1 (Serping1)"
"solute carrier family 31, member 2 (Slc31a2)"
StAR-related lipid transfer (START) domain containing 5 (Stard5)
signal transducer and activator of transcription 2 (Stat2)
syntaxin binding protein 3 (Stxbp3)
spleen tyrosine kinase (Syk)
transforming growth factor beta regulated gene 1 (Tbrg1)
"T-cell, immune regulator 1 (Tcirg1)"
"transducin-like enhancer of split 4, homolog of Drosophila E(spl) (Tle4)"
toll-like receptor 1 (Tlr1)
CD52 antigen (Cd52)
"thyroid hormone receptor interactor 13, mRNA (cDNA clone IMAGE:6516750)"
tyrosine kinase 2 (Tyk2)
65

66

Cluster ACCN
E
NM_008358

OGS
#N/A

E

NM_031167

#N/A

E
E
E
E
E
E
E

AK002934
AK005044
NM_025462
AK007710
NM_023220
AK010084
AK012043

0710001B24Rik
1300018I05Rik
1810009K13Rik
1810036L03Rik
2010106G01Rik
2310067E08Rik
2610318G08Rik

E

AK002578

4930453N24Rik

E

AK010755

4931431C02Rik

E
E
E
E
E
E
E

AK018585
BC004031
NM_007407
NM_009649
NM_009674
NM_030255
NM_009726

9130002C22Rik
9130009C22Rik
Adcyap1r1
Akap2
Anxa7
Apobec3
Atp7a

E

NM_021792

AW111922

E

NM_013727

Azi2

Description
interleukin 15 (Il15)
mg99h04x1 Soares mouse embryo NbME13.5 14.5 cDNA clone IMAGE:441175
3' similar to gb:X75018 M.musculus mRNA for Id4 helix-loop-helix protein
(MOUSE);.
RIKEN cDNA 0710001B24 gene (0710001B24Rik)
RIKEN cDNA 1300018I05 gene (1300018I05Rik)
RIKEN cDNA 1810009K13 gene (1810009K13Rik)
RIKEN cDNA 1810036L03 gene (1810036L03Rik)
RIKEN cDNA 2010106G01 gene (2010106G01Rik)
RIKEN cDNA 2310067E08 gene (2310067E08Rik)
mKIAA0007 protein
"adult male kidney cDNA, RIKEN clone:0610012A21 product:hypothetical
Eukaryotic thiol (cysteine) proteases active site containing protein, full insert
sequence"
"ES cells cDNA, RIKEN clone:2410095B20 product:hypothetical protein, full
insert sequence"
"RIKEN cDNA 9130002C22 gene, mRNA (cDNA clone IMAGE:4217354)"
RIKEN cDNA 9130009C22 gene (9130009C22Rik)
adenylate cyclase activating polypeptide 1 receptor 1 (Adcyap1r1)
A kinase (PRKA) anchor protein 2 (Akap2)
annexin A7 (Anxa7)
apolipoprotein B editing complex 3 (Apobec3)
"ATPase, Cu++ transporting, alpha polypeptide (Atp7a)"
mRNA similar to interferon-inducible GTPase (cDNA clone MGC:49532
IMAGE:3495064)
5-azacytidine induced gene 2 (Azi2)
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E
E
E

AF033664
NM_030253
NM_009775

Baz1a
BC003281
Bzrp

E

NM_052993

C1galt1

E
E
E

U97327
NM_009808
NM_018763

Cacybp
Casp12
Chst2

E

NM_019948

Clecsf9

E

NM_013885

Clic4

E
E
E
E

NM_008529
NM_009977
NM_008599
AK013206

Crebbp
Cst7
Cxcl9
D13Ertd275e

E

AK018950

Daam1

E
E
E

NM_011932
NM_010101
NM_018828

Dapp1
Edg3
Fnbp4

E

AK017557

Glipr2

E
E
E

NM_013531
NM_025278
NM_010274

Gnb4
Gng12
Gpd2

gene-trap line CT 146 cbp146 (cbp146) mRNA
cDNA sequence BC003281 (BC003281)
"benzodiazepine receptor, peripheral (Bzrp)"
"core 1 UDP-galactose:N-acetylgalactosamine-alpha-R beta 1,3galactosyltransferase (C1galt1)"
calcyclin binding protein (Cacybp)
caspase 12 (Casp12)
carbohydrate sulfotransferase 2 (Chst2)
"C-type (calcium dependent, carbohydrate recognition domain) lectin, superfamily
member 9 (Clecsf9)"
"RIKEN 9 days embryo cDNA clone D030047P03 3' similar to AF102578 Mus
musculus intracellular chloride channel protein (Clic) mRNA, nuclear gene
encoding mitochondrial protein"
"lymphocyte antigen 6 complex, locus E (Ly6e)"
cystatin F (leukocystatin) (Cst7)
chemokine (C-X-C motif) ligand 9 (Cxcl9)
"DNA segment, Chr 13, ERATO Doi 275, expressed (D13Ertd275e)"
"adult male testis cDNA, RIKEN full-length enriched library, clone:1700110E17
product:weakly similar to DJ90A20A1 (KIAA0381) (FRAGMENT) [Homo
sapiens], full insert sequence"
dual adaptor for phosphotyrosine and 3-phosphoinositides 1 (Dapp1)
"endothelial differentiation, sphingolipid G-protein-coupled receptor, 3 (Edg3)"
formin binding protein 4 (Fnbp4)
"GLI pathogenesis-related 2, mRNA (cDNA clone MGC:28417
IMAGE:4037002)"
"guanine nucleotide binding protein, beta 4 (Gnb4)"
"guanine nucleotide binding protein (G protein), gamma 12 (Gng12)"
"glycerol phosphate dehydrogenase 2, mitochondrial (Gpd2)"
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E
E
E

AK002769
NM_010390
NM_010407

Gypc
H2-Q1
Hck

E

AK002970

Hmgn3

E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E

NM_008327
NM_008331
NM_008332
NM_018738
X00496
NM_008357
NM_010531
NM_016850
NM_008394
NM_010577
NM_024434
NM_010696
NM_010712
NM_054043
AK019080
NM_013606
NM_010851
NM_013610
NM_009805
D63902
NM_010501
NM_018774

Ifi202b
Ifit1
Ifit2
Igtp
Ii
Il15
Il18bp
Irf7
Isgf3g
Itga5
Lap3
Lcp2
Lhx4
Msi2h
Mvp
Mx2
Myd88
Ninj1
NULL
NULL
NULL
NULL

glycophorin C (Gypc)
"histocompatibility 2, Q region locus 1 (H2-Q1)"
hemopoietic cell kinase (Hck)
"high mobility group nucleosomal binding domain 3 (Hmgn3), transcript variant
2"
RIKEN 0 day neonate thymus cDNA clone A430059I11 5'
interferon-induced protein with tetratricopeptide repeats 1 (Ifit1)
interferon-induced protein with tetratricopeptide repeats 2 (Ifit2)
interferon gamma induced GTPase (Igtp)
Ia-associated invariant chain (Ii)
interleukin 15 (Il15)
interleukin 18 binding protein (Il18bp)
interferon regulatory factor 7 (Irf7)
interferon dependent positive acting transcription factor 3 gamma (Isgf3g)
integrin alpha 5 (fibronectin receptor alpha) (Itga5)
leucine aminopeptidase 3 (Lap3)
lymphocyte cytosolic protein 2 (Lcp2)
LIM homeobox protein 4 (Lhx4)
ashi homolog 2 (Drosophila) (Msi2h)
major vault protein (Mvp)
myxovirus (influenza virus) resistance 2 (Mx2)
myeloid differentiation primary response gene 88 (Myd88)
ninjurin 1 (Ninj1)
CASP8 and FADD-like apoptosis regulator (Cflar)
"estrogen-responsive finger protein, complete cds"
interferon-induced protein with tetratricopeptide repeats 3 (Ifit3)
polyhomeotic-like 2 (Drosophila) (Phc2)
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E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E

NM_029733
NM_026438
NM_019440
NM_023386
NM_021893
NM_033541
NM_011854
NM_008330
AK004768
NM_011866
NM_008805
NM_019703
AF263458
NM_011961
D86949
AK004563
NM_011103
NM_011163

NULL
NULL
NULL
NULL
NULL
Oas1c
Oasl2
Olfr56
Osbpl3
Pde10a
Pde6a
Pfkp
Plac8
Plod2
Plxna2
Pnpt1
Prkcd
Prkr

E

NM_013585

Psmb9

E

BC005680

Psme2

E
E
E
E
E

NM_013917
NM_009008
AK018008
NM_009045
NM_007484

Pttg1
Rac2
Rapgef2
Rela
Rhoc

RIKEN cDNA 2010005H15 gene (2010005H15Rik)
pyrophosphatase (Pyp)
"interferon-g induced GTPase (Gtpi-pending), mRNA"
RIKEN cDNA 5830458K16 gene (5830458K16Rik)
"programmed cell death 1 ligand 1 (Pdcd1lg1), mRNA"
2'-5' oligoadenylate synthetase 1C (Oas1c)
2'-5' oligoadenylate synthetase-like 2 (Oasl2)
interferon gamma inducible protein (Ifi47)
oxysterol binding protein-like 3 (Osbpl3)
phosphodiesterase 10A (Pde10a)
"phosphodiesterase 6A, cGMP-specific, rod, alpha (Pde6a)"
"phosphofructokinase, platelet (Pfkp)"
placenta-specific 8 (Plac8)
"procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 (Plod2)"
plexin A2 (Plxna2)
polyribonucleotide nucleotidyltransferase 1 (Pnpt1)
"protein kinase C, delta (Prkcd)"
"protein kinase, interferon-inducible double stranded RNA dependent (Prkr)"
"proteosome (prosome, macropain) subunit, beta type 9 (large multifunctional
protease 2) (Psmb9)"
uk27g07y1 Sugano mouse kidney mkia cDNA clone IMAGE:1970268 5' similar
to TR:P97372 P97372 PROTEASE ;.
pituitary tumor-transforming 1 (Pttg1)
RAS-related C3 botulinum substrate 2 (Rac2)
mKIAA0313 protein
v-rel reticuloendotheliosis viral oncogene homolog A (avian) (Rela)
"ras homolog gene family, member C (Arhc)"
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E
E

AK018226
NM_011454

Serpinb1b
Serpinb6b

E

NM_011375

Siat9

E
E
E
E
E
E
E
E
E
E
E
E
E

NM_011479
NM_009283
NM_009295
AA409743
NM_011530
NM_011579
AF355152
NM_023141
NM_011627
NM_011637
NM_019949
NM_009472
NM_013918

Sptlc2
Stat1
Stxbp1
Tagln2
Tap2
Tgtp
Tlr3
Tor3a
Tpbg
Trex1
Ube2l6
Unc5c
Usp25

E

BC015289

Vasp

E
E

NM_011723
NM_021394

Xdh
Zbp1

Cluster ACCN
F
NM_025376

OGS
1110002H13Rik

F

1300013D18Rik

AK004984

"serine (or cysteine) proteinase inhibitor, clade B, member 1b (Serpinb1b)"
"serine (or cysteine) proteinase inhibitor, clade B, member 6b (Serpinb6b)"
"sialyltransferase 9 (CMP-NeuAc:lactosylceramide alpha-2,3-sialyltransferase)
(Siat9)"
"serine palmitoyltransferase, long chain base subunit 2 (Sptlc2)"
signal transducer and activator of transcription 1 (Stat1)
syntaxin binding protein 1 (Stxbp1)
transgelin 2 (Tagln2)
"transporter 2, ATP-binding cassette, sub-family B (MDR/TAP) (Tap2)"
T-cell specific GTPase (Tgtp)
toll-like receptor 3 (Tlr3)
"torsin family 3, member A (Tor3a)"
trophoblast glycoprotein (Tpbg)
three prime repair exonuclease 1 (Trex1)
ubiquitin-conjugating enzyme E2L 6 (Ube2l6)
unc-5 homolog C (C elegans) (Unc5c)
ubiquitin specific protease 25 (Usp25)
"vasodilator-stimulated phosphoprotein, mRNA (cDNA clone MGC:18907
IMAGE:4240907)"
xanthine dehydrogenase (Xdh)
Z-DNA binding protein 1 (Zbp1)
Description
RIKEN cDNA 1110002H13 gene (1110002H13Rik)
"adult male liver cDNA, RIKEN clone:1300013D18 product:weakly similar to
CYTOCHROME P450 MONOOXYGENASE (FRAGMENT) [Brachydanio
rerio], full insert sequence"
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F

AK002411

2610019N13Rik

F
F
F
F
F
F

AF282864
NM_007867
NM_010087
NM_008091
NM_007746
NM_013613

CRG-L1
Dlx4
Dtna
Gata3
Map3k8
Nr4a2

F

AK013357

NULL

F
F
F
F
F
F

NM_009042
NM_009050
NM_011345
AK011457
NM_009322
NM_009397

Reg1
Ret
Sele
Slitrk5
Tbr1
Tnfaip3

Cluster ACCN

OGS

G

NM_007950

#N/A

G

AK019472

4631422O05Rik

G
G
G
G

AK003707
NM_030612
AF313412
NM_007464

4930422J18Rik
AA408868
AI195350
Birc3

"adult male kidney cDNA, RIKEN full-length enriched library, clone:0610009J05
product:SPLICING FACTOR, ARGININE/SERINE-RICH 11 homolog [Homo
sapiens], full insert sequence"
cancer related gene-liver 1 (CRG-L1)
RIKEN lung RCB-0558 LLC cDNA cDNA clone G730045H12 5'
dystrobrevin alpha (Dtna)
GATA binding protein 3 (Gata3)
mitogen activated protein kinase kinase kinase 8 (Map3k8)
"nuclear receptor subfamily 4, group A, member 2 (Nr4a2)"
"10, 11 days embryo whole body cDNA, RIKEN clone:2810455O05
product:unknown EST, full insert sequence"
regenerating islet-derived 1 (Reg1)
ret proto-oncogene (Ret)
"selectin, endothelial cell (Sele)"
"SLIT and NTRK-like family, member 5 (Slitrk5)"
T-box brain gene 1 (Tbr1)
"tumor necrosis factor, alpha-induced protein 3 (Tnfaip3)"
Description
"excision repair cross-complementing rodent repair deficiency, complementation
group 2 (Ercc2)"
uw41a11y1 Soares_thymus_2NbMT cDNA clone IMAGE:3419228 5' similar to
TR:Q13597 Q13597 MYOSIN HEAVY CHAIN HOMOLOG DOC1. ;.
RIKEN cDNA 4930422J18 gene (4930422J18Rik)
expreexpressed sequence AA408868 (AA408868)
expressed sequence AI195350 (AI195350)
baculoviral IAP repeat-containing 2 (Birc2)
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G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

NM_010238
L16846
NM_013654
NM_017466
NM_009841
NM_009856
NM_009883
X02333
NM_016748
NM_008176
NM_011808
NM_010235
NM_008655
NM_013820
NM_008361
NM_031168
NM_008390
NM_008681

Brd2
Btg1
Ccl7
Ccrl2
Cd14
Cd83
Cebpb
Csf2
Ctps
Cxcl1
Ets1
Fosl1
Gadd45b
Hk2
Il1b
Il6
Irf1
Ndr1

G

NM_010907

Nfkbia

G

NM_010908

Nfkbib

G
G
G
G
G

X80332
M23384
NM_011408
AF294617
NM_007548

NULL
NULL
NULL
Pfkfb3
Prdm1

bromodomain containing 2 (Brd2)
"B-cell translocation gene 1, anti-proliferative (Btg1)"
chemokine (C-C motif) ligand 7 (Ccl7)
chemokine (C-C motif) receptor-like 2 (Ccrl2)
CD14 antigen (Cd14)
CD83 antigen (Cd83)
"CCAAT/enhancer binding protein (C/EBP), beta (Cebpb)"
colony stimulating factor 2 (granulocyte-macrophage) (Csf2)
cytidine 5'-triphosphate synthase (Ctps)
chemokine (C-X-C motif) ligand 1 (Cxcl1)
"E26 avian leukemia oncogene 1, 5' domain (Ets1)"
fos-like antigen 1 (Fosl1)
growth arrest and DNA-damage-inducible 45 beta (Gadd45b)
hexokinase 2 (Hk2)
interleukin 1 beta (Il1b)
interleukin 6 (Il6)
interferon regulatory factor 1 (Irf1)
N-myc downstream regulated-like (Ndrl)
"nuclear factor of kappa light chain gene enhancer in B-cells inhibitor, alpha
(Nfkbia)"
"nuclear factor of kappa light chain gene enhancer in B-cells inhibitor, beta
(Nfkbib)"
"RAB20, member RAS oncogene family (Rab20), mRNA"
"solute carrier family 2 (facilitated glucose transporter), member 1 (Slc2a1)"
schlafen 2 (Slfn2)
"6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (Pfkfb3)"
"PR domain containing 1, with ZNF domain (Prdm1)"
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G
G
G
G
G
G
G
G
G
G
G
G

NM_011157
NM_011198
NM_009046
NM_011521
NM_007706
NM_007707
NM_031198
NM_009372
NM_011905
NM_013693
NM_009396
AF229643

Prg
Ptgs2
Relb
Sdc4
Socs2
Socs3
Tcfec
Tgif
Tlr2
Tnf
Tnfaip2
Usp27x

"proteoglycan, secretory granule (Prg)"
prostaglandin-endoperoxide synthase 2 (Ptgs2)
avian reticuloendotheliosis viral (v-rel) oncogene related B (Relb)
syndecan 4 (Sdc4)
suppressor of cytokine signaling 2 (Socs2)
suppressor of cytokine signaling 3 (Socs3)
transcription factor EC (Tcfec)
TG interacting factor (Tgif)
toll-like receptor 2 (Tlr2)
tumor necrosis factor (Tnf)
"tumor necrosis factor, alpha-induced protein 2 (Tnfaip2)"
"ubiquitin specific protease 27, X chromosome (Usp27x)"

Cluster
H
H
H

ACCN
AK004737
AK004851
NM_030244

OGS
1200013B22Rik
1300002F13Rik
2610524G09Rik

H

AK014427

3830408G10Rik

H
H

NM_018790
NM_007498

Arc
Atf3

H

AK018034

Bcor

H
H
H

NM_010638
NM_007570
NM_019937

Bteb1
Btg2
Ccnl1

Description
RIKEN cDNA 1200013B22 gene (1200013B22Rik)
RIKEN cDNA 1300002F13 gene (1300002F13Rik)
RIKEN cDNA 2610524G09 gene (2610524G09Rik)
"18 days pregnant adult female placenta and extra embryonic tissue cDNA,
RIKEN full-length enriched library, clone:3830408G10 product:hypothetical
Integral membrane protein, DUF6 containing protein, full insert sequence"
activity regulated cytoskeletal-associated protein (Arc)
activating transcription factor 3 (Atf3)
"adult male thymus cDNA, RIKEN clone:5830466J11 product:weakly similar to
BCL-6 COREPRESSOR [Homo sa"
basic transcription element binding protein 1 (Bteb1)
"B-cell translocation gene 2, anti-proliferative (Btg2)"
cyclin L1 (Ccnl1)
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H

U70139

Ccrn4l

H

NM_010828

Cited2

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

AF072403
NM_010217
NM_010516
NM_018808
NM_010415
NM_013642
NM_008748
NM_007913
X06746
NM_020596
NM_010171
NM_026346
NM_010193
NM_010234
NM_011817

Copeb
Ctgf
Cyr61
Dnajb1
Dtr
Dusp1
Dusp8
Egr1
Egr2
Egr4
F3
Fbxo32
Fem1b
Fos
Gadd45g

H

NM_011819

Gdf15

H
H
H
H
H
H

NM_010276
M12571
M12573
NM_010499
NM_010500
NM_013562

Gem
Hspa1a
Hspa1a
Ier2
Ier5
Ifrd1

CCR4 carbon catabolite repression 4-like (S cerevisiae) (Ccrn4l)
"Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain,
2 (Cited2)"
core promoter element binding protein (Copeb)
connective tissue growth factor (Ctgf)
cysteine rich protein 61 (Cyr61)
"DnaJ (Hsp40) homolog, subfamily B, member 1 (Dnajb1)"
diphtheria toxin receptor (Dtr)
dual specificity phosphatase 1 (Dusp1)
dual specificity phosphatase 8 (Dusp8)
early growth response 1 (Egr1)
early growth response 2 (Egr2)
early growth response 4 (Egr4)
coagulation factor III (F3)
F-box only protein 32 (Fbxo32)
feminization 1 homolog b (C elegans) (Fem1b)
FBJ osteosarcoma oncogene (Fos)
growth arrest and DNA-damage-inducible 45 gamma (Gadd45g)
vq33a07r1 Barstead bowel MPLRB9 cDNA clone IMAGE:1096020 5' similar to
TR:P78360 P78360 PLACENTAL BONE MORPHOGENIC PROTEIN PLAB.
[2] TR:Q99988 ;.
GTP binding protein (gene overexpressed in skeletal muscle) (Gem)
"heat shock protein 1A, mRNA (cDNA clone MGC:65617 IMAGE:6815894)"
"heat shock protein (hsp68) mRNA, clone MHS214"
immediate early response 2 (Ier2)
immediate early response 5 (Ier5)
interferon-related developmental regulator 1 (Ifrd1)
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H

NM_010548

Il10

H

NM_033563

Klf7

H
H
H
H
H
H
H

NM_008543
NM_016896
NM_010786
NM_008654
NM_010444
NM_008416
NM_011498

Madh7
Map3k14
Mdm2
Myd116
Nr4a1
NULL
NULL

H

AK015317

NULL

H
H
H
H
H
H
H

NM_009344
M96163
NM_011361
NM_010831
NM_020493
NM_009404
NM_011756

Phlda1
Plk2
Sgk
Snf1lk
Srf
Tnfsf9
Zfp36

Cluster
I
I
I

ACCN
NM_013532
NM_011781
NM_007489

OGS
#N/A
#N/A
#N/A

I

AK017269

4933428A15Rik

I

NM_009912

Ccr1

interleukin 10 (Il10)
UI-M-BH0-ajq-d-05-0-UIr1 NIH_BMAP_M_S1 cDNA clone UI-M-BH0-ajq-d05-0-UI 5'.
MAD homolog 7 (Drosophila) (Madh7)
mitogen-activated protein kinase kinase kinase 14 (Map3k14)
transformed mouse 3T3 cell double minute 2 (Mdm2)
myeloid differentiation primary response gene 116 (Myd116)
"nuclear receptor subfamily 4, group A, member 1 (Nr4a1)"
Jun-B oncogene (Junb)
"basic helix-loop-helix domain containing, class B2 (Bhlhb2)"
"0 day neonate cerebellum cDNA, RIKEN clone:C230049M24
product:unclassifiable, full insert sequence"
"pleckstrin homology-like domain, family A, member 1 (Phlda1)"
polo-like kinase 2 (Drosophila) (Plk2)
serum/glucocorticoid regulated kinase (Sgk)
SNF1-like kinase (Snf1lk)
serum response factor (Srf)
"tumor necrosis factor (ligand) superfamily, member 9 (Tnfsf9)"
zinc finger protein 36 (Zfp36)
Description
"guanine nucleotide binding protein, beta 4 (Gnb4)"
a disintegrin and metalloprotease domain 23 (Adam23)
aryl hydrocarbon receptor nuclear translocator 2 (Arnt2)
"6 days neonate head cDNA, RIKEN clone:5430405D20 product:unknown EST,
full insert sequence"
chemokine (C-C motif) receptor 1 (Ccr1)
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I

NM_007679

Cebpd

I

NM_011824

Cktsf1b1

I

NM_021364

Clecsf5

I

NM_010819

Clecsf8

I
I

NM_016919
NM_011957

Col5a3
Creb3l1

I

NM_007781

Csf2rb2

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

NM_009141
NM_007825
NM_007917
NM_008831
NM_008110
NM_010315
NM_010329
AK017110
NM_008356
NM_008362
NM_010556
NM_020605
NM_008418
NM_019980
NM_008605
NM_024177

Cxcl5
Cyp7b1
Eif4e
Fyb
Gdf9
Gng2
Gp38
Ifitm7
Il13ra2
Il1r1
Il3
Jph3
Kcna3
Litaf
Mmp12
Mrpl38

"CCAAT/enhancer binding protein (C/EBP), delta (Cebpd)"
RIKEN 0 day neonate eyeball cDNA clone E130306J04 3' similar to AF108189
Mus musculus DRM protein (DRM) mRNA
"C-type (calcium dependent, carbohydrate-recognition domain) lectin, superfamily
member 5 (Clecsf5)"
"C-type (calcium dependent, carbohydrate recognition domain) lectin, superfamily
member 8 (Clecsf8)"
"procollagen, type V, alpha 3 (Col5a3)"
cAMP responsive element binding protein 3-like 1 (Creb3l1)
"colony stimulating factor 2 receptor, beta 2, low-affinity (granulocytemacrophage) (Csf2rb2)"
chemokine (C-X-C motif) ligand 5 (Cxcl5)
"cytochrome P450, family 7, subfamily b, polypeptide 1 (Cyp7b1)"
RIKEN 145 days embryo RP+/+ Rathke's pouches cDNA clone K720037J02 3'
prohibitin (Phb)
growth differentiation factor 9 (Gdf9)
"guanine nucleotide binding protein (G protein), gamma 2 subunit (Gng2)"
glycoprotein 38 (Gp38)
interferon induced transmembrane protein 7 (Ifitm7)
"interleukin 13 receptor, alpha 2 (Il13ra2)"
"interleukin 1 receptor, type I (Il1r1)"
interleukin 3 (Il3)
junctophilin 3 (Jph3)
"potassium voltage-gated channel, shaker-related subfamily, member 3 (Kcna3)"
LPS-induced TN factor (Litaf)
matrix metalloproteinase 12 (Mmp12)
mitochondrial ribosomal protein L38 (Mrpl38)
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I
I
I
I
I
I
I
I
I
I

NM_031195
AK009799
NM_008797
M55181
NM_011113
NM_021888
NM_013650
NM_009126
NM_030696
NM_011414

Msr1
NULL
Pcx
Penk1
Plaur
Qtrt1
S100a8
Serpinb4
Slc16a3
Slpi

I

AK018080

Sox11

I
I
I
I
I

AF068748
AK004703
NM_009311
NM_011632
NM_009506

Sphk1
Susd2
Tac1
Traf3
Vegfc

Cluster ACCN
J
AF156549
J
NM_008501

OGS
#N/A
#N/A

J

AK002779

0610037M15Rik

J
J
J

AK004793
NM_025829
AK017174

1200015K23Rik
1300018P11Rik
2310046K10Rik

macrophage scavenger receptor 1 (Msr1)
nucleolar protein 5A (Nol5a)
pyruvate carboxylase (Pcx)
spermatogenic-specific proenkephalin mRNA
urokinase plasminogen activator receptor (Plaur)
queuine tRNA-ribosyltransferase 1 (Qtrt1)
S100 calcium binding protein A8 (calgranulin A) (S100a8)
"squamous cell carcinoma antigen 2 (Scca2), mRNA"
"solute carrier family 16 (monocarboxylic acid transporters), member 3 (Slc16a3)"
secretory leukocyte protease inhibitor (Slpi)
"11 days embryo head cDNA, RIKEN full-length enriched library,
clone:6230403H02 product:unknown EST, full insert sequence"
sphingosine kinase 1 (Sphk1)
sushi domain containing 2 (Susd2)
tachykinin 1 (Tac1)
Tnf receptor-associated factor 3 (Traf3)
vascular endothelial growth factor C (Vegfc)
Description
putative E1-E2 ATPase mRNA
LIM homeobox protein 6 (Lhx6)
"RIKEN cDNA 0610037M15 gene, mRNA (cDNA clone IMAGE:4013674),
containing frame-shift errors"
RIKEN cDNA 1200015K23 gene (1200015K23Rik)
RIKEN cDNA 1300018P11 gene (1300018P11Rik)
"RIKEN cDNA 2310046K10 gene (2310046K10Rik), transcript variant b"
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J

NM_021384

2510004L01Rik

J

AK015214

2510038N07Rik

J
J
J
J
J
J
J
J
J
J
J
J
J
J

AK011311
AK012172
AB041663
NM_007388
NM_007981
NM_019655
NM_019992
NM_008620
AK012213
NM_012054
NM_007470
NM_008487
AK004600
NM_007499

2610005B21Rik
2610528H13Rik
6720480F16Rik
Acp5
Acsl1
Adar
AI586015
AI595338
Aldh1b1
Aoah
Apod
Arhgef2
Arhgef3
Atm

J

NM_007502

Atp1b3

J
J
J

NM_016767
NM_007611
NM_011332

Batf
Casp7
Ccl17

J

NM_011888

Ccl19

J

NM_009137

Ccl22

RIKEN cDNA 2510004L01 gene (2510004L01Rik)
"adult male testis cDNA, RIKEN full-length enriched library, clone:4930427L17
product:hypothetical Regulator of chromosome condensation (RCC1) containing
protein, full insert sequence"
RIKEN cDNA 2610005B21 gene (2610005B21Rik)
RIKEN cDNA 2610528H13 gene (2610528H13Rik)
RIKEN cDNA 6720480F16 gene (6720480F16Rik)
RIKEN osteoclast-like cell cDNA clone I420118P04 3'
"fatty acid Coenzyme A ligase, long chain 2 (Facl2)"
"adenosine deaminase, RNA-specific (Adar)"
expressed sequence AI586015 (AI586015)
macrophage activation 2 (Mpa2)
"aldehyde dehydrogenase 1 family, member B1 (Aldh1b1)"
acyloxyacyl hydrolase (Aoah)
apolipoprotein D (Apod)
rho/rac guanine nucleotide exchange factor (GEF) 2 (Arhgef2)
Rho guanine nucleotide exchange factor (GEF) 3 (Arhgef3)
ataxia telangiectasia mutated homolog (human) (Atm)
"ue93b05y1 Sugano mouse embryo mewa cDNA clone IMAGE:1498641 5'
similar to TR:P97370 P97370 ATPASE, NA<+>K<+>, BETA 3 POLYPEPTIDE
;."
"basic leucine zipper transcription factor, ATF-like (Batf)"
caspase 7 (Casp7)
chemokine (C-C motif) ligand 17 (Ccl17)
"chemokine (C-C motif) ligand 19, mRNA (cDNA clone MGC:62903
IMAGE:1349213)"
chemokine (C-C motif) ligand 22 (Ccl22)
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J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J

NM_011337
NM_013652
NM_019388
NM_016669
NM_019494
NM_007807
NM_007814
NM_033075
NM_007829
NM_013810
NM_020494
NM_053090
NM_015766
AA498584
NM_008002
NM_013521
NM_008039

Ccl3
Ccl4
Cd86
Crym
Cxcl11
Cybb
Cyp2b19
D17H6S56E-5
Daxx
Dbnl
Ddx24
Drctnnb1a
Ebi3
F11r
Fgf10
Fpr1
Fprl1

J

NM_007984

Fscn1

J

NM_010244

Fv1

J
J
J
J
J
J

NM_015783
NM_013819
NM_010395
NM_010398
NM_008216
NM_010657

G1p2
H2-M3
H2-T10
H2-T23
Has2
Hivep3

chemokine (C-C motif) ligand 3 (Ccl3)
chemokine (C-C motif) ligand 4 (Ccl4)
CD86 antigen (Cd86)
"crystallin, mu (Crym)"
chemokine (C-X-C motif) ligand 11 (Cxcl11)
"cytochrome b-245, beta polypeptide (Cybb)"
"cytochrome P450, family 2, subfamily b, polypeptide 19 (Cyp2b19)"
"DNA segment, Chr 17, human D6S56E 5 (D17H6S56E-5)"
Fas death domain-associated protein (Daxx)
drebrin-like (Dbnl)
DEAD (Asp-Glu-Ala-Asp) box polypeptide 24 (Ddx24)
"down-regulated by Ctnnb1, a (Drctnnb1a)"
Epstein-Barr virus induced gene 3 (Ebi3)
F11 receptor (F11r)
fibroblast growth factor 10 (Fgf10)
formyl peptide receptor 1 (Fpr1)
"formyl peptide receptor, related sequence 2 (Fpr-rs2)"
"fascin homolog 1, actin bundling protein (Strongylocentrotus) purpuratus)
(Fscn1)"
UI-M-EW0-bwu-e-11-0-UIr1 NIH_BMAP_EW0 cDNA clone IMAGE:5703154
5'
"interferon, alpha-inducible protein (G1p2)"
"histocompatibility 2, M region locus 3 (H2-M3)"
"histocompatibility 2, T region locus 10 (H2-T10)"
"histocompatibility 2, T region locus 23 (H2-T23)"
hyaluronan synthase 2 (Has2)
human immunodeficiency virus type I enhancer binding protein 3 (Hivep3)
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J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J

NM_008326
AK008161
NM_022329
NM_030691
NM_008352
NM_008360
NM_010554
NM_010215
NM_012057
NM_020583
M60778
AB055737
NM_053092
NM_010612
AK005197
NM_008466

Ifi1
Ifi35
Ifrg15
Igsf6
Il12b
Il18
Il1a
Il4i1
Irf5
Isg20
Itgal
Ivns1abp
Kars
Kdr
Kirrel3
Kpna3

J

NM_011150

Lgals3bp

J
J
J
J
J
J
J
J
J

NM_018886
NM_010708
NM_010710
NM_013586
AK004138
NM_019919
NM_010738
NM_008530
NM_008534

Lgals8
Lgals9
Lhx2
Loxl3
Lrrc16
Ltbp1
Ly6a
Ly6f
Ly9

interferon inducible protein 1 (Ifi1)
interferon-induced protein 35 (Ifi35)
interferon alpha responsive gene (Ifrg15)
"immunoglobulin superfamily, member 6 (Igsf6)"
interleukin 12b (Il12b)
interleukin 18 (Il18)
interleukin 1 alpha (Il1a)
RIKEN bone marrow macrophage cDNA clone I830098F09 3'
interferon regulatory factor 5 (Irf5)
interferon-stimulated protein (Isg20)
integrin alpha L (Itgal)
influenza virus NS1A binding protein (Ivns1abp)
lysyl-tRNA synthetase (Kars)
kinase insert domain protein receptor (Kdr)
kin of IRRE like 3 (Drosophila) (Kirrel3)
karyopherin (importin) alpha 3 (Kpna3)
mb45c02r1 Soares mouse p3NMF19.5 cDNA clone IMAGE:332354 5' similar to
gb:L16894 Mus musculus Cyclophilin C (MOUSE);.
"lectin, galactose binding, soluble 8 (Lgals8)"
"lectin, galactose binding, soluble 9 (Lgals9)"
LIM homeobox protein 2 (Lhx2)
RIKEN melanocyte cDNA clone G270090I23 3'
leucine rich repeat containing 16 (Lrrc16)
latent transforming growth factor beta binding protein 1 (Ltbp1)
"lymphocyte antigen 6 complex, locus A (Ly6a)"
"lymphocyte antigen 6 complex, locus F (Ly6f)"
lymphocyte antigen 9 (Ly9)
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J

NM_010757

Mafk

J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J

NM_010807
NM_008619
NM_025658
NM_008645
NM_010846
AK009605
NM_013839
NM_026004
NM_026341
AF140709
AK004894
NM_011189
NM_011785
NM_011835
X76850
NM_023835
NM_008298
NM_053109
NM_031373
NM_023324
NM_023129
NM_008880
NM_008884
NM_007453
NM_011171

Mlp
Mov10
Ms4a4d
Mug1
Mx1
Noxo1
Nr1h3
Nt5c3
Nudt13
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
Ocil
Ogfr
Peli1
Pln
Plscr2
Pml
Prdx6
Procr

"v-maf musculoaponeurotic fibrosarcoma oncogene family, protein K (avian)
(Mafk)"
MARCKS-like protein (Mlp)
Moloney leukemia virus 10 (Mov10)
"membrane-spanning 4-domains, subfamily A, member 4D (Ms4a4d)"
murinoglobulin 1 (Mug1)
myxovirus (influenza virus) resistance 1 (Mx1)
NADPH oxidase organizer 1 (Noxo1)
"nuclear receptor subfamily 1, group H, member 3 (Nr1h3)"
"5'-nucleotidase, cytosolic III (Nt5c3)"
RIKEN cDNA 4933433B15 gene (4933433B15Rik)
T complex responder 1 mRNA sequence
"RIKEN cDNA 1300004C08 gene (1300004C08Rik), mRNA"
"proteasome (prosome, macropain) 28 subunit, alpha (Psme1)"
"thymoma viral proto-oncogene 3 (Akt3), mRNA"
katanin p60 (ATPase-containing) subunit A1 (Katna1)
"MAP kinase-activated protein kinase 2 (Mapkapk2), mRNA"
tripartite motif protein 12 (Trim12)
"DnaJ (Hsp40) homolog, subfamily A, member 1 (Dnaja1)"
osteoclast inhibitory lectin (Ocil)
opioid growth factor receptor (Ogfr)
pellino 1 (Peli1)
phospholamban (Pln)
phospholipid scramblase 2 (Plscr2)
RIKEN activated spleen cDNA clone F830114M17 3'
peroxiredoxin 6 (Prdx6)
"protein C receptor, endothelial (Procr)"
81

82

J
J
J
J
J
J
J

NM_007547
NM_018851
NM_025429
NM_009256
NM_018754
NM_011894
NM_009177

Ptpns1
Samhd1
Serpinb1a
Serpinb9
Sfn
Sh3bp5
Siat4a

J

NM_010484

Slc6a4

J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J

NM_013673
NM_011461
NM_033524
NM_013683
NM_019636
NM_011582
NM_009386
NM_011903
NM_013837
NM_009421
NM_009277
NM_009099
NM_030684
NM_020557
AK012454
NM_023137
NM_011704
NM_011979

Sp100
Spic
Spred1
Tap1
Tbc1d1
Thbs4
Tjp1
Tlk2
Tpst1
Traf1
Trim21
Trim30
Trim34
Tyki
Uaca
Ubd
Vnn1
Vnn3

"protein tyrosine phosphatase, non-receptor type substrate 1 (Ptpns1)"
"SAM domain and HD domain, 1 (Samhd1)"
"serine (or cysteine) proteinase inhibitor, clade B, member 1a (Serpinb1a)"
"serine (or cysteine) proteinase inhibitor, clade B, member 9 (Serpinb9)"
stratifin (Sfn)
SH3-domain binding protein 5 (BTK-associated) (Sh3bp5)
"sialyltransferase 4A (beta-galactoside alpha-2,3-sialytransferase) (Siat4a)"
"solute carrier family 6 (neurotransmitter transporter, serotonin), member 4
(Slc6a4)"
nuclear antigen Sp100 (Sp100)
Spi-C transcription factor (Spi-1/PU1 related) (Spic)
"sprouty protein with EVH-1 domain 1, related sequence (Spred1)"
"transporter 1, ATP-binding cassette, sub-family B (MDR/TAP) (Tap1)"
"TBC1 domain family, member 1 (Tbc1d1)"
thrombospondin 4 (Thbs4)
tight junction protein 1 (Tjp1)
tousled-like kinase 2 (Arabidopsis) (Tlk2)
protein-tyrosine sulfotransferase 1 (Tpst1)
Tnf receptor-associated factor 1 (Traf1)
tripartite motif protein 21 (Trim21)
tripartite motif protein 30 (Trim30)
tripartite motif protein 34 (Trim34)
thymidylate kinase family LPS-inducible member (Tyki)
uveal autoantigen with coiled-coil domains and ankyrin repeats (Uaca)
ubiquitin D (Ubd)
vanin 1 (Vnn1)
vanin 3 (Vnn3)
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83

J

NM_011710

Wars

J

NM_018871

Ywhag

J

NM_030743

Zfp313

tryptophanyl-tRNA synthetase (Wars)
"3-monooxgenase/tryptophan 5-monooxgenase activation protein, gamma
polypeptide (Ywhag)"
zinc finger protein 313 (Zfp313)

Cluster
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K

ACCN
NM_010071
NM_013726
AK004552
AK015264
AK008719
NM_007398
NM_007544
NM_009760
NM_007596
NM_007609
NM_011330
NM_011331
NM_013653
NM_021443
NM_009890
NM_007778
NM_009142
NM_009994
NM_019978
NM_010119

OGS
#N/A
#N/A
1200002N14Rik
4930431E10Rik
A030007L17Rik
Ada
Bid
Bnip3
Caml
Casp4
Ccl11
Ccl12
Ccl5
Ccl8
Ch25h
Csf1
Cx3cl1
Cyp1b1
Dcamkl1
Ehd1

Description
downstream of tyrosine kinase 1 (Dok1)
Nik related kinase (Nrk)
RIKEN cDNA 1200002N14 gene (1200002N14Rik)
RIKEN cDNA 4930431E10 gene (4930431E10Rik)
RIKEN cDNA A030007L17 gene (A030007L17Rik)
adenosine deaminase (Ada)
BH3 interacting domain death agonist (Bid)
"BCL2/adenovirus E1B 19kDa-interacting protein 1, NIP3 (Bnip3)"
calcium modulating ligand (Caml)
"caspase 4, apoptosis-related cysteine protease (Casp4)"
small chemokine (C-C motif) ligand 11 (Ccl11)
chemokine (C-C motif) ligand 12 (Ccl12)
chemokine (C-C motif) ligand 5 (Ccl5)
chemokine (C-C motif) ligand 8 (Ccl8)
cholesterol 25-hydroxylase (Ch25h)
colony stimulating factor 1 (macrophage) (Csf1)
chemokine (C-X3-C motif) ligand 1 (Cx3cl1)
"cytochrome P450, family 1, subfamily b, polypeptide 1 (Cyp1b1)"
double cortin and calcium/calmodulin-dependent protein kinase-like 1 (Dcamkl1)
EH-domain containing 1 (Ehd1)
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84

K

NM_015744

Enpp2

K

NM_016903

Es10

K
K
K
K
K
K

NM_008088
NM_010260
NM_018734
NM_008102
NM_008127
NM_010393

Gas7
Gbp2
Gbp3
Gch
Gjb4
H2-K

K

NM_016660

Hmga1

K
K
K
K
K
K
K

NM_010743
NM_008413
AK020050
NM_010723
NM_008519
NM_008607
NM_010809

Il1rl1
Jak2
Klhl2
Lmo4
Ltb4r1
Mmp13
Mmp3

K

AK002567

Mt2

K

NM_008667

Nab1

K

NM_031881

Nedd4l

K
K
K

NM_010264
NM_008536
NM_007539

Nr6a1
NULL
NULL

ectonucleotide pyrophosphatase/phosphodiesterase 2 (Enpp2)
ui87c05y1 Sugano mouse liver mlia cDNA clone IMAGE:1889384 5' similar to
gb:M13450 ESTERASE D (HUMAN);.
growth arrest specific 7 (Gas7)
guanylate nucleotide binding protein 2 (Gbp2)
guanylate nucleotide binding protein 3 (Gbp3)
GTP cyclohydrolase 1 (Gch)
gap junction membrane channel protein beta 4 (Gjb4)
"histocompatibility 2, Q region locus 5 (H2-Q5)"
vn87c08x1 Stratagene mouse heart (#937316) cDNA clone IMAGE:1038926 3'
similar to gb:J04179 Mouse chromatin nonhistone high mobility group protein
(MOUSE);.
interleukin 1 receptor-like 1 (Il1rl1)
Janus kinase 2 (Jak2)
"kelch-like 2, Mayven (Drosophila) (Klhl2)"
LIM domain only 4 (Lmo4)
leukotriene B4 receptor 1 (Ltb4r1)
matrix metalloproteinase 13 (Mmp13)
matrix metalloproteinase 3 (Mmp3)
UI-1-CF0-amg-c-05-0-UIs2 NCI_CGAP_PlTr1 cDNA clone UI-1-CF0-amg-c-050-UI 3'
Ngfi-A binding protein 1 (Nab1)
"neural precursor cell expressed, developmentally down-regulated gene 4-like
(Nedd4l)"
"nuclear receptor subfamily 6, group A, member 1 (Nr6a1)"
transmembrane 4 superfamily member 1 (Tm4sf1)
"bradykinin receptor, beta (Bdkrb), mRNA"
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K
K

NM_025465
NM_022409

NULL
NULL

K

AK012407

NULL

K
K
K
K
K
K
K
K
K
K
K
K
K
K
K

BC006737
NM_009035
AK016901
NM_013614
NM_009460
NM_011019
BC005558
NM_013640
NM_008987
NM_008990
NM_026405
NM_011260
NM_011315
NM_019787
NM_028740

NULL
NULL
NULL
NULL
NULL
Osmr
Ppap2b
Psmb10
Ptx3
Pvrl2
Rab32
Reg3g
Saa3
Sec23b
Serpina3a

K

NM_009252

Serpina3n

K
K
K
K
K

NM_023214
NM_013671
AK010437
NM_009364
NM_011593

Slc30a7
Sod2
Steap
Tfpi2
Timp1

RIKEN cDNA 1810029B16 gene (1810029B16Rik)
zinc finger protein 296 (Zfp296)
"11 days embryo whole body cDNA, RIKEN clone:2700050C19
product:unknown EST, full insert sequence"
caspase 8 (Casp8)
recombining binding protein suppressor of hairless (Drosophila) (Rbpsuh)
"silencer-associated factor (Saf) pseudogene, complete sequence"
"ornithine decarboxylase, structural (Odc)"
ubiquitin-like 1 (Ubl1)
oncostatin M receptor (Osmr)
phosphatidic acid phosphatase type 2B (Ppap2b)
ut52f06y1 Soares mouse 3NbMS cDNA clone IMAGE:3331523 5'.
pentaxin related gene (Ptx3)
poliovirus receptor-related 2 (Pvrl2)
"RAB32, member RAS oncogene family (Rab32)"
regenerating islet-derived 3 gamma (Reg3g)
serum amyloid A 3 (Saa3)
SEC23B (S cerevisiae) (Sec23b)
"RIKEN cDNA 4933406L18 gene (4933406L18Rik), mRNA"
vp09c04r1 Soares_mammary_gland_NbMMG cDNA clone IMAGE:1068102 5'
similar to gb:X68733_rna1 ALPHA-1-ANTICHYMOTRYPSIN PRECURSOR
(HUMAN); gb:M64086 Mouse spi2 proteinase inhibitor (MOUSE);.
"solute carrier family 30 (zinc transporter), member 7 (Slc30a7)"
"superoxide dismutase 2, mitochondrial (Sod2)"
six transmembrane epithelial antigen of the prostate (Steap)
tissue factor pathway inhibitor 2 (Tfpi2)
tissue inhibitor of metalloproteinase 1 (Timp1)
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86

K
K
K
K
K
K
K

NM_024290
NM_011611
NM_007987
NM_021327
NM_007855
NM_011693
AF060246

Tnfrsf23
Tnfrsf5
Tnfrsf6
Tnip1
Twist2
Vcam1
Zfp106

"tumor necrosis factor receptor superfamily, member 23 (Tnfrsf23)"
"tumor necrosis factor receptor superfamily, member 5 (Tnfrsf5)"
"tumor necrosis factor receptor superfamily, member 6 (Tnfrsf6)"
TNFAIP3 interacting protein 1 (Tnip1)
twist homolog 2 (Drosophila) (Twist2)
vascular cell adhesion molecule 1 (Vcam1)
"strain C57BL/6 zinc finger protein 106 (Zfp106) mRNA, H3a-a allele"
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Chapter 4:
TNF and LPS encode IKK activity via distinct mechanisms
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ABSTRACT
In Chapter 3, I demonstrated that different inflammatory stimuli induce distinct
IKK profiles; here, I will discuss the underlying molecular mechanisms. While TNFinduced IKK activity is rapidly attenuated by A20 negative feedback, LPS signaling
and LPS-specific gene expression programs are dependent on a cytokine-mediated
positive feedback mechanism. Thus, the distinct biological responses to TNF and LPS
depend on signaling pathway-specific mechanisms that regulate the temporal profile
of IKK activity.

RESULTS AND DISCUSSION
The role of A20 in attenuating TNF-induced IKK activity.
In the TNFR signaling pathway, the NF-κB response gene A20 has been
proposed to function in post-induction attenuation of NF-κB activity by modulating
the signaling mechanisms that regulate IKK activation (Lee et al. 2000; Wertz et al.
2004). Using our computational model, we examined whether misregulation of IKK
in A20-deficient cells was sufficient to explain the increased activation of NF-κB, and
consequent inflammatory phenotype seen in A20-deficient mice. Quantitative
measurements of TNF-induced IKK activity in wild-type and a20-/- cells (Figure 4.1,
top panels) were used as inputs to the computational model to predict NF-κB
activation profiles (Figure 4.1, middle panels). Biochemical analyses of nuclear NFκB activity (Figure 4.1, bottom panels) and cytoplasmic IκB protein levels (Figure
4.2) match the computational predictions. Thus, A20 appears to function in fibroblasts
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Figure 4.1 Temporal control of TNF signaling through A20-mediated negative feedback. IKK
activity profiles were measured by IP-kinase assay in a20+/+ and a20-/- cells in response to a 45 min
TNF (left) or LPS (right) pulse stimulation (top panels). Quantitated experimental IKK data was used
as an input for computational simulations that predict NF-κB activity profiles in a20+/+ and a20-/- cells
(middle panel). NF-κB activity profiles were measured via EMSA using the same stimulation
conditions as for the IKK kinase assay (bottom panel).
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Figure 4.2 Iκ B degradation profiles in response to TNF stimulation (1ng/ml) of a20+/+ and a20-/cells.
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in attenuating NF-κB signaling by modulating the temporal profile of IKK activity in
the TNF signaling pathway, but less so in the LPS signaling pathway (Figure 4.1, right
panels).

Positive feedforward regulation determines the duration of LPS-induced IKK
activity.
For the TLR4 signaling pathway, the molecular mechanisms that regulate IKK
are less well understood (Akira et al. 2001). Unlike TNF, LPS-induced IKK activity
has a biphasic profile (Chapter 3, Figure 3.4). By using the ribosome inhibitor
cycloheximide, I found that the LPS-specific second phase of IKK activity was
dependent on new protein synthesis (Figure 4.3) and varied with the density of the
primary cells in culture (Figure 4.4). Consequently, I hypothesized that LPS-specific
primary response genes may function to potentiate late IKK activity through an
autocrine mechanism. LPS rapidly increased expression of genes encoding 10
secreted cytokines and chemokines, many of which were also expressed in response to
TNF stimulation (Figure 4.5). However, the interleukin-10 (IL-10), IL-1α, IL-1β, and
TNF genes were specifically expressed in response to LPS. It is known that TNF
functions in endotoxin toxicity by a pro-inflammatory paracrine mechanism (Beutler
et al. 1985; Beutler and Kruys 1995), and thus was a potential candidate as a positive
feedback regulator. Upon stimulation of TNF-deficient cells at high density with LPS,
the late phase of IKK activity was lost whereas TNFR-responsive IKK activation
remained intact (Figure 4.6, top panels). With these measured IKK profiles, the
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Figure 4.3 LPS-induced late IKK activity depends on protein synthesis. IKK activity was
monitored via IP-kinase assay in MEFs stimulated with LPS (0.1µg/ml) in the presence or absence of a
30 min pretreatment with 10µg/ml cycloheximide (CHX).

Figure 4.4 Cell density affects the IKK activity profile in response to LPS. IKK activity was
measured in LPS-stimulated MEFs (0.1µg/ml) at both low and high cell density.
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Figure 4.5 Microarray expression profiling in TNF and LPS-stimulated MEFs. Stimulus-induced
increases in expression of cytokines and chemokines induced more than ten fold over baseline in the
first hour of LPS stimulation were graphed. Results were extracted from microarray expression
profiling in response to TNF and LPS stimulation of MEFs (Chapter 3).
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Figure 4.6 Temporal control of LPS signaling via cytokine-mediated positive feedback. IKK
activity profiles in wild-type and TNF-deficient MEFs were measured by IP-kinase assay in response to
a 45 min pulse of TNF (1ng/ml) or LPS (0.1µg/ml; top panel). Quantitated experimental IKK data
were used as an input for computational simulations to predict NF-κB activity profiles in TNF- or LPSstimulated MEFs (middle panel). Nuclear NF-κB activity profiles were measured via EMSA (bottom
panel).
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computational model predicted a defect in NF-κB activation by LPS in TNF-deficient
cells (Figure 4.6, middle panels), which I confirmed experimentally (bottom panels).
By employing MEFs deficient in canonical NF-κB proteins (RelA, p50, cRel),
we revealed that LPS-induced expression of TNF requires NF-κB (Figure 4.7).
Furthermore, LPS induced IKK activity was lower in NF-κB-deficient cells than
controls (Figure 4.8). Together, theses results indicate that TNF-involvement in TLR4
signaling constitutes a positive feedback mechanism. TLR4 signaling to IKK was
previously shown to be mediated by the adaptor protein MyD88 and, with delayed
kinetics, by TRIF via an unknown signaling pathway (Akira et al. 2001; Barton and
Medzhitov 2003). Our data suggests that the proposed signaling pathway is mediated
by de novo synthesis of TNF (Figure 4.9). Secondary IKK activation mediated by
TNF autocrine feedback may thus depend not only on the first phase of NF-κB
activity as shown here, but possibly TRIF-dependent IRF-3 activity.
To address whether this LPS-specific IKK regulatory mechanism determines
LPS-specific gene expression, I examined gene expression in TNF-deficient cells. At
the 1 hr timepoint, gene expression profiles overlapped with controls (Figure 4.10, top
graph), but at the 8 hr timepoint, a large group of genes showed lower expression in
tnf-/- cells than in controls (bottom graph). Specifically, and as confirmed by RNase
Protection Assays (RPA) (Table 4.1 and Figure 4.11), late expression of colony
stimulating factor 2 (CSF2), IL-12β, IL-1α, and IL-1β was dependent on TNF but late
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Figure 4.7 Measurement of steady-state levels of TNF transcript in control and NF-κ B-deficient
MEFs. TNF mRNA levels were measured via RPA in NF-κB-deficient (crel-/-nfkb1-/-rela-/-) MEFs and
control (crel-/-nfkb1-/-) stimulated with a 45 min pulse LPS (0.1µg/ml).

IKK KA

LPS
control
NF-κBdeficient
0

5 10 15 30 45 60 90 120 min

Figure 4.8 IKK activity in LPS-stimulated (0.1µg/ml) control and NF-κ B-deficient MEFs.
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Figure 4.9 IKK activity is regulated by signaling pathway-specific negative and positive feedback
loops. The schematic shows the A20-mediated negative feedback loop in the TNFR signaling pathway,
and a positive feedback / feed-forward loop in the LPS signaling pathway that is controlled by NF-κB
and possibly through IRF3, resulting in the expression of TNF. Both feedback mechanisms allow for
stimulus-specific temporal profiles of IKK activity, which result in stimulus-specific NF-κB and gene
expression patterns.
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Figure 4.10 Microarray gene expression profiling in wild-type and tnf-/- MEFs. The analysis
revealed 503 genes whose expression was on average increased by more than 3-fold in response to LPS
stimulation at the 1 or 8 hour timepoint in two separate experiments. mRNA transcript levels of each
gene (in arbitrary units) at the 8 hr timepoint are compared between the two experiments (WT1 on yaxis, WT2 on x-axis) in wild-type cells (blue). Red indicates a comparison between wild-type cells
(WT2 on x-axis) and TNF-deficient cells (tnf-/- on y-axis).
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Table 4.1 Genes affected by TNF-deficiency.
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wt

tnf-/-

0 1 8 0 1 8 hr

CSF2
CCL5
CXCL10
CCL2

tnf-/-

wt
0

1 2 4

8

0 .5

1 2 4

6

8 hr

IL-12β
IL-1α
IL-1β
L32

Figure 4.11 Gene expression analysis in LPS-stimulated wild-type and tnf-/- MEFs. RNA was
harvested from wild-type and TNF-deficient MEFs stimulated with LPS at the indicated times and
analyzed by quantitative RPA with probes for the indicated genes.
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expression of chemokine (C-C motif) ligand 5 (CCL5), CCL2, and chemokine (C-X-C
motif) ligand 10 (CXCL10) was not.
These findings indicate that TNF (and possibly other cytokines) mediate
feedforward mechanisms in response to endotoxin challenges that produce positive
feedback on IKK activity (and likely other signal transduction events) and are critical
for the induction of a stimulus-specific gene expression programs. The particular
sensitivity of the biological response to the temporal profile of IKK activity suggests
that the underlying molecular mechanisms (including negative and positive feedback
mechanisms, Figure 4.9) may provide sensitive signaling nodes that cells may use for
signaling crosstalk, which will be discussed in further detail in Chapter 5.

MATERIALS AND METHODS
Cell Lines and Tissue Culture: Primary mouse embryonic fibroblasts (MEFs) from
C57/Bl6 mice (wild-type) as well as tnf-/- and tnf+/+ (Jackson Laboratories), crel-/nfkb1-/-rela-/- (NF-κB-deficient) and crel-/-nfkb1-/- (control) MEFs were prepared from
E12.5-E14.5 embryos. A20-deficient 3T3 immortalized fibroblasts were a kind gift
from Averil Ma.
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Chapter 5:
Encoding NF-κB temporal control in response to TNF:
distinct roles for the negative feedback regulators IκBα and A20
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ABSTRACT
TNF-induced NF-κB 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 IκBα – that define the
duration of the first phase of NF-κB 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 IκBα and A20, and
identify the latter as a signaling crosstalk mediator controlling inflammatory and
development responses.
INTRODUCTION
Tumor Necrosis Factor (TNF) is a potent cytokine and critical regulator of
apoptosis, inflammation and immunity via its control of the transcription factor
Nuclear Factor kappaB (NF-κB) (Wallach et al. 1999). In response to injury or
infection, TNF is secreted in bursts by tissue-resident macrophages, and due to its
short half-life is sensed by responsive cells as transient, or pulse, stimulation (Beutler
et al. 1985). Termination of the resulting NF-κB activity is critical to preventing
aberrant inflammatory gene expression, and its misregulation 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
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TNF-NF-κB axis have been described, including the rapidly and highly inducible
IκBα and A20 genes (Scott et al. 1993; Song et al. 1996). IκBα attenuates NF-κB
nuclear localization and DNA-binding (Scott et al. 1993), and A20 inhibits signaling
upstream of IKK by removing the K63-linked ubiquitin chains on RIP1 that are
required for activation of the TNFR associated signaling complex (Wertz et al. 2004).
Based on their NF-κB-dependent inducible expression, IκBα and A20 are commonly
thought of as negative feedback regulators in the TNF-NF-κB signaling pathway.
However, whether inducible expression is required for their function (i.e. as obligate
negative feedback regulators) remains to be tested. Abolishing both constitutive and
inducible expression by genetic deletion in mice results in lethality, perinatally in the
case of IκBα (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 IκBα and A20 act in
the same signaling axis, they apparently have non-redundant (i.e. differential or
specific) functions. Indeed, mutations in the IκBα gene are linked to Hodgkins
lymphoma (Cabannes 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 commensual bacteria (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
anti-tumor responses (Song et al. 2008b).
Negative feedback regulators not only terminate cellular responses, but they
also modulate the dynamics of cellular signaling (Stelling et al. 2004; Kholodenko
2006). In the case of TNF signaling, the temporal profile of NF-κB activity is
complex: a first phase NF-κB activity is associated with the expression of a large
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number of genes that mediate non-specific inflammatory and stress responses (such as
cytokines, anti-apoptotic regulators and heat shock proteins), whereas longer lasting
NF-κB activity elicits the expression of chemokines (e.g. MCP3, MCP5 and
RANTES) and tissue proteases (e.g. MMP3, 9, 10, 12, 13) required for an effective
adaptive immune response (Saccani et al. 2001; Hoffmann et al. 2002; Hoffmann et al.
2003; Tian et al. 2005; Werner et al. 2005).
To examine how temporal control of NF-κB is encoded in response to TNF
stimulation, we identified functional signaling modules (Hartwell et al. 1999) within
the inflammatory network: first, my collaborator Jeffrey Kearns constructed a
mathematical model for the TNFR-IKK signaling module that recapitulates the
biochemical events triggered by TNFR engagement, and then integrated it with the
IκB-NF-κB module to yield a mathematical description of the TNF-NF-κB signaling
axis. Using the combined model in conjunction with experiments, we reveal distinct
roles of IκBα and A20 in encoding NF-κB temporal control.
RESULTS
TNF signaling to NF-κB: an integrated mathematical model of two signaling
modules
My collaborator Jeffrey Kearns constructed and parameterized a mathematical
model that recapitulates TNF signaling to NF-κB. The model is comprised of 33
species and 98 reactions and consists of a newly constructed model for the TNFR-IKK
signaling module (Figure 5.1) combined with the model for the IκB-NF-κB signaling
module (yellow box) that is based on previously published work (Hoffmann et al.
2002; Werner et al. 2005; Kearns et al. 2006a; O'Dea et al. 2007). The model of the
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Figure 5.1 TNFR signaling to NF-κB. Schematic depicting TNF signaling from TNFR to IKK, which
functions as the input to the NF-κB signaling module. The two most rapidly NF-κB-inducible
attenuators, IκBα and A20, are shown.
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TNFR-IKK signaling module includes the TNF-induced receptor trimerization step
(Banner et al. 1993; Grell et al. 1998), receptor internalization (Watanabe et al. 1988),
recruitment 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 IκB-NF-κB modules also includes the
reactions that control NF-κB-dependent synthesis of A20, which directly counteracts
C1 activation by deubiquitinating RIP (Wertz et al. 2004). Rate constants for the
TNFR-IKK module were derived either from the literature or our own experimental
data. For example, parameter values for A20 mRNA/protein synthesis and half-life
were derived from experimentally determined mRNA (Figure 5.14) and protein
expression profiles (Figure 5.2). Other rate constants were derived via parameter
fitting techniques and ascribed values within ranges that satisfied a set of
experimentally determined constraints.
Simulation of chronic TNF stimulation results in curves for the concentrations
over time of “free” TNF protein, of IKK and NF-κB activities, and IκBα and A20
protein levels (Figure 5.3, left panels). In vitro kinase activity measurements of
immunoprecipitated IKK complexes (Figure 5.3b) confirm that peak activation occurs
at 10 min followed by a rapid attenuation to a plateau that is just a few fold above
baseline. Similarly, TNF-induced IκBα protein degradation and rapid resynthesis is
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Figure 5.2 Estimation of A20 protein half-life. HeLa cells were pretreated for 3hr with 1ng/ml TNF;
this stimulation regiment was chosen because A20 mRNA is back to basal expression by this timepoint
(data not shown). The indicated timepoints were assayed for A20 and Actin protein expression via
immunoblotting following stimulus removal. Basal A20 expression is denoted in the (-) lane. These
data suggest that the half-life for A20 protein is approximately 8hr.
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Figure 5.3 TNFR signaling in silico and in vivo. Computational simulations of persistent TNF
stimulation depicting (left graphs) of a) free TNF levels, b) IKK activity, c) NF-κB activity, d) IκBα
protein levels and e) A20 protein levels. For model validation, IKK and NF-κB activities were
measured in wild-type cells in response to 1ng/ml TNF by IP-kinase assay and EMSA, respectively.
IκBα and A20 protein levels were measured via immunoblotting.
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accurately reproduced in the model simulation, as is the induction of A20 protein
synthesis (Figure 5.3d-e). The model correctly describes the experimentally measured
NF-κB activity profile, which peaks at 30 min, followed by post-induction repression
at 90 min, and a subsequent plateau of late activity (Figure 5.3c).
Given that TNF secretion by macrophages occurs in transient bursts, we first
examined signaling to NF-κB by very short pulses of TNF. In simulations, we found
that both IKK and NF-κB activity profiles are strikingly similar no matter how long
the TNF pulses are: a 1 min TNF pulse was predicted to provide the same degree of
activation as a 15-minute pulse (Figure 5.4). Treating cells with TNF pulses of 1, 2, 5,
and 15 min, I found that the temporal profile of IKK and nuclear NF-κB activities did
not change with the duration of the TNF pulse (Figure 5.5). The results suggest that
the TNF-NF-κB signaling axis ensures that NF-κB activity lasts at least 45 min to
provide for a robust stress response gene expression program. Indeed, I found that
even a 1 min pulse of TNF stimulation is able to induce inflammatory gene expression
(Figure 5.6).
This first invariant phase of NF-κB 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 sensitivity of
the pathway to transient TNF bursts is due to two temporal amplification steps: the
first, within the TNFR-IKK signaling module, is determined by the auto-inhibitory
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
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Figure 5.4 Computational simulation of IKK and NF-κ B activation in response to TNF pulse
stimulations.
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Figure 5.5 TNF pulse stimulation of MEFs. IKK and NF-κB activities were experimentally
measured in response to 1, 2, 5 or 15 min TNF pulses (1ng/ml) via IP-kinase assay and EMSA,
respectively.

Figure 5.6 Gene expression analysis in response to TNF pulse stimulation. The expression of NFκB-dependent target genes were measured in MEFs stimulated with the 1-min pulse of TNF (1ng/ml)
via RPA.
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min no matter how short the TNF pulse duration; the second, within the IκB-NF-κB
signaling module, is a function of the IκBα feedback. This explains why the first
mathematical model of NF-κB activation (Hoffmann et al. 2002), which did not
include the TNF-IKK module, correctly recapitulated NF-κB responses to transient
TNF stimuli of greater than 15 min, but erroneously predicted reduced NF-κB
activation with shorter TNF stimulation durations.
Distinguishing between obligate and non-obligate feedback regulation
Both IκBα and A20 protein expression are rapidly induced in response to
TNF, and have been reported to play important roles in regulating NF-κB responses
(Beg et al. 1995; Klement et al. 1996; Lee et al. 2000). In computational simulations
(Figure 5.7, bottom graphs), post-induction repression of NF-κB activity occurs at 1 hr
in wild-type cells, but is delayed to 3 hr in iκbα-/- cells. In a20-/- cells, NF-κB activity
is sustained and elevated between 3 and 6 hr. These simulations conform to
experimental results (Figure 5.8 and (Hoffmann et al. 2002; Werner et al. 2005)),
where only a20-/- cells exhibit elevated IKK and NF-κB activity at late (>3 h)
timepoints (Figure 5.7). One consequence of a greatly enhanced first phase of NF-κB
activity in iκbα-/- cells is elevated A20 induction which results in complete attenuation
of late IKK. This, together with elevated IκBε induction (Kearns et al. 2006a),
diminishes the second phase of NF-κB activity.
We asked whether feedback control by these regulators via inducible synthesis
is important, or whether constitutive transcription alone could provide proper control
of NF-κB activity. My collaborator Jeffrey Kearns first examined this
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Figure 5.7 Computational simulation of IKK and NF-κ B activities in wild-type, iκ bα -/-, and a20-/MEFs in response to TNF.
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Figure 5.8 NF-κ B nuclear localization in wild-type and a20-/- cells. Nuclear localization of NF-κB
(p65) was measured in nuclear extracts derived from wild-type and a20-/- cells in response to 1ng/ml
TNF. mSin3A was used as a nuclear localization control.
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computationally (data not shown) by setting the inducible IκBα or A20 transcription
rates to zero and repeatedly simulated the model while modulating the constitutive
transcription rate by 2x (where –10 ≤ x ≤ 10 and 20 is the rate constant for wild-type
cells). In short, his analysis showed that for IκBα, removing inducible transcription
while maintaining the original constitutive transcription parameter value resulted in
NF-κB activity that was similar to that seen in iκbα-/- cells, and that no value of
constitutive IκBα transcription can revert this to a wild-type activation profile. This
result suggests that inducible IκBα synthesis is critical for timely post-induction
repression of NF-κB. In the case of A20, model simulations also predicted that
removing A20 inducible transcription results in IKK and NF-κB activity resembling
that in an a20-/-. However, a specific range of constitutive A20 transcription rates (416-fold higher than that estimated for MEFs) allows for a TNF-induced NF-κB
activity profile that is similar to that observed in wild-type cells.
I tested these predictions experimentally by reconstituting individual knockout
cells with IκBα or A20-expressing transgenes containing heterologous promoters. In
a cell line that constitutively expresses IκBα (iκbα-/-.pBABE.IκBα, Figure 5.9), I did
indeed find, as computationally predicted (Figure 5.10, top panel), that NF-κB activity
induced by a 15 min TNF pulse was equivalent to that seen in iκbα-/- (Figure 5.10,
bottom panel). In contrast, either constitutive or inducible transcription of A20 was
able to restore late NF-κB attenuation in silico and in vivo (Figures 5.11 and 5.12).
Constitutive A20 transcription was modeled as 4-fold higher than that of wild-type
cells, consistent with experimental work where resting a20-/-.pBABE.A20 cells
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Figure 5.9 Measurement of basal Iκ Bα expression in retrovirally transduced iκ b α -/- cells. Basal
IκBα expression was measured via immunoblotting in cytoplasmic extracts in wild-type and iκ b α -/MEFs retrovirally transduced with constitutively-expressing human full-length IκBα or empty vector
(EV). (*) denotes a non-specific band.
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Figure 5.10 Inducible expression is critical for the function of Iκ Bα. Simulations of nuclear NF-κB
activity in models possessing both constitutive and inducible expression of IκBα (wild-type), or each
individually. Nuclear NF-κB activity was then measured via EMSA in wild-type cells, or in iκbα-/- cells
reconstituted with a constitutively expressing IκBα transgene (pBABE.IκBα.puro) or an empty vector
control (pBABE.EV.puro) in response to a 15 min pulse of TNF (1ng/ml).
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Figure 5.11 Inducible expression is not critical for the function of A20. Simulations predict NF-κB
activity in TNF-treated cells that have either constitutive or inducible A20 expression, or both (wildtype). Nuclear NF-κB activity was then measured via EMSA in wild-type cells, or in a20-/- cells
reconstituted with a constitutively expressing A20 transgene (pBABE.A20.puro), an NF-κB-inducible
transgene (fIL8.A20.puro), or an empty vector control (pBABE.EV.puro) in response to persistent TNF
stimulation (1ng/ml).
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Figure 5.12 A20 protein expression in retrovirally transduced a20-/- cells. Expression was measured
in whole cell RIPA lysates in cells retrovirally transduced with either constitutively (pBABE) or
inducibly (fIL8) expressing A20 in response to 1ng/ml TNF.
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Figure 5.13 A20 mRNA expression in wild-type and a20-/-.pBABE.A20 cells. Measurement (in
arbitrary units, AU) of basal mRNA levels was performed by qPCR, and showed that the pBABE.A20
cells had approximately a 4-fold increase in expression as compared to wild-type cells.
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contained 3.6-fold more A20 mRNA than wild-type cells (Figure 5.13). Overall, our
analysis makes a strong case for the necessity for feedback control by IκBα, whereas a
lack of A20 inducibility has little effect on the NF-κB activation profile. We speculate
that there might be additional explanations for the physiological relevance of inducible
A20 expression.

Signaling crosstalk mediated by A20
Both IκBα and A20 are highly inducible genes whose expression is activated
in response to several NF-κB-inducing inflammatory stimuli (Dixit et al. 1990).
Interestingly, IL-1 induces A20 mRNA expression (Figure 5.14), but IL-1 signaling is
not regulated by A20 ((Lee et al. 2000) and Figure 5.15). What may be the functional
role of IL-1-induced A20? In vivo, cells are continuously exposed to internal and
external signals, and we speculated that cells that are “primed” by IL-1 to increase
cellular A20 expression might be less responsive to subsequent TNF stimulations. To
examine this, we employed the computational model to examine potential A20dependent crosstalk between IL-1 and TNF for a range of TNF concentrations.
Graphing the TNF dose response curve (ranging from 10-3 to 103 ng/ml) for naïve or
IL-1-pretreated cells indicated that NF-κB activity induced by high TNF stimulations
(1 ng/ml or above) were much less affected than lower doses (0.1ng/ml or less) by the
IL-1 pretreatment regime, but this effect was abrogated completely in a20-/- (Figures
5.16 and 5.17).
I tested these predictions experimentally by measuring TNF-induced NF-κB
activity in cells exposed to the IL-1 pretreatment regime. For a 0.1 ng/ml TNF
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Figure 5.14 A20 and Iκ Bα mRNA expression in response to TNF and IL-1. mRNA levels were
measured in wild-type cells treated with 1ng/ml TNF or IL-1 via RPA, and the data was quantitated and
graphed.
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Figure 5.15 A20 regulates TNF, but not IL-1, signaling. Nuclear NF-κB was measured via EMSA in
wild-type, iκbα-/- and a20-/- cells in response to 1ng/ml TNF or IL-1 stimulation.

Figure 5.16 Simulation of TNF-NF-κB-dose response of naïve and IL-1 pretreated cells.
Computational simulations calculated the maximal nuclear NF-κB activity for TNF doses ranging from
10-3 to 103 ng/ml. IL-1 pretreatment was simulated as a 1hr of stimulation followed by 1hr of “rest”
prior to TNF stimulation. Simulations for naïve cells are denoted in black, and pretreated cells are in
blue.
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Figure 5.17 Simulations of the effect of IL-1 pretreatment on NF-κ B activity. NF-κB activity was
simulated in wild-type and a20-/- cells in response to either 0.1 or 1ng/ml TNF alone (black), or to a 1hr
IL-1 pretreatment, followed by 1hr “rest” (no stimulation) and then subsequent TNF challenge (blue).
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Figure 5.18 A20 can mediate signaling crosstalk between inflammatory stimuli. Nuclear NF-κB
activity in response to persistent TNF stimulation (0.1 or 1ng/ml) was measured by EMSA in wild-type
and a20-/- cells that were naïve (–) or pretreated with IL-1 for 1hr, followed by 1 hr or 24 hr of “rest”.
The data was quantitated and graphed.
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treatment, NF-κB activation was severely diminished in wild-type cells, but not in
a20-/- cells (Figure 5.18). At 1ng/ml of TNF, IL-1 pretreatment also had an A20independent effect, possibly via TNFRI ectodomain shedding (Islam et al. 2006). I
confirmed that the cellular memory to inflammatory signaling provided by A20 is
transient in silico and in vivo; allowing cells to rest for 24 hr after IL-1 pretreatment
resulted in normal TNF responsiveness (Figures 5.18 and 5.19).
Our findings suggest that the negative feedback regulators IκBα and A20 have distinct
roles in controlling NF-κB dynamics. Inducible IκBα expression constitutes an
obligate feedback regulator within the TNF-NF-κB axis, but the inducible A20
expression mediates signaling crosstalk between inflammatory stimuli by providing
cellular memory in terms of a transiently tolerant state. What might be the molecular
basis for the differential functionality? Although both IκBα and A20 are rapidly and
highly inducible at the level of mRNA transcripts (which show a similarly short halflife), producing the larger A20 protein takes more time. More importantly, a
significantly longer protein half-life allows not only allows for a gradual build-up of
the protein, but also confers a memory function revealed in crosstalk or priming
experiments. Whereas the obligate negative feedback regulator IκBα functions as a
stochiometric binder of the NF-κB activator, the non-obligate feedback attenuator A20
reaches back many more reactions into the pathway making its effect more temporally
diffuse at the NF-κB level. In addition, A20 possesses enzymatic function, which
further slows its total functional effect.
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Figure 5.19 Computational prediction of the transient nature of the A20 crosstalk effect.
Computational simulations predict IKK (left) and NF-κB (right) activity in wild-type and a20-/- cells
that are pretreated with 1ng/ml IL-1 for 1hr, followed by 24hr “rest” (no stimulation), and then
subsequent challenge with TNF (0.1ng/ml).
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A temporal dose response analysis reveals distinct roles of IκBα and A20
As a paracrine mediator with a short half-life, cellular exposure to TNF is
usually transient but of variable duration. Thus, we investigated the roles of IκBα and
A20 in mediating NF-κB signal processing in response to TNF stimulations of various
durations. Using a three-dimensional plot, NF-κB activity was graphed (color
heatmap) over time (x-axis) for TNF pulses of various durations (y-axis) (Figure
5.20). In wild-type cells, even very short TNF pulses provide for almost an hour of
NF-κB activity (Figure 5.4, 5.5, Figure 5.20, top panel). Longer lasting TNF
stimulations do not change the duration of the first phase of NF-κB activity, but allow
for a second phase of NF-κB activity of proportionally increasing duration. However,
in the absence of IκBα, the first invariant phase of NF-κB activity balloons to 3 hr
(Figure 5.20, middle panel). In A20-deficient cells, our model simulations indicate a
largely intact first phase of NF-κB but a second phase that is enhanced (Figure 5.20,
bottom panel). Even very short stimuli elicit a second phase that is predicted to last at
least 3 hr.
Given that A20 protein expression is markedly upregulated only after 1 h
following stimulation onset (Figure 5.3e), 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 IKK and NF-κB activity at 2 hr and longer (Figure 5.21).
Experimentally, I found this to indeed be the case: an EMSA analysis revealed that
NF-κB activity is elevated in a20-/- cells during the later phase in response to short
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Figure 5.20 Temporal dose response analysis of TNF-induced NF-κ B activity. NF-κB activity
simulations in wild-type, iκbα-/- and a20-/- cells in response to TNF pulses, ranging from 1 min to 180
min in 1min increments. The results were graphed over time (hr), with the pulse duration (hr) on the yaxis. NF-κB activity (nM) is color coded from 0 (blue) to 100 (red) nM.
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Figure 5.21 Simulation of NF-κB activity profiles in response to 5, 15, or 45 min TNF pulses
(1ng/ml) in wild-type and a20-/- cells.

Figure 5.22 Experimentally measured NF-κ B activity profiles in response to 5, 15, or 45 min TNF
pulses (1ng/ml) in wild-type and a20-/- cells.
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TNF pulse stimulations (Figure 5.22). This effect is correlated with incomplete
attenuation of IKK activity in the knockout cells (Figure 5.21, top graph).
Overall, our study reveals distinct roles for the two highly inducible negative
feedback regulators IκBα and A20 (Figure 5.23, top). Whereas the inducibility of
IκBα determines the duration of the first phase of NF-κB activity (Figure 5.23,
bottom), A20 determines the temporal dose response of the TNF-NF-κB signaling
pathway by controlling primarily the duration of the second phase of NF-κB activity.
Interestingly, we found that the concentration, not the rate of synthesis or inducibility
of the A20 protein, determines the duration of the second phase (Figure 5.23, bottom).
The concentration of A20 protein can be modulated not only by TNF itself but also by
multiple inflammatory stimuli (Figure 5.23, top), thus conferring a rheostat function.
At high levels of expression in “primed” cells, the A20 rheostat may even dampen the
amplitude of the first phase of NF-κB activity (but never the duration), suggesting a
role in establishing inflammatory tolerance.

DISCUSSION
Although a surprising number of negative feedback regulators have been
identified in diverse signaling networks, remarkably few have been examined to
determine what functional roles their inducible expression may play, or whether the
roles may in fact be distinct. Our analysis demonstrates clearly distinct functions for
IκBα and A20, whose expression is driven by similarly inducible promoters. IκBα is
an obligate negative feedback regulator; that is to say that no value of constitutive
IκBα expression will provide the degree of NF-κB activation and post-
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Figure 5.23 Encoding NF-κB dynamics via Iκ Bα and A20. Schematic summary of how negative
feedback regulators IκBα and A20 encode NF-κB activity dynamics in the TNF signaling pathway.
Whereas dynamic feedback (yellow box) is critical to IκBα’s function, inducible expression of A20
confers a tunable rheostat (blue box) function. Via this rheostat function, A20 mediates signaling
crosstalk, for example from prior cellular exposure to IL-1. Below, TNF produces a typically biphasic
NF-κB activity that is encoded by the differential functions of A20 and IκBα. The duration of the first
phase is a function of the inducibility (change in synthesis rate, or second order derivative, denoted by “
¨ ”) of IκBα, 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-κB activity) may also affect the amplitude of
the first phase, but not its duration.
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induction repression that NF-κB-responsive expression of IκBα allows for. In
contrast, the inducibility of A20 expression functions to tune a rheostat that controls
cellular signaling responsiveness. This distinction between the negative regulators
may explain how subtle misregulation of A20 protein levels have been implicated in a
range of physiological and pathological processes, including atherosclerosis (Wolfrum
et al. 2007), T-cell responsiveness (Stilo et al. 2008), the homeostasis of signaling by
pathogen-sensing receptors (Turer et al. 2008) and of commensual bacteria
(Hitotsumatsu et al. 2008), and suppression of autoreactive immune responses (Song
et al. 2008a). We imagine that our combined computational and experimental strategy
may be applied to other signaling systems to categorize the functional diversity of
negative feedback regulators.
MATERIALS AND METHODS
Experimental Procedures and Analysis
Cell Lines and Reagents: a20-/- MEFs were reconstituted with retroviral vectors
pBABE.A20.puro (created by cloning a human A20 open reading frame (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 FUGW vector (Lois et al. 2002), and were a kind gift from M.
Boldin. iκbα-/- MEFs were reconstituted with pBABE.IκBα.puro or empty vector
controls and were a kind gift from Erika Mathes. p65 (sc-372), actin (sc-1615), and
mSin3A (sc-994) antibodies were generously provided by Santa Cruz Biotechnologies
and A20 (IMG-161) antibody was obtained from Imgenex.
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Quantitative PCR (qPCR). RNA was isolated from MEFs using the RNeasy
purification kit (Qiagen). cDNA was synthesized from 1µg RNA using Oligo(dT)
primers as per SuperScriptTM First-Strand Synthesis kit instructions (Invitrogen).
Primers utilized for qPCR were designed for the human A20 gene; forward primer: 5’CTTCCTCAGGCTTTGTATTTGAGC-3’, reverse primer: 5’- TGTATCGGTGCATGGTTT-3’,
for a final qPCR product of 124bp. GAPDH primers were used as controls for signal
normalization. The qPCR was performed using the Brilliant® SYBR® Green
(Stratagene), and was carried out on a MX3000P qPCR instrument.

The Mathematical Model
A computational model was constructed to describe key reactions linking
extracellular TNF ligand to NF-κB nuclear localization. This model includes a
reaction set based on the previously published model of the NFκB-IκB signaling
module (Hoffmann et al. 2002; Werner et al. 2005; Kearns et al. 2006a; O'Dea et al.
2007), as well as reactions that describe the upstream TNFR-IKK signaling module
(Werner et al. 2008). The model was written in and analyzed with Mathworks
MATLAB version R2008a.
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Chapter 6:
Encoding temporal control of NF-κB in response to IL-1:
a role for receptor flux
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ABSTRACT
The cytokines TNF and IL-1 are potent inducers of NF-κB activity and
inflammatory gene expression programs. While they induce IKK activity with similar
kinetics, the NF-κB temporal profiles are quite different. The TNFR pathway is
known to be negatively regulated by A20, the mechanisms for downregulation of IL1-induced IKK and NF-κB activities remains unclear. Here, I show preliminary
evidence that suggests that low flux of the IL-1 receptor (i.e. slow replenishment or
lack of resynthesis) may play a role in encoding the temporal profile of IL-1-induced
IKK activity, and suggest future experiments to further address this issue.

INTRODUCTION
Signaling pathways utilize distinct mechanisms to encode IKK and NF-κB
activation to ensure specificity in gene expression. For example, IκBα and A20 play
specific roles in terminating TNF-induced IKK and NF-κB activities (Werner et al.
2008), while a positive feedforward loop via TNF expression ensures sustained NF-κB
activity in response to LPS (Covert et al. 2005; Werner et al. 2005). For IL-1R
signaling, several layers of regulation must be in place to prevent a chronic
inflammatory response, as chronic IL-1 activity leads to disease such as arthritis, gout,
and periodic fever syndrome (cryopyrinopathy) (Dinarello 1998; Dinarello 2005).
Generation of active IL-1β ligand from the inactive pro-IL-1β isoform is tightly
regulated by the inflammasome, a multiprotein complex activated by the TLR and
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NLRs (Nod-like Receptors) that activates caspase-1 cleavage of substrates (Franchi et
al. 2009).
At the level of NF-κB, several mechanisms have been proposed for
downregulation of IL-1-induced signaling (Li and Qin 2005); however, many of these
mechanisms are cell-type specific. The orphan receptor SIGIRR is proposed to
antagonize IL-1 signaling in primary kidney and epithelial cells, but not in
macrophages, fibroblasts or endothelial cells (Wald et al. 2003). ST2, another orphan
receptor, appears to play an important role in Th2 cells (Townsend et al. 2000).
However, how these orphan receptors function remains unclear. In monocytes and
macrophages, IRAK-M is responsible for inhibiting the IRAK4-TRAF6 interaction to
terminate IL-1 signaling (Kobayashi et al. 2002). Also in monocytes, the truncated
adapter MyD88s (splice variant of MyD88) competes for full-length MyD88 and
results in the failure to recruit IRAK4 to the receptor (Wesche et al. 1997; Burns et al.
1998).
One of the most potent antagonists of IL-1R signaling is the IL-1 receptor
antagonist (IL-1Ra) (Dinarello et al. 1981; Arend et al. 1985; Eisenberg et al. 1990).
It is expressed in many cell types, and is reported as a negative feedback regulator that
competitively inhibits the IL-1 ligand from binding the receptor (Pizarro and
Cominelli 2007). IL-1R signaling to NF-κB is effectively blocked when recombinant
IL-1Ra is added to fibroblasts as a pretreatment or co-treatment with stimulus (C.
Wang and A. Hoffmann, unpublished data). However, IL-1Ra protein expression
levels are not induced in fibroblasts in response to IL-1 stimulation, as mRNA levels
appear to be constitutively elevated (S. Werner, data not shown). Therefore, the role
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of IL-1Ra in regulating IL-1-induced NF-κB activity in fibroblasts remains somewhat
unclear.
Several receptors utilize self-downregulation mechanisms via receptor
internalization and lysosomal degradation. The G-protein coupled receptors (GPCRs)
are one example of a family of receptors that are internalized via distinct mechanisms
(von Zastrow 2001). For example, the thrombin receptor PAR1 is constitutively
internalized to the endosome and shuttled back to the plasma membrane, while
agonist-induced internalization is a phosphorylation and ubiquitination-dependent
event that shuttles the receptor to the early endosome, and is then degraded by the
lysosome with a half-life of approximately 1 hour (Paing et al. 2006; Marchese et al.
2008). The chemokine receptor CXCR4 has a slightly longer half-life (3 hr), as it
undergoes ligand-induced internalization, and is localized to the early endosome in a
ubiquitin-dependent manner, prior to being sorted to multi-vesicular bodies (MVB)
prior to lysosomal degradation (Orsini et al. 2000). The β2 adrenergic receptor
(β2AR), with an even longer half-life (20 hr), is either internalized to a recycling
endosome upon ligand binding, or is sorted to the MVB and subsequently degraded
(Shenoy et al. 2001). Each receptor internalization pathway utilizes specific adaptor
proteins, kinases, ubiquitin-modifying enzymes, and endosomal or MVB sorting
proteins.
Interestingly, a dual role for receptor endocytosis is now emerging, as it serves
as a robust, immediate signal transducer on a short timescale and a downregulator of
receptor signaling on longer timescales (Kholodenko 2002; Miaczynska et al. 2004;
Kholodenko 2006). The TNFR is internalized upon ligand binding, and has been
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reported to be recycled to the plasma membrane (Bajzer et al. 1989; Vuk-Pavlovic and
Kovach 1989). One important consequence of TNFR internalization is the formation
and activation of Complex II (TRADD, TRAF2, FADD, and RIP) in the apoptotic
pathway (Schutze et al. 1999). However, activation of Complex I and canonical NFκB signaling does not appear to be influenced by TNFR internalization. Receptor
endocytosis has been shown to be important for TLR4 signaling (Kagan et al. 2008).
Upon ligand engagement, TLR4 induces TIRAP-MyD88 signaling to NF-κB from the
plasma membrane, and is then internalized to activate the TRAM-TRIF signaling axis
and subsequent IFNβ production from early endosomes.
There are also lines of evidence suggesting that the IL-1R is internalized
(Matsushima et al. 1986; Ye et al. 1992). In epithelial cells, it has been shown that
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I-labeled IL-1β migrates from the plasma membrane to the lysosomal compartment

approximately 1-2 hr post stimulation, followed by localization to the nuclear
envelope between 2-6 hr (Mizel et al. 1987). The functional role of a nuclear IL-1R is
still somewhat unclear (Curtis et al. 1990; Heguy et al. 1991). More recent data has
shown that the protein Tom1 is a negative regulator of IL-1R signaling (Yamakami et
al. 2003), as it has a VHS domain that is implicated in intracellular trafficking and
sorting. Tom1 has been shown to interact with the IL-1R adapter Tollip, and later
studies showed that Tollip and Tom1 recruit ubiquitin-conjugated proteins onto early
endosomes (Katoh et al. 2004). Most recently, it was shown that IL-1 ligand
engagement results in receptor ubiquitination, which serves as a dock for ubiquitinated
Tollip (Brissoni et al. 2006). The study also shows that Tollip is not necessarily
required for receptor internalization, but is required for sorting IL-1R to the late
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endosomes and facilitates lysosomal targeting of the receptor between 3-6 hr post-IL-1
stimulation. Here, I will examine the role of receptor flux on encoding IL-1-induced
IKK and NF-κB activity.

RESULTS
The cytokines TNF and IL-1 are potent activators of NF-κB signaling (Figure
6.1). Both stimuli activate IKK with similar kinetics; however, late IKK activity is
approximately two times higher for TNF than for IL-1 (Figure 6.2). Because the
amplitude of late IKK activity has been shown to be important for the duration of NFκB activity (Werner et al. 2005), it would be reasonable that TNF stimulation induces
NF-κB activity for longer duration. This is indeed the case; TNF stimulation results in
a biphasic NF-κB activity profile with the second phase lasting at least 4 hr, whereas
IL-1 induces a transient NF-κB activity profile lasting for less than 1 hr (Figure 6.3).
While A20 critically functions to terminate TNF-induced NF-κB responses (Lee et al.
2000; Werner et al. 2005; Werner et al. 2008), this is not the case for IL-1 ((Lee et al.
2000) and Chapter 5, Figure 5.15). In fact, termination of IL-1-induced IKK activity
is unaffected by inhibition of protein synthesis, indicating that inducible negative
feedback regulation does not play a role in MEFs (Figure 6.4).
Next, it was of interest to determine the relative stability of recombinant TNF
and IL-1 ligand at 37°C in vitro to determine whether ligand stability plays a role in
encoding IKK and NF-κB temporal control. In a “cell free” system, TNF or IL-1 was
incubated in serum-starved medium (DMEM + 0.5% serum) at 37°C, and naïve

144

Figure 6.1 Comparison of the TNF and IL-1 receptor signaling modules. TNF engagement of the
TNFR results in receptor trimerization and subsequent recruitment and activation of the TTR complex,
consisting of TRADD, TRAF2 and RIP1. Activated TTR (denoted by *) can then activate the IKKkinase (or IKKK), which may be either TAK1 or MEKK3, which can then serve to phosphorylate IKK
at serines 177 and 181 to ensure its activation. For IL-1 signaling, ligand binding results in
heterodimerization of the IL-1R and its accessory protein IL-1RAcP. Receptor oligomerization results
in downstream recruitment and activation of the MIT complex, consisting of MyD88, IRAK1/4 and
TRAF6, and subsequent IKK activation via IKKK activity. While it is known that TNF-dependent
activation of A20 expression serves to terminate TNFR signaling, it is unclear what mechanism
downregulates IL-1R signaling. For both pathways, however, it has been reported that the receptors are
internalized upon ligand binding, which leads to either receptor recycling to the plasma membrane, or in
receptor degradation.
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Figure 6.2 IKK dynamics in response to TNF and IL-1. Wild-type fibroblasts were treated with
TNF or IL-1 (1ng/ml), and cytoplasmic extracts were collected at the indicated timepoints. IKK
activity was measured via IP-kinase assay.

IKK KA

Figure 6.3 NF-κ B dynamics in response to TNF and IL-1. Wild-type fibroblasts were treated with
TNF or IL-1 (1ng/ml) and nuclear extracts were prepared at the indicated timepoints. NF-κB DNAbinding activity was measured via EMSA.
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Figure 6.4 Termination of IL-1-induced IKK activity does not require protein synthesis. IKK
activity was measured in fibroblasts treated with IL-1 (1ng/ml) in the presence or absence of a 30 min
pretreatment with CHX (10µg/ml) via IP-kinase assay.
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fibroblasts were treated with the ligand-containing media at various timepoints (1, 3,
9, 24, or 48 hr) for 30 min prior to extracting cellular nuclei for EMSA analysis.
These results were compared to a “cell absorption” system, where a plate of
fibroblasts was exposed to ligand for various periods of time (1, 3, 9, 24, or 48 hr), and
the supernatant media was used to treat naïve fibroblasts. In this system, I reasoned
that cells will internalize some fraction of ligand, and thus the overall ligand
concentration in the media will decrease over time. Indeed, naïve fibroblasts treated
with TNF-containing media from either the “cell free” or “cell absorption” system
exhibit similarly elevated NF-κB responses for early timepoints (1, 3, 9 hr; Figure 6.5,
top graph). For later timepoints, NF-κB activation is decreased in naïve fibroblasts
treated with ligand from the “cell absorption” system (Figure 6.5). Interestingly, this
is not the case for IL-1, as NF-κB activation is almost equally as high for each
timepoint as in cells treated with ligand from the “cell free” system (Figure 6.5,
bottom graph). These results suggest that recombinant IL-1 is relatively stable, which
contradicts the fact that IL-1 induces NF-κB with such transient kinetics. Instead, this
suggests that the IL-1R signaling pathway has evolved to strongly dampen NF-κB
activity after stimulation to prevent an aberrant inflammatory response.
To explore this issue further, I examined IKK activity in fibroblasts
prestimulated with either TNF or IL-1, and subsequently restimulated after a rest
period of 0.5 or 20 hr. Interestingly, IL-1 prestimulated cells were completely
resistant to further IL-1 challenge when the cells experienced a short recovery period
(Figure 6.6). This effect was also visible in TNF prestimulated cells; however, the
amplitude of the first phase of IKK activity was only moderately dampened, while the
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Figure 6.5 Examination of TNF and IL-1 ligand stability. To determine ligand stability in vitro, two
systems were utilized. In the “cell free” system, serum-starving media (DMEM+0.5% BCS) was
treated with 1ng/ml of either TNF or IL-1 and stored at 37°C. In the “cell absorption” method, a 10-cm
plate of confluent and serum starved fibroblasts were treated with 1ng/ml TNF or IL-1. At various
timepoints (0, 1, 3, 9, 24, 48 hr), a plate of naïve fibroblasts was exposed to 2mL of the treated media
(from the “cell free” or “cell absorption” systems), and nuclear extracts were collected at 30 min posttreatment. NF-κB activity was measured via EMSA and the results were quantitated and graphed.
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Figure 6.6 Inducible IKK activity is abrogated in pre-stimulated fibroblasts. Fibroblasts were
pretreated with 1ng/ml TNF or IL-1 for 1 hr. Upon stimulus removal, the cells were washed three times
with PBS and fresh serum-starving media (DMEM+0.5%BCS) was added back to the cells for the
indicated recovery times (0.5 or 20 hr) prior to rechallenge with 1ng/ml TNF or IL-1.
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late phase is still intact, if not higher than in naïve cells. Next, I determined the period
of time pretreated cells need to recover to regain stimulus-responsiveness. For IL-1,
pretreated cells required a recovery period of 8-10 hr, whereas this period was as short
as 2 hr for TNF (Figure 6.7). Negative feedback regulation has been described to play
an important role in “resetting” a signaling pathway such that it can be re-activated
(Kholodenko 2006), which may explain the relatively quick recovery time for TNFR
signaling. For IL-1, the cells are refractory to subsequent stimulations for
approximately 8 hr, which is a time-scale that correlates with that of receptor
internalization and degradation, or slow receptor flux. Additionally, stimulusresponsiveness in IL-1 pretreated cells is inversely proportional to the concentration of
ligand used to pretreat the cells (Figure 6.8). When fibroblasts are pretreated with
lower IL-1 concentrations (0.1 or 0.01ng/ml), subsequent stimulation results in
significantly higher NF-κB activities than for cells pretreated with high concentrations
(10 or 1ng/ml). Within the context of receptor internalization, it is reasonable that
high IL-1 concentrations would immediately saturate plasma membrane-bound IL-1R,
resulting in receptor internalization and a decreased ability for the cell to respond to
further IL-1 challenge. Conversely, stimulation of cells with lower concentrations of
IL-1 would be sub-saturating and would allow for a subsequent round of cellular
stimulation and NF-κB activity.
While it is known that the IL-1 receptor is internalized upon ligand
engagement (Mizel et al. 1987), it would be useful to determine the receptor
resynthesis. If the receptor flux is slow, this might explain the unresponsiveness of
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Figure 6.7 Determination of recovery time required to regain IL-1R and TNFR signaling in prestimulated fibroblasts. a) NF-κB activity was measured via EMSA in fibroblasts that were treated
with 1ng/ml TNF or IL-1 alone, or were pretreated with ligand for 1 hr prior to stimulus removal. Upon
washing cells with PBS, serum-starving media (DMEM+0.5%BCS) was added back to the cells for
various periods of time (0, 2, 4, 8, 10, 16/19, 24/27 hr) prior to rechallenge with 1ng/ml TNF or IL-1. b)
The results from the 20 min timepoints were quantitated and graphed.
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Figure 6.8 The effect of IL-1 concentration on ligand-induced IKK downregulation. Fibroblasts
were treated with varying concentrations of IL-1 alone, or were pretreated with varying concentrations
of IL-1 for 1 hr, then were allowed to rest for 2 hr prior to rechallenge with 1ng/ml IL-1. Nuclear
extracts were collected at 30 min post-stimulation, and NF-κB activity was measured via EMSA. The
results were quantitated and graphed (right).
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cells to multiple rounds of IL-1 stimulation, and may also give some insight as to why
the IL-1-induced NF-κB response is so transient in light of the fact that the
recombinant ligand is quite stable over time. To address this issue, I measured IL-1R
protein levels in the membrane fraction of fibroblasts treated with IL-1, and observed
a marked decrease in IL-1R levels at 4 hr post-stimulation (Figure 6.9). I next
examined the role of de novo protein synthesis in the receptor flux, and observed a
drastic decrease in IL-1R levels in cells that were treated with IL-1 in the presence of
cycloheximide (Figure 6.10). While receptor recycling may play a role in
regenerating plasma membrane-bound IL-1R, the results suggest that de novo
synthesis of IL-1R plays an important role in the receptor flux.
Receptor internalization has been shown to be required for initiation of certain
signaling events. For TNFR, receptor internalization is required for complex II
formation to catalyze downstream pro-apoptotic signaling (Schutze et al. 1999).
Likewise, TRIF-dependent signaling requires internalization of TLR4 to the late
endosome (Kagan et al. 2008). In both cases, however, receptor internalization does
not appear to have an important role in determining IKK-NF-κB dynamics. To
examine the effect of receptor internalization on both TNF- and IL-1-induced NF-κB
dynamics, I inhibited internalization via the chemical inhibitors monodansyl
cadaverine (MDC, transglutaminase inhibitor of clathrin-dependent endocytosis) and
phenylarsine oxide (PAO, tyrosine phosphatase inhibitor), and examined NF-κB
DNA-binding activity. Interestingly, both drugs potently inhibited TNF- and IL-1induced NF-κB activity (Figure 6.11 and data not shown). Interestingly, NF-κB
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Figure 6.9 Examination of IL-1R protein levels in the membrane and cytoplasmic compartments.
IL-1R protein levels were measured in fibroblasts in response to 1ng/ml IL-1 stimulation. IL-1R
antibody (sc-689) was used at a 1:250 dilution. Cytoplasmic (C) and membrane (M) fractions were
obtained as described in the Materials and Methods.

Figure 6.10 The flux of IL-1R protein levels in the membrane requires protein synthesis. IL-1R
protein levels were measured in fibroblasts in response to 1ng/ml IL-1 or 10µg/ml CHX alone, or in
response to a co-treatment of IL-1 and CHX. Membrane fractions were collected at the indicated
timepoints as described in the Materials and Methods. IL-1R antibody (sc-689) was used at a 1:250
dilution.
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Figure 6.11 Inhibition of receptor downregulation abrogates NF-κ B signaling. NF-κB activity was
measured EMSA in fibroblasts that were treated with TNF or IL-1 (1ng/ml) in the presence or absence
of a 30 min pretreatment with the receptor internalization inhibitor monodansyl cadaverine (MDC,
50µM).

Figure 6.12 The effect of MDC titration on NF-κ B activity. NF-κB activity was measured via EMSA
in fibroblasts that were treated with IL-1 (10ng/ml) in the presence or absence of a 30 min pretreatment
with varying concentrations of MDC. Cells were also treated with a 50% acetic acid:DMSO (AA)
solution as a control, as MDC is soluble in this solution condition.
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activity in fibroblasts treated with a ten-fold higher concentration of IL-1 (10ng/ml)
appear to be unaffected by various MDC pretreatment conditions (Figure 6.12). It is
unclear whether this result is due to high IL-1 concentrations competing with the
inhibitor, or whether MDC is unstable over time in its storage condition. From these
studies, it is difficult to distinguish the effect of receptor internalization on NF-κB
dynamics. Recently, it was reported that γ-secretase plays a role in cleaving IL-1R in
response to IL-1 stimulation, generating a 26kD intracellular fragment (Elzinga et al.
2009). In this study, inhibition of γ-secretase by the specific inhibitors XIX or DAPT
resulted in decreased JNK activation, but appeared to have no effect on NF-κB
activity. Indeed, NF-κB activation remains intact in fibroblasts pretreated with XIX or
DAPT prior to IL-1 stimulation (Figure 6.13).

DISCUSSION
In fibroblasts, it is clear that IL-1R-induced IKK and NF-κB activity is not
regulated by negative feedback inhibition via A20 or another protein-synthesis
dependent mechanism. Preliminary data suggests that receptor internalization may
play a role in terminating IL-1R signaling, while slow receptor flux renders the cell
unable to respond to multiple rounds of IL-1 stimulations. To further examine
receptor flux, it would be useful to determine the steady state IL-1R mRNA levels in
response to IL-1 stimulation. Inhibition of protein synthesis enhanced IL-1-induced
IL-1R degradation at late timepoints (Figure 6.10), and determination of IL-1R mRNA
levels would elucidate whether receptor protein synthesis is constitutive or inducible.
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Figure 6.13 Examination of γ-secretase inhibition on NF-κB activity. Fibroblasts were treated with
1ng/ml IL-1 in the presence or absence of the receptor internalization inhibitor MDC (30 min
pretreatment; 50µM) or the γ-secretase inhibitors XIX (2 hr pretreatment; 30nM) or DAPT (2hr
pretreatment, 8µM). NF-κB activity was measured via EMSA.
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In future experiments, it would be of interest to address IL-1R localization in
greater detail. In cellular fractionation experiments, the “membrane fraction” derived
from fibroblasts contains not only the plasma membrane, but also endosomes and
other membrane-associated vesicles. Therefore, measuring IL-1R levels by
immunoblotting cannot yield sufficient information on the localization of the receptor,
but only the total protein levels in the entire membrane fraction. Thus, it would be
useful to measure IL-1R internalization by flow cytometry/FACS or fluorescence
microscopy. One disadvantage to using microscopy is that most studies require
receptor overexpression, which will certainly disrupt or change the receptor flux
within the system.
Additionally, future experiments should attempt to address the role of IL-1
receptor internalization on NF-κB dynamics: is internalization required for stimulusinducible IKK and NF-κB activity, or does it play a role in terminating signaling (or
both)? While using chemical inhibitors for receptor internalization (monodansyl
cadaverine and phenylarsine oxide) yielded unclear results, it might be useful to try
other inhibitors known to inhibit internalization, such as lysosomotrophic agents
(leupeptin or chloroquine), MG-132 or the dynamin inhibitor Dynasore. Genetic
perturbation of receptor internalization may also be useful analytical tool. Reports
have shown that the adapter molecule Tollip is important for directing IL-1R
localization to the early endosomes via its interaction with Tom1 (Katoh et al. 2004;
Brissoni et al. 2006). Utilization of either tollip-/- or tom1-/- in studies of IKK and NFκB activation may provide insight into the importance of receptor internalization on
the dynamics of the NF-κB signaling system.
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During the preparation of this dissertation, I generated a stable cell line where I
retrovirally expressed a human Flag-tagged IL-1R construct (pBABE.FLAG-IL1R.puro) and the human IL-1R accessory protein (pBABE.IL-1RAcP.hygro) in a wildtype mouse fibroblast background. Because this cell line possesses both mouse and
human IL-1R, it would be interesting to use the species differences to indirectly
examine the effect of receptor internalization on NF-κB dynamics. While
recombinant mouse IL-1 stimulates only mouse-derived cells, the human ligand can
activate both human and mouse-derived cells (data not shown). Therefore, I
hypothesize that pretreatment of this stable cell line with recombinant mouse ligand
would result in internalization of the endogenous mouse receptor only, and the cells
would be refractory to further stimulation with mouse ligand. Conversely, prestimulation with mouse ligand would have no effect on the exogenously expressed
human receptor, and therefore subsequent stimulation with human agonist would
result in potent NF-κB activity. Combinations of human agonist followed by mouse
agonist, or double stimulation with human agonist would presumably show defects in
NF-κB activation.
To enhance this study, it would be useful to collaborate with my mathematical
modeling colleagues to construct a model that describes the biochemical events
upstream of IL-1-induced IKK activity, including ligand engagement of the receptor,
receptor flux (internalization, recycling, degradation and resynthesis), recruitment of
various adapter proteins and kinases, and activation of the IKK-Kinase. Upon
construction of the computational model and subsequent experimental validation
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studies, computational simulations may offer unique insights into the emergent
properties of the IL-1R-IKK-NF-κB signaling module.

MATERIALS AND METHODS
Reagents. Monodansyl cadaverine (MDC; Sigma), XIX (EMD Biosciences), and
DAPT (EMD Biosciences) were used at 50µM, 30nM and 8µM respectively. The IL1R antibody (sc-689) was obtained from Santa Cruz Biotechnology, and was used at a
1:250 dilution.
Preparation of fibroblast membrane fractions. After cell stimulation, fibroblasts
were harvested with 1x PBS + 1mM EDTA, and centrifuged at 5000 rpm for 1 min.
Upon removing the supernatant, the cell pellet was resuspended in 0.2-0.5mL
(depending on the cell pellet size) Lysis Buffer (50mM Tris pH7.5, 100mM NaCl,
5mM EDTA, 1mM DTT, 1mM PMSF, 20mM β-glycerophosphate, 10mM NaF, 1mM
Na3VO4). Resuspended cells were sonicated 2 x 30 sec in a sonication water bath, and
then subject to ultracentrifugation (50,000 rpm, 4°C) for 20 min. The cytosolic
supernatant was removed and saved for immunoblotting analysis. The remaining
pellet was resuspended in Triton-X Lysis Buffer (50mM Tris pH7.5, 100mM NaCl,
5mM EDTA, 1% Triton-X, 1mM DTT, 1mM PMSF, 20mM β-glycerophosphate,
10mM NaF, 1mM Na3VO4). Samples were incubated on ice for 10 min with
intermittent vortexing, followed by a second ultracentrifugation step (50,000 rpm,
4°C) for 20 min. The membrane fraction (supernatant) was isolated and saved for
analysis. The insoluble fraction (pellet) was resuspended in 1X SDS sample buffer +
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β-mercaptoethanol. Extracts were normalized via Lowry Assay prior to
immunoblotting.
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Chapter 7:
Pharmacological perturbation of the stimulus-specific
IKK and NF-κB temporal code
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ABSTRACT
In the previous chapters, I showed that distinct stimuli elicit stimulus-specific
temporal control of IKK and NF-κB activation via distinct mechanisms. Using the
NF-κB temporal control mutant, I show that this “temporal code” is critical for
ensuring inflammatory gene expression specificity. Here, I will discuss how
pleiotropic pharmacological inhibitors can have surprisingly specific effects on NF-κB
temporal control and subsequent gene expression responses. Additionally, I will
examine genetic perturbation of the IKK signaling hub in the attempt to abrogate
downregulation of kinase activity in response to various stimuli conditions.

INTRODUCTION
Due to its critical role in inflammation, pathology and human disease, the IKKNF-κB signaling pathway continues to be an important therapeutic target. Hundreds
of inhibitors have been described to interfere with NF-κB signaling (www.nf-kb.org),
many of which are natural products, anti-oxidants and proteasome inhibitors that were
first characterized to have anti-inflammatory effects. While these products inhibit NFκB DNA-binding activity and/or IKK activity, the precise molecular targets and
mechanism of most of these inhibitors remain obscure. There are several potential
strategies for inhibiting NF-κB function, including interference with NF-κB binding to
DNA, inhibition of the 26S proteasome, and inhibition of the IKK complex.
Disruption of NF-κB binding to DNA can be accomplished via decoy κB sites;
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however, these molecules are quite large and this would hinder their cellular uptake
and bioavailability. While effective on inhibiting IκB degradation and NF-κB nuclear
translocation, proteasome inhibitors have highly pleiotropic effects (Alkalay et al.
1995). Other small molecules are known to act on diverse cellular mechanisms but
also show an inhibitory effect on NF-κB, which is indicative of either signaling
crosstalk or a lack in molecular specificity. Indeed, molecular specificity of inhibitors
does not necessarily translate into specificity at the levels of physiological responses
or stimulus-specific gene expression programs. In fact, partial inhibition of multiple
biochemical mechanisms may result in synergistic effects on a specific subset of
physiological conditions or target genes. We predict that the integrated use of
quantitative mathematical models of the relevant signaling networks and experimental
studies will serve two purposes: first, to better understand the function of successful
therapeutic agents and second, to identify more effective strategies to regulate
inflammation or aberrant NF-κB activity in human diseases such as cancer.
In light of this, focus has shifted to inhibitors of the IKK complex as an
effective means by which to selectively target NF-κB function (May et al. 2000; Karin
et al. 2004). However, these inhibitors have failed in clinical settings due to their
severe side effects, despite impairing IKK catalytic activity. To pursue alternative
strategies where only aberrant or disease-associated IKK activities are targeted, a more
complete understanding of the complexity of IKK regulation is required.
One motivation of the study discussed in this chapter is to provide proof of
principle that temporal control of transcription factors may significantly alter our
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understanding of drug targeting opportunities in dynamically regulated networks.
Using a combinatorial approach of mathematical modeling and experimental
approaches, we show that the NF-κB temporal code can be manipulated
pharmacologically to alter the expression of specific genes.
RESULTS
Pharmacological manipulation of the temporal code.
The existence of a combinatorial code for transcriptional regulation has an
important pharmacological consequence: when pathways from different receptors
converge on signaling hubs that then act on many downstream targets, genetic
inactivation produces a myriad of functional phenotypes (Goh et al. 2007), as has been
the case for NF-κB (Hoffmann and Baltimore 2006). As such, signaling hubs bode
poorly for pharmacological intervention when inhibition of a specific subset of genes
or of a specific inflammatory stimulus is desired (Yildirim et al. 2007). Thus, we
investigated whether perturbing the computational parameter space pharmacologically
would allow us to alter the temporal code with stimulus-specific effects (Figure 7.1).
Specifically, we asked whether it is possible to identify drug treatment conditions that
target biochemical mechanisms within the central IKK-NF-κB signaling module, but
nevertheless have stimulus-specific effects on NF-κB activation and NF-κBresponsive gene expression. The drugs chosen for this study have pleiotropic cellular
effects (Table 7.1) – cycloheximide (CHX; protein synthesis inhibitor), MG-132
(protein degradation inhibitor), pyrrolidine dithiocarbamate (PDTC; anti-oxidant that
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Figure 7.1 Pharmacological strategies for controlling NF-κB activity. Schematic showing the IKKNF-κB signaling module (in yellow) as a common or core signaling module that receives inputs (IKK
activity profiles) from receptor-specific pathways or modules (in grey) and whose output (NF-κB
activity) participates in the regulation of diverse promoters, depicted as gene-specific signaling
modules. Drugs that have stimulus-specific effects are commonly assumed to have to target stimulusspecific pathways. However, as stimulus-specific modules share components and are highly
interconnected this assumption may not hold true. Alternatively, I ask whether inhibitors of
biochemical mechanisms contained within the core module may have stimulus-specific effects on NFκB activation or gene expression. This may be possible when considering the stimulus-specific
dynamics of IKK-NF-κB signaling.
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Table 7.1 Drugs utilized in this study to target IKK-NF-κ B signaling.

Drug
CHX
MG132
PDTC
TSA

Description
Mode of Action
Cycloheximide
Inhibits translation
Carbobenzoxy-L-leucyl-L-leucyl-L-leucinal
Inhibits protein degradation
Pyrrolidine dithiocarbamate
Inhibits regulated transcription (NF-!B binding to DNA)
Trichostatin A
Inhibits HDAC function (increase promoter activity)
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inhibits NF-κB binding to DNA), and trichostatin A (TSA; histone deacetylase
inhibitor).
To examine this question, my collaborator Derren Barken constructed a
mechanistic mathematical model of the IKK-NF-κB signaling module (Figure 7.2a),
which recapitulates the biochemical reactions that together result in the activation and
regulation of NF-κB activity in response to stimulus-specific IKK activity. Following
model refinement, Derren grouped the complete set of seventy-three biochemical
reactions into twenty-five biochemical categories such as protein synthesis, RNA
synthesis and degradation, or nuclear/cytoplasmic transport (Figure 7.2b). Similarly,
as each drug affects multiple biochemical mechanisms described in the model, he
classified the parameters into pharmacological groupings (Figure 7.2b). Next, Derren
simulated the effect of each drug on TNFc (chronic), TNFp (pulse), and LPS signaling
by varying both the dose and time of administration. From the resulting dataset, we
were able to identify treatment conditions that were predicted to result in stimulusspecific effects (as denoted by ** in Figures 7.3, 7.4 and 7.6), and I tested these
predictions experimentally. Specifically, we were interested in addressing the more
surprising predictions of stimulus-specific inhibition experimentally. As the available
pharmacological agents included in this study have very broad cellular effects, such
specificity would be rather unexpected.
Simulations predicted that co-administration of the ribosome inhibitor
cycloheximide (co-CHX) with the onset of inflammatory stimulation would have
severe effects on post-induction attenuation during TNF signaling; however, extensive
pretreatment with CHX (pre-CHX) would block all signaling dynamics because of

168

Figure 7.2 A mathematical model of the IKK-NF-κB signaling module.
a) A schematic of the biochemical reactions represented in the mathematical model of the IKK-NF-κB
signaling module. There are 24 signaling mediators within the model; IKK, IκB, and NF-κB proteins
and their complexes, as well as IκB mRNAs are indicated. Each reaction has three rate constants
associated with it (indicated by a code number) – one for each of the three IκB isoforms (α, β, ε) – for a
total of seventy-three parameters. Stimulus-specific IKK activity profiles function as the input to the
model and thus produce stimulus-specific temporal profiles of NF-κB activity.
b) The 73 reactions of the mathematical model were grouped into biochemical categories to describe the
mechanisms that determine the signal processing characteristics of the IKK-NF-κB signaling module.
A subset of these biochemical mechanisms are inhibited by the indicated pharmacological inhibitors,
which leads to an alternate “pharmacological grouping” of parameters. Derren Barken constructed the
model and performed all simulations.

169
elevated constitutive NF-κB activity (pre-CHX, Figure 7.3a). In cells, co-treatment
with CHX inhibited attenuation of NF-κB in response to transient TNF treatment
(TNFp; Figure 7.3b), which corresponded with increased expression of the NF-κB
target gene IP-10 at the 4 and 8 hr timepoints (Figure 7.3c). Interestingly, LPSinduced NF-κB activity was slightly decreased in the co-CHX-treated cells, which was
not predicted by the model. This may be explained by the feedforward mechanism
discussed in Chapter 4, where late LPS-induced NF-κB activity depends on autocrine
signaling via TNF synthesis. While the computational model did in fact account for
the feedforward mechanism, only the NF-κB-dependent synthesis of the IκB proteins
(IκBα and IκBε) were targets of CHX, which explains why the model could not
predict this effect. On the other hand, CHX pretreatment regimen led to elevated basal
NF-κB activity that impaired both the stimulus-responsive NF-κB and further
activation of IP-10 expression in response to all stimuli.
While specific effects were found to be dependent on the timing of CHX
administration, the concentration of drug was found to be important in other cases.
For example, it is known that the antioxidant pyrrolidine dithiocarbamate (PDTC)
inhibits NF-κB DNA-binding activity, but the mechanism of action is unclear
(Brennan and O'Neill 1996). Simulations showed that low doses of PDTC should not
only inhibit NF-κB induction by LPS, but also post-induction repression of NF-κB
following TNFp stimulation due to inhibition of NF-κB-dependent transcription
(Figure 7.4a). Experimentally, I found that low doses (0.01 mM) of PDTC impaired
postinduction repression of nuclear NF-κB activity in response to transient TNF
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Figure 7.3 Cycloheximide treatment can have a stimulus-specific effect on the dynamic control of
NF-κB activity.
a) Computational modeling of the effects of cycloheximide (CHX) on NF-κB activity. Specific
alterations of the parameters contained in the respective pharmacological groupings (Figure 7.2b)
resulted in NF-κB activities shown for the indicated timepoints and stimuli. The top bar graph shows
NF-κB activity predicted at indicated timepoints in wild-type MEFs in response to TNFc (red), TNFp
(green) and LPSp (blue) in the absence of CHX. The bottom graph shows computational predictions in
response to the same stimuli in the presence of a co- or pretreatment of CHX. Drug-induced alterations
of NF-κB activity are indicated by (**).
b) The effect of CHX on stimulus-induced NF-κB DNA-binding activity was revealed by EMSA.
Nuclear extracts were prepared from wild-type MEFs at the indicated timepoints following TNFc
(1ng/ml), TNFp (45 min pulse, 1ng/ml), and LPSp (45 min pulse, 0.1µg/ml) in the presence or absence
of a pretreatment (30 min) or co-treatment of CHX (10µg/ml). More detailed EMSA timecourse data
can be seen in the appendix to this chapter (Appendix Figures 7.1 and 7.2).
c) The effect of CHX on stimulus-induced gene expression was revealed by RNase Protection Assay
(RPA). mRNA levels for the indicated genes were measured at the indicated timepoints following
stimulation with TNFc, TNFp or LPSp in the presence or absence of CHX (as in b)). More detailed
RPA timecourse data can be seen in the appendix to this chapter (Appendix Figures 7.6-7.8).
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Figure 7.4 Pyrrolidine dithiocarbamate (PDTC) treatment can have a stimulus-specific effect on
the dynamic control of NF-κ B activity.
a) Computational modeling of the effects of pyrrolidine dithiocarbamate (PDTC) on NF-κB activity, as
in Figure 7.3a.
b) The effect of PDTC on stimulus-induced NF-κB DNA-binding activity was revealed by EMSA.
Nuclear extracts were prepared from wild-type MEFs at the indicated timepoints following TNFc,
TNFp and LPSp in the presence or absence of a pretreatment (1 hr) of PDTC (0.01 or 1mM). More
detailed EMSA timecourse data can be seen in the appendix to this chapter (Appendix Figure 7.3).
c) The effect of PDTC on stimulus-induced gene expression was revealed by RNase Protection Assay
(RPA). mRNA levels for the indicated genes were measured at the indicated timepoints following
stimulation with TNFc, TNFp or LPSp in the presence or absence of PDTC (as in b)). More detailed
RPA timecourse data can be seen in the appendix to this chapter (Appendix Figures 7.6-7.8).
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stimulation, thereby elongating MIP-2 expression (Figures 7.4b and c); additionally,
LPS-induced NF-κB activity was dampened. Unexpectedly, high PDTC doses (1
mM) blocked NF-κB activation and target gene expression for all stimuli, which was
an effect not predicted by the model. I found that while activation of IKK is normal
for low doses of PDTC, it was severely diminished for the higher dose (Figure 7.5),
which explains its blanket inhibitory effect on all stimuli.
Interestingly, the proteasome inhibitor MG132 was predicted to inhibit late
phase TNFc and LPS-induced NF-κB activity but with little effect on early responses
characteristic of TNFp stimulations (Figure 7.6a). In addition, postinduction
attenuation of NF-κB activity - a hallmark of transient TNFp stimulation - was
predicted to be impaired by treatment with the HDAC inhibitor trichostatin A (TSA),
presumably due to its effect in delaying cytoplasmic reappearance of IκBα (Adam et
al. 2003). Although high doses of proteasome inhibitor generally abrogate NF-κB
signaling (Alkalay et al. 1995), our computational simulations correctly predicted that
an intermediate dose of MG132 would attenuate late phase NF-κB activity (by TNFc)
while early activity remained intact, as seen experimentally (Figure 7.6b).
Interestingly, late gene activation, as exemplified by IκBε, was inhibited (Figure 7.6c).
Computational simulations and experiments showed that TSA inhibited postinduction
repression of NF-κB in response to TNFp, while NF-κB activation in response to
TNFc and LPS remained intact (Figure 7.6a, b). The enhanced NF-κB response in
response to TNFp was correlated with increased expression of IκBε (Figure 7.6c) and
MIP-2 (Appendix Figure 7.7). Specificity of the pharmacological treatments for NF-
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Figure 7.5 High concentrations of PDTC inhibit IKK activation. IKK activity was measured wildtype MEFs stimulated with TNF (1ng/ml) or LPS (0.1µg/ml) in the presence or absence of a 1 hr
pretreatment with PDTC (0.01 or 1mM) via IP-kinase assay.
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Figure 7.6 MG-132 and Trichostatin A (TSA) treatment can have a stimulus-specific effect on the
dynamic control of NF-κ B activity.
a) Computational modeling of the effects of MG-132 and TSA on NF-κB activity, as in Figure 7.3a.
b) The effect of MG-132 or TSA on stimulus-induced NF-κB DNA-binding activity was revealed by
EMSA. Nuclear extracts were prepared from wild-type MEFs at the indicated timepoints following
TNFc, TNFp and LPSp in the presence or absence of a pretreatment of MG-132 (30 min, 10µM) or
TSA (2hr, 0.5µg/ml). More detailed EMSA timecourse data can be seen in the appendix to this chapter
(Appendix Figures 7.4 and 7.5).
c) The effect of MG-132 and TSA on stimulus-induced gene expression was revealed by RNase
Protection Assay (RPA). mRNA levels for the indicated genes were measured at the indicated
timepoints following stimulation with TNFc, TNFp or LPSp in the presence or absence of MG-132 or
TSA (as in b)). More detailed RPA timecourse data can be seen in the appendix to this chapter
(Appendix Figures 7.6-7.8).
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κB signaling was indicated by the fact that gene expression in response to the noninflammatory stimulus PDGF was less affected than for the targeted NF-κB-inducing
stimulus (Figure 7.7). While CHX pretreatment led to stabilization of mRNA levels,
PDTC and TSA appeared to have little effect on PDGF-induced gene expression.
This study suggests that the relative strengths of feedback mechanisms,
degradation or synthesis pathways allow for windows or ranges of inhibitor
concentrations that have surprisingly specific effects. Despite the pleiotropism of the
pharmacological agents available for this proof-of-principle study, the results indicate
that computational simulations may help identify pharmacological treatment
conditions that modulate NF-κB-responsive gene expression in response to one
inflammatory stimulus, and not another. Such specificity was achieved by exploiting
the stimulus-specific kinetics of NF-κB signaling (temporal code) that renders a
specific biochemical parameter rate limiting in one condition and not another.

Pharmacological manipulation of IKK dynamics can yield surprising effects.
From a pharmacological perspective, the existence of a temporal code for
signaling specificity may in fact provide an opportunity to intervene within the IKK
signaling hub and achieve effects that are much more specific for a specific stimulus
or cell type than conventional approaches that attempt to achieve blanket inhibition of
IKK activity. However, it is critical to understand the mechanisms that drive the IKK
activation-inactivation cycle. Based upon our current understanding of IKK
activation, we have constructed a connectivity diagram that describes the activation-
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Figure 7.7 The effects of pharmacological agents on PDGF-induced gene expression programs.
RNA was harvested from wild-type MEFs pretreated with CHX (10µg/ml, 30 min), PDTC (1mM, 1hr),
or TSA (0.5µg/ml, 2hr), and then stimulated with 50ng/ml PDGF. Steady state mRNA levels were
measured by RPA with probes for the indicated genes.
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inactivation IKK cycle, called the 5-state IKK cycle (Figure 7.8). First, it separates
the activation of IKK into two coupled reactions, one that is driven by upstream
activities of TRAF2/6-mediated oligomerization of IKK-NEMO complexes
(Krappmann and Scheidereit 2005; Ea et al. 2006; Wu et al. 2006) and IKK Kinase
(IKKK)-mediated phosphorylation of these oligomers (DiDonato et al. 1997; Karin
and Ben-Neriah 2000; Wang et al. 2001; Kishida et al. 2005; Shim et al. 2005).
Inactivation of IKK is mediated by three reactions mechanisms – 1) transautophosphorylation of C-terminal residues in IKKβ to dissociate IKK oligomers
(Delhase et al. 1999; Schomer-Miller et al. 2006), 2) phosphatase activity (via PP2A)
to remove phosphates from the activation loop of IKKβ and/or serines present in
NEMO (Kray et al. 2005; Li et al. 2006; Hong et al. 2007; Li et al. 2008; Palkowitsch
et al. 2008), and 3) Hsp90-mediated refolding of the IKKβ-NEMO complex (Chen et
al. 2002; Hinz et al. 2007).
Using various inhibitors, I initiated a small study to examine the effects of IKK
cycle perturbation. For example, previous experimental studies using the phosphatase
inhibitor Calyculin A have shown that the PP2A phosphatase is required for dynamic
regulation of the IKK complex (Kray et al. 2005; Palkowitsch et al. 2008), but could
not clearly define the mechanism. My preliminary experiments suggested that PP2A
positively regulates IKK activity presumably by dephosphorylating the activating
serines on IKK, which will facilitate returning an inactive IKK to the poised
(activatable) state (Figure 7.9).
Additionally, SC-514 is an inhibitor that binds to the conserved ATP-binding
pocket in IKKβ, and was previously reported to display good selectivity in vitro, but

178

Figure 7.8 Schematic of the 5-state IKK cycle. This schematic represents a summary of the known
biology regarding the activation-inactivation cycle of IKK. IKK activity is listed as a percentage
adjacent to each IKK state. The cycle progresses as follows: 1) In the resting state, IKKβ:IKKβ-NEMO
trimers (denoted IKK-NEMO) are poised for activation. 2) Signal-induced TRAF2/6 activation
promotes oligomerization of IKK-NEMO to form [IKK-NEMO]m mulitmeric complexes. 3) In
response to certain stimuli, signal-induced activation of an upstream IKK-Kinase (IKKK), which may
involve TRAF2/6 activity, phosphorylates the [IKK-NEMO] m complexes to form [P-IKK-NEMO] m
complexes. [P-IKK-NEMO]m complexes also have the capacity to self-activate via transautophosphorylation but with slower kinetics. 4) [P-IKK-NEMO]m complexes have full activity and act
as inputs to the downstream NF-κB module. 5) [P-IKK-NEMO]m complexes undergo further transautophosphorylation which promotes dissociation into N-and C-terminally phosphorylated IKK and Nterminally phosphorylated NEMO subunits. 6) The system resets to the poised state via a 2-step
mechanism. The PP2A phosphatase removes the phosphate groups and the Hsp90 chaperone promotes
the formation of the bound IKK-NEMO complex.
Some of these mechanisms may be targeted by pharmacological inhibitors. For example, calyculin A is
a PP2A inhibitor, and sc-514 is an IKKβ inhibitor that competes for the ATP-binding pocket of the
kinase.
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Figure 7.9 The effect of PP2A inhibition on IKK activity. IKK activity was measured in wild-type
MEFs in response to a pretreatment (1 hr) or co-treatment of Calyculin A (0.1, 1 or 10nM) plus TNF
(10ng/ml; 10 min timepoint) via IP-kinase assay. IKKα served as a loading control for
immunoprecipitation efficiency.

Figure 7.10 SC-514 treatment has an unexpected effect on IKK and NF-κ B activity. a) IKK and b)
NF-κB activity was measured in wild-type MEFs pretreated with 100µM SC-514 prior to TNF
treatment (1ng/ml), by IP-kinase assay and EMSA, respectively.
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has limited bioavailability and an extremely short half-life (Kishore et al. 2003). I
tested the effect of SC-514 in fibroblasts stimulated with TNF or LPS, and found it
had little effect on inhibiting IKK activity (Figure 7.10a). Surprisingly, late IKK
activity is instead elevated, presumably because SC-514 also inhibits the IKKβ selfinhibitory C-terminal phosphorylation mechanism (Delhase et al. 1999; SchomerMiller et al. 2006). At the level of NF-κB, SC-514 treatment had a moderate effect on
blocking early TNF-induced activity; however, late activity remained intact (Figure
7.10b). This begs the question as to whether catalytic IKK inhibitors can successfully
block chronic NF-κB activity, as seen in tumors, or instead perpetuate it.

Testing the IKK cycle via a C-terminal IKKβ mutant
In the literature, there is conflicting evidence as to the role of C-terminal
phosphorylation in IKKβ in downregulating its activity. In 1999, Delhase et al
showed that transiently overexpressing a human IKKβ construct containing 10 serineto-alanine mutations in the C-terminal region resulted in elevated late IKK activity in
response to TNF, specifically between 30-60 min post-stimulation (Figure 3D in
(Delhase et al. 1999)). However, upon close examination of those experiments, it is
clear that the overexpression of the mutant construct in HeLa cells leads to increases
in IKK activity levels across the whole timecourse, including basal activity. More
recently, a group used the same mutant construct, but instead retrovirally transduced
ikkβ-/- MEFs (Schomer-Miller et al. 2006). From these experiments, the authors could
not find an appreciable difference in the IKK temporal profiles in the cells expressing
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wild-type or mutant IKKβ, which brings into question the critical role of C-terminal
phosphorylation in dampening IKK activity.
In the attempt to reconcile this confusing data, I introduced 11 serine-toalanine mutations into wild-type mouse IKKβ in a retroviral backbone
(pBABE.hygro) via site-directed mutagenesis (Figure 7.11). I generated stable cell
lines for both the wild-type and mutant IKKβ constructs by retrovirally transducing
ikkβ-/- MEFs, and then tested their protein expression levels in comparison to
endogenous IKKβ levels in a wild-type 3T3 cell line (denoted wt2, Figure 7.12).
While the mutant IKKβ exhibited similar expression levels to that of endogenous IKK
in the wild-type (wt2) cells, the cells reconstituted with wild-type IKKβ showed
extremely high levels of IKK2. Upon comparing the temporal profiles of IKK activity
in the two stable cell lines, I found that the mutant effectively downregulated IKK
activity by the 30 min timepoint as well as did wild-type (Figure 7.13), which
confirmed the results shown by Schomer-Miller et al. in 2006. An interesting
observation from this experiment is that significantly more IKKβ was coimmunoprecipitated (via IKKγ/NEMO immunoprecipitation) in the ikkβ-/-.pBABE.wt
cells as opposed to the mutant. This is most likely due to an overexpression issue
(Figure 7.12, lane 2). An additional explanation is that the C-terminal mutations
introduced into IKKβ are within close proximity to the NEMO-binding domain (NBD,
residues 737-742 (LDWSWL)) (May et al. 2002). In this particular protocol for IPkinase assay, IKKβ is pulled down via immunoprecipitation of NEMO. Thus, if the
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Figure 7.11 Construction of a C-terminal IKK phosphorylation mutant. Using mouse
pBABE.IKKβ.wt.hygro (wild-type) as a template, 11 serine-to-alanine mutations were made using the
Stratagene QuickChange kit. This retroviral construct was used to transduce ikkβ -/- MEFs in order to
determine the necessity of these serines for downregulation of IKK activity in response to a cellular
stimulus.

Figure 7.12 Protein expression levels of wild-type and mutant IKKβ in retrovirally transduced
ikkβ -/- MEFs. IKKβ protein levels were examined in the following cell lines: wild-type 3T3s, ikkβ-/pBABE.IKKβ.wt (wild-type); ikkβ-/- pBABE.IKKβ.UC (Uncleavable IKK mutant; see Chapter 8); ikkβ/pBABE.IKKβ.EE (Constitutively active IKK mutant S177/181E); ikkβ-/- pBABE.IKKβ.M11 (Cterminal phosphorylation mutant, as in Figure 7.10). “4d” stands for cell lines that were derived from
retrovirally transduced ikkβ-/- cells using 4x less virus (“4-fold dilution”); this was done in the attempt
to bring exogenous IKKβ levels closer to endogenous levels in the wild-type 3T3s (lane 1).
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Figure 7.13 Examination of IKK activity in the C-terminal phosphorylation mutant. IKK activity
was measured via IP-kinase assay in ikkβ -/- pBABE.IKKβ.wt (wild-type) and ikkβ -/- pBABE.IKKβ.M11
(C-terminal phosphorylation mutant) in response to 1ng/ml TNF. An immunoblot for IKKβ was used
as a control for Immunoprecipitation efficiency.
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mutations in IKKβ disrupted IKK-NEMO binding even slightly, the temporal profile
of IKK activity may be affected. Therefore, the role of C-terminal phosphorylation in
terminating IKK activity remains elusive. To address this issue more directly, it
would be useful to perform a mass spectrometry analysis on isolated IKKβ from
cellular extracts in response to cellular stimulation at timepoints that correspond to
IKK downregulation (i.e. 25-30 min post TNF-stimulation), or simply map the
temporal profile of serine phosphorylations over a timecourse in response to various
stimuli. Additionally, it would be of interest to determine the role of phosphorylation
of serine 740 (in the IKKβ NBD) in driving the dissociation of the oligomeric
IKKβ:NEMO complex.

DISCUSSION
Mammalian signaling networks are increasingly recognized as being organized
around signaling hubs that receive many inputs and provide many outputs (Rual et al.
2005). Such signaling hubs are involved in many biological processes, rendering them
not only more likely to contribute to disease (Goh et al. 2007), but also poor drug
targets, as inhibition of their activities may result in large scale, off-target effects (Oda
and Kitano 2006). Theoretically, it has been observed that stimulus-specific temporal
regulation may offer a degree of kinetic insulation when two signaling pathways have
a common mediator (Behar et al. 2007). In the case of the NF-κB hub, such kinetic
insulation renders some rate constants rate limiting in response to one stimulus but not
another. Even with a limited pharmacological tool set, we were able identify
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conditions in which modulation of the dynamic control of signaling resulted in
stimulus-specific alteration of NF-κB activity and target gene expression.
In the present proof-of-principle study, many inhibitors also have effects on
processes not represented in our computational model, and are likely to have off-target
effects that we did not measure in our experimental assays. Whereas the concept of a
combinatorial code may have discouraged pharmacological focus from reactions
within the NF-κB signaling hub, we hope that our demonstration that the temporal
code renders some reactions rate limiting to signaling in response to some stimuli but
not others, and will lead to renewed pharmacological interest in targeting this
pathway. Future expansion of the scope of the model will benefit the development of
such rational drug targeting strategies that incorporate mathematical modeling of
molecular signaling networks to maximize specificity and efficacy.

MATERIALS AND METHODS
Reagents: Pharmacological inhibitors cycloheximide (CHX, Sigma), MG132 (EMD
Biosciences), pyrrolidine dithiocarbamate (PDTC, Sigma), trichostatin A (TSA, Wako
Chemicals), SC-514 (EMD Biosciences), or Calyculin A (EMD Biosciences) were
administered as indicated in the figure captions prior to or coincident with TNF or
LPS stimulation.
Cell lines: To generate the untagged C-terminal phosphorylation mutant IKKβ cell
line, the mouse pBABE.IKKβ.hygro (wild-type) construct was mutagenized by the
Stratagene Quick Change kit, where 11 serines (664, 670, 672, 675, 679, 682, 689,
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692, 693, 697, 701, 705, 710) were mutated to alanine. Both the wild-type and mutant
construct were retrovirally transduced into ikkβ-/- MEFs, which were a kind gift from
Inder Verma. 293T cells were transiently transfected with 3µg pCl-Eco DNA and 7µg
of either pBABE.IKKβ.hygro or pBABE.IKKβ-M11.hygro using the calcium
phosphate transfection method. After 40 hr transfection, the viral supernatant
(approximately 3.5 mL) was mixed with 4mL media and polybrene to a final
concentration of 7.5µg/ml, which was then placed on top of subconfluent ikkβ-/- 3T3
cells for 2 days prior to selection with 200µg/ml hygro. Hygro selection continued for
7 days prior to using the cells for experiments.
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APPENDIX:
Full timecourse analyses of the effect of pharmacological agents on NF-κB temporal
control and gene expression.

Appendix Figure 7.1 Cycloheximide (CHX) co-treatment can have a stimulus-specific effect on
the dynamic control of NF-κB activity. Full timecourse data for NF-κB EMSA activity in TNFc
(chronic, 1ng/ml), TNFp (45 min pulse; 1ng/ml) and LPSp (45 min pulse; 0.1µg/ml) stimulated wildtype MEFs in the presence of 10µg/ml CHX.

Appendix Figure 7.2 CHX pre-treatment can have a stimulus-specific effect on the dynamic
control of NF-κB activity. Full timecourse data for NF-κB EMSA activity in TNFc (chronic, 1ng/ml),
TNFp (45 min pulse; 1ng/ml) and LPSp (45 min pulse; 0.1µg/ml) stimulated wild-type MEFs that were
pre-treated for 1 hr with 10µg/ml CHX.
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Appendix Figure 7.3 PDTC pretreatment can have a stimulus-specific effect on the dynamic
control of NF-κB activity. Full timecourse data for NF-κB EMSA activity in TNFc (chronic, 1ng/ml),
TNFp (45 min pulse; 1ng/ml) and LPSp (45 min pulse; 0.1µg/ml) stimulated wild-type MEFs that were
pre-treated for 1 hr with 0.01, 0.1 or 1mM PDTC.

Appendix Figure 7.4 MG-132 pretreatment can have a stimulus-specific effect on the dynamic
control of NF-κ B activity. Full timecourse data for NF-κB EMSA activity in TNFc (chronic, 1ng/ml),
TNFp (45 min pulse; 1ng/ml) and LPSp (45 min pulse; 0.1µg/ml) stimulated wild-type MEFs that were
pre-treated for 30 min with 10µM MG-132.
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Appendix Figure 7.5 TSA pretreatment can have a stimulus-specific effect on the dynamic control
of NF-κB activity. Full timecourse data for NF-κB EMSA activity in TNFc (chronic, 1ng/ml), TNFp
(45 min pulse; 1ng/ml) and LPSp (45 min pulse; 0.1µg/ml) stimulated wild-type MEFs that were pretreated for 2 hr with 0.5µg/ml TSA.

Appendix Figure 7.6 The effect of pharmacological inhibitors on TNFc-induced gene expression.
RNA was harvested from wild-type MEFs treated with pharmacological inhibitors (as described above),
and stimulated with 1ng/ml chronic TNF. Gene expression levels were measured by RPA with probes
for the indicated genes.
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Appendix Figure 7.7 The effect of pharmacological inhibitors on TNFp-induced gene expression.
RNA was harvested from wild-type MEFs treated with pharmacological inhibitors (as described above),
and stimulated with 1ng/ml 45 min pulse TNF. Gene expression levels were measured by RPA with
probes for the indicated genes.

Appendix Figure 7.8 The effect of pharmacological inhibitors on LPSp-induced gene expression.
RNA was harvested from wild-type MEFs treated with pharmacological inhibitors (as described above),
and stimulated with 0.1µg/ml 45 min pulse LPS. Gene expression levels were measured by RPA with
probes for the indicated genes.

Chapter 8:
Pathogen inhibition of host IKK activation:
the case of CMV
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ABSTRACT
The NF-κB family of transcription factors is critical for mounting both innate
and adaptive host immune responses to pathogen infection through induction of
various inflammatory genes. Cytomegalovirus (CMV) infection results in the
modulation of hundreds of cellular genes, and has been shown to rapidly induce NFκB activation within 15 to 30 min in primary fibroblasts and monocyte-derived cell
lines. It is unclear how pathogen infection might modulate host signaling pathways at
late times of infection; however, it is reasonable that pathogens have evolved
mechanisms to suppress host signaling and subsequent immune responses. Here, I
will show preliminary evidence that mouse CMV (MCMV) suppresses stimulusinduced IKK and NF-κB activity at late times of infection (16-20 hr) due to
degradation of the IKKα and IKKβ subunits, and will explore some of the possible
mechanisms by which this occurs.
INTRODUCTION
Human cytomegalovirus is a double-stranded DNA virus in the herpesvirus
family that is often found in immunocompromised hosts (Kowalik et al. 1993). Upon
HCMV infection, a coordinated cascade of gene expression events occur, which can
be temporally categorized into immediate early (IE), early and late gene induction.
The expression of IE genes is critical for the regulation of early and late genes, and is
often dependent on host cell transcription factors such as NF-κB (Yurochko et al.
1995). It has been shown that HCMV infection of primary fibroblasts and monocytederived cell lines induces rapid NF-κB nuclear translocation and NF-κB-dependent
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gene expression (Cherrington and Mocarski 1989; Sambucetti et al. 1989; Kowalik et
al. 1993; Prosch et al. 1995; Yurochko et al. 1997; Yurochko and Huang 1999). NFκB-responsive elements are present within the 18-bp repeat sequences in the major
immediate-early promoter (MIEP), and bind NF-κB to activate transcription of
reporter genes (Sambucetti et al. 1989; Prosch et al. 1995). The immediate early
proteins IE1 and IE2 can transactivate both the p50 and p65 promoters, resulting in
increased levels of these proteins between 24-48 hr in the virus replication cycle
(Yurochko et al. 1995). In addition, it was shown that prolonged NF-κB activation by
HCMV infection promotes efficient viral replication (DeMeritt et al. 2006), and this
was correlated with an increase in both IKK protein and activity levels.
As NF-κB plays a critical role in coordinating an adaptive immune response, it
would seem deleterious for CMV to trigger NF-κB activity upon infection. However,
the virus instead utilizes the transcription factor to modulate the expression of
immediate early genes via incorporation of NF-κB-response elements in the viral
genome. It is also reasonable that the virus may have evolved mechanisms for
immune evasion. Recently, it was shown that HCMV immediate-early gene product
IE86 can efficiently block expression of IFN-β and a number of proinflammatory
cytokines (Taylor and Bresnahan 2005; Taylor and Bresnahan 2006b). In subsequent
studies, it was found that IE86 also efficiently blocks NF-κB-binding to the IFNβ promoter and inhibits NF-κB-dependent gene expression by suppressing NF-κB
DNA binding activity (Taylor and Bresnahan 2006a). While the results point to IE86
as a potential NF-κB-antagonist, the authors were unable to show an interaction
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between IE86 and the NF-κB subunits p50 or p65, and the mechanism of inhibition
was largely unclear. In a separate study, it was shown that HCMV infection of
endothelial cells at late times (3 days post-infection) inhibited TNF- and IL-1dependent induction of inflammatory genes, due to a decrease in NF-κB activity
(Jarvis et al. 2006).
Thus, it is of interest to determine how CMV infection might modulate NF-κB
signaling at late times of infection. In collaboration with Dr. Chris Benedict (La Jolla
Institute of Allergy and Immunology), I examined this question using murine CMV
(MCMV) infection of MEFs as a model system. Although the MIEP enhancers of
mouse and human CMV (MCMV and HCMV, respectively) show limited sequence
homology at the nucleotide levels, they share several common functional regulatory
elements (Boshart et al. 1985; Dorsch-Hasler et al. 1985). While less is known
regarding the activation and regulation of NF-κB in MCMV-infected cells, the
MCMV MEIP shows a similar high-level of constitutive activity (Dorsch-Hasler et al.
1985), and infection of murine fibroblasts with MCMV results in NF-κB nuclear
translocation similar to that for HCMV (Gribaudo et al. 1995).
RESULTS
While CMV hijacks NF-κB signaling immediately upon infection to ensure
expression of its immediate early genes, it remains unclear as to how the pathogen
modulates inflammatory NF-κB signaling at late times of infection. One mechanism
that viruses utilize to evade the immune system is to inhibit signaling pathways within
the host cells to prevent expression of anti-viral and/or inflammatory genes. In a
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collaborative effort with Dr. Chris Benedict, we hypothesized that CMV can inhibit
stimulus-induced NF-κB responses based on preliminary work performed in his
laboratory (Figure 8.1). We first examined the effects of MCMV infection on TNFinduced IKK activity (Figure 8.2). IKK activation was abrogated in MEFs infected
with MCMV for 16 hr, but was normal in mock- or UV-inactivated viral infection.
This effect appeared to be stimulus-independent, as the same phenomenon was
observed for MCMV-infected cells that were stimulated with IL-1 (Figure 8.3).
One interesting observation from both experiments was that the control
immunoblot (for immunoprecipitation efficiency) showed decreases in IKKα levels in
the MCMV-infected MEFs only. Thus, we asked whether CMV infection has the
capability to disrupt protein:protein interactions within the IKK complex, or whether
IKK protein levels are decreased upon infection. To address this, I assayed for IKKα
and IKKβ protein levels in MEFs that were infected with MCMV for 16 hr, and
subsequently treated with TNF (Figure 8.4). There was a decrease in the expression of
both IKKα and IKKβ in MCMV-infected MEFs, and this effect was independent of
TNF stimulation. To gain temporal resolution of the degradation of the IKK proteins,
I collected lysates from MEFs that were infected with MCMV for various amounts of
time, and again assayed for IKKα and IKKβ protein levels. For IKKα, protein levels
begin to decline 6 hr post-infection at plateau at approximately 50% of mock-infected
levels for the duration of the timecourse (Figure 8.5). On the other hand,
IKKβ protein levels are dramatically decreased even 2 hr after infection (Figure 8.6).
Interestingly, the decrease in IKKβ levels at 80kd corresponds to a concomitant
increase of a protein band at approximately 40kd, which is suggestive of
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Figure 8.1 Pathological inhibition of IKK activation. While it is known that CMV activates NF-κB
signaling immediately upon pathogen infection, it is unclear how signaling is affected many hours postinfection. We hypothesize that CMV plays a role in downregulating NF-κB signaling at late times of
infection by inhibiting IKK activity.
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Figure 8.2 MCMV inhibits TNF-induced IKK activity at late times of infection. Wild-type MEFs
were infected with either active or UV-inactivated MCMV (MOI~3; 1.8x106 plaque-forming units
(PFU)) for 16 hr prior to stimulation with 0.5nM (8.6ng/ml) TNF. IKK activity was measured at the
indicated timepoints via IP-kinase assay. An IKKα immunoblot served as an immunoprecipitation
control. Extracts were prepared by Chris Benedict, and I performed the IP-kinase assay.

Figure 8.3 MCMV inhibits IKK activation in response to multiple stimuli. Wild-type MEFs were
infected with either active or UV-inactivated MCMV (MOI~3; 1.8x106 plaque-forming units (PFU)) for
16 hr prior to stimulation with 0.5nM TNF, 2ng/ml IL-1 or 2µg/ml αLT-βR agonist antibody (3C8).
IKK activity was measured at the indicated timepoints via IP-kinase assay. An IKKα immunoblot
served as an immunoprecipitation control. Extracts were prepared by Chris Benedict, and I performed
the IP-kinase assay.
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Figure 8.4 IKK protein levels are decreased in response to MCMV infection. Cytoplasmic extracts
from mock-, MCMV- or UV-inactivated MCMV-infected (MOI~3, 16hr infection) wt MEFs that were
subsequently treated with TNF (0.5nM, 10 min) were analyzed for IKKα and IKKβ protein levels via
immunoblotting. Extracts were prepared by Chris Benedict, and I performed the immunoblot analysis.
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Figure 8.5 MCMV infection destabilizes IKKα protein levels in wild-type MEFs. IKKα protein
levels were measured over a timecourse in wild-type MEFs that were infected with either mock virus,
MCMV or UV-inactivated MCMV (MOI~3). ikkα-/- and ikkβ-/- cells were used as a control. Extracts
were prepared by Chris Benedict, and I performed the immunoblot analysis.

Figure 8.6 MCMV infection destabilizes IKKβ protein levels in wild-type MEFs. IKKβ protein
levels were measured over a timecourse in wild-type MEFs that were infected with either mock virus,
MCMV or UV-inactivated MCMV (MOI~3). ikkα-/- and ikkβ-/- cells were used as a control. Extracts
were prepared by Chris Benedict, and I performed the immunoblot analysis.
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an enzymatic cleavage event. This phenomenon was also observed in immortalized
MEFs (3T3) cells that were infected with MCMV (Figure 8.7); however, the
appearance of the 40kd cleavage or degradation product was not seen as clearly.
Prior to examining the nature of IKKβ degradation, it was of interest to
determine whether MCMV targets only stimulus-induced IKK activation. In ikkβ-/cells that were reconstituted with wild-type IKKβ, MCMV infection (20 hr) did indeed
suppress IKK activation in response to TNF. However, infection of a cell line that
expresses constitutively active IKK (IKK-EE), where the activation loop serines have
been mutated to glutamates, resulted in blunted IKK activity and decreased IKKβ
protein levels (Figure 8.8). Thus, MCMV negatively regulates IKK activity by
targeting IKKβ for degradation.
Next, we were interested in determining the mechanism by which late MCMVinfection targets IKKβ for degradation. While multiple protein degradation pathways
are possible, the appearance the 40kd fragment 2 hr after MCMV infection suggests
that IKKβ may be enzymatically cleaved. Previously, it was shown that caspase-3
mediates proteolysis of IKKβ during TNF+CHX-induced apoptosis (Tang et al. 2001),
but this effect was abrogated in an IKKβ mutant that lacked the caspase cleavage sites
(aspartic acid residues 78, 242, 373, and 546; Figure 8.9). Indeed, stimulating either
mouse 3T3s and HeLa cells with a high dose of TNF plus cycloheximide resulted in
degradation of IKKβ, and this effect was reversed in the presence of the caspase
inhibitor ZVAD-fmk (Figure 8.10 and (Tang et al. 2001)). To address whether
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Figure 8.7 MCMV infection destabilizes IKKβ protein levels in various immortalized fibroblast
cell lines. IKKβ protein levels were measured over a timecourse in wild-type immortalized fibroblast
cell lines (NIH3T3, top; wt IKK, bottom) that were infected with either mock virus, MCMV or UVinactivated MCMV (MOI~3). ikkα-/- and ikkβ-/- cells were used as a control. Extracts were prepared by
Chris Benedict, and I performed the immunoblot analysis.
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Figure 8.8 MCMV infection downregulates constitutive IKK activity. IKK activity was measured
via IP-kinase assay in ikkβ-/- cells retrovirally reconstituted with either wild-type (pBABE.IKKβ.hygro)
or constitutively active (pBABE.IKKβEE.hygro) IKK constructs that were infected with MCMV
(MOI~3, 20 hr) prior to TNF stimulation (1ng/ml, 10 min).
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Figure 8.9 Generation of an uncleavable IKKβ mutant. Using a retroviral vector (pBABE.hygro)
containing wild-type IKKβ, I mutated four aspartate (D) residues (78, 242, 373, 546) to alanines (A) via
site-directed mutagenesis. These mutations make IKKβ resistant to caspase-3 cleavage in response to
TNF+CHX stimulation, as described in (Tang et al. 2001). IKKβ contains a kinase domain (KD),
leucine zipper domain (LZ), a helix-loop-helix domain (HLH), and a NEMO-binding domain (NBD).

Figure 8.10 Control experiment for IKKβ cleavage in response to TNF+CHX stimulation. IKKβ
levels were measured in immortalized wild-type 3T3s and HeLa cells in response to TNF alone
(10ng/ml); TNF (10ng/ml) + CHX (10µg/ml) cotreatment, or pretreatment with ZVAD-fmk (1 hr,
10µM) followed by TNF (10ng/ml) + CHX (10µg/ml) cotreatment, via immunoblotting.
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caspases may play a role in IKKβ degradation in MCMV-infected cells, I infected
MEFs with MCMV for 17 hr in the presence of ZVAD to determine the effect on IKK
activation. Inhibition of caspases did not restore the ability for IKK to be activated in
MCMV-infected cells (Figure 8.11). In fact, ZVAD treatment actually amplified the
inhibitory effect of MCMV infection (Figure 8.12, lane 6). Unfortunately, a positive
control was lacking for this particular experiment and thus the results were rather
inconclusive.
Because many chemical inhibitors are not stable at tissue culture temperatures
(37ºC) for long periods of time and often have pleiotropic (and unwanted) side effects,
I opted to perturb IKK cleavage events using genetic means. I constructed the IKKβ
cleavage mutant (Figure 8.9) via site directed mutagenesis of a wild-type mouse IKKβ
retroviral construct (pBABE.IKKβ.hygro backbone), and retrovirally reconstituted
ikkβ-/- cells with either wild-type or mutated (uncleavable, UC) IKKβ. Both the wildtype and UCIKKβ expressed very highly in these cells, with approximately 5-fold (or
higher) expression as compared to endogenous levels in wild-type 3T3s (Figure 8.13).
While IKK and NF-κB activation were normal in the wild-type reconstituted cells,
there was a significant defect in IKK activation in the UCIKKβ mutant cells, although
NF-κB activity remained mostly in tact (Figures 8.14 and 8.15). However, upon
loading twice the amount of kinase reaction for the UCIKKβ mutant cells, their IKK
activation profile looked similar to that for wild-type.
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Figure 8.11 The effect of caspase inhibition on MCMV-induced IKK downregulation in
immortalized 3T3s. IKK activity was measured via IP-kinase assay in immortalized wt 3T3s that were
infected with MCMV (MOI~4, 17hr) in the presence or absence of ZVAD-fmk (50µM), followed by
TNF stimulation (1ng/ml).

Figure 8.12 The effect of caspase inhibition on MCMV-induced IKK and NF-κB downregulation
in primary wild-type MEFs. IKK and NF-κB activities were measured via IP-kinase assay and EMSA
in primary wild-type MEFs that were infected with MCMV (MOI~4, 17hr infection) in the presence or
absence of ZVAD-fmk (50µM), followed by TNF stimulation (1ng/ml, 10 min).
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Figure 8.13 Examination of IKKβ protein levels in reconstituted ikkβ -/- cells with wild-type or
uncleavable IKKβ constructs. ikkβ-/- immortalized MEFs were retrovirally transduced with either
pBABE.IKKβ.hygro (wild-type) or pBABE.UC-IKKb.hygro (uncleavable IKKβ mutant). IKKβ and
actin protein levels were monitored via immunoblotting.

Figure 8.14 IKK activity in reconstituted ikkβ -/- cells. IKK activity was measured via IP-kinase assay
in wild-type 3T3s or pBABE.IKKβ.hygro (wild-type)- or pBABE.UC-IKKβ.hygro (uncleavable IKKβ
mutant)-reconstituted ikkβ-/- cells in response to TNF (1ng/ml). For the uncleavable mutant extracts, a
second gel was run with twice the amount of kinase reaction (right panel).
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Figure 8.15 NF-κ B activation in reconstituted ikkβ -/- cells. NF-κB activity was measured via EMSA
in wild-type 3T3s or pBABE.IKKβ.hygro (wild-type)- or pBABE.UC-IKKβ.hygro (uncleavable IKKβ
mutant)-reconstituted ikkβ-/- cells in response to TNF (1ng/ml).
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Next, I infected ikkβ-/- cells reconstituted with either wild-type (wt),
constitutively active (EE), or uncleavable (UC) IKKβ with MCMV for 17 hr. MCMV
infection resulted in effective downregulation of TNF-induced IKK activity of both
the wild-type and uncleavable IKKβ cells (Figure 8.16). This was not the case for the
constitutively active IKK-expressing cells; however, this result is not representative of
several reproductions of the experiment. These preliminary results suggest that
caspase cleavage may not be the mechanism by which IKKβ is degraded in response
to persistent MCMV infection.

DISCUSSION
While CMV infection has been shown to utilize NF-κB to transactivate the
expression of its immediate early (IE) genes, it appears to play a second role in
attenuating the ability for the cell to coordinate an antiviral immune response by
inhibiting the stimulus-induced inflammatory axis of NF-κB signaling. CMVmediated inhibition of NF-κB activity also seems to be important to ensure viral
replication (Eickhoff and Cotten 2005). Even in a short as 2 hr post-MCMV infection,
IKKβ levels are dramatically diminished, leaving the cell unable to respond to
inflammatory signals such as TNF or IL-1. In this work, I explored one potential
mechanism involving caspases by which MCMV infection can direct the degradation
of IKKβ. Overall, the preliminary results suggest that caspases are most likely not
involved. However, I did experience some difficulty with the uncleavable IKKβ
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Figure 8.16 MCMV infection downregulates IKK activity in the uncleavable IKKβ mutant. IKK
activity was measured via IP-kinase assay in ikkβ-/- cells reconstituted with pBABE.IKKβ.hygro (wildtype IKKβ), pBABE.UC-IKKEE.hygro (constitutively active IKKβ mutant) or pBABE.UCIKKβ.hygro (uncleavable IKKβ mutant) upon infection with MCMV (MOI~3, 17hr) prior to TNF
stimulation (1ng/ml). For the uncleavable mutant extracts, a second gel was run with twice the amount
of kinase reaction (right panel).
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mutant-containing cell line, which makes data interpretation somewhat difficult.
While the UC-IKKβ cell line expressed IKKβ protein very highly (Figure 8.13),
stimulus-induced IKK activation was extremely low, as compared to wild-type IKKβexpressing cell lines (Figure 8.14). This may be attributed to the fact that two of the
mutations are within the kinase domain and may disrupt some structural conformation
that is required for kinase activation. The mutated residues are not “near” the
activating serines (177, 181) in the linear protein sequence; however, until a crystal
structure of IKKβ is available, it is unclear how these mutations may affect the
structure of the kinase. It might be useful to test a mutant that possesses mutations of
the caspase cleavage sites outside of the kinase domain only (D373A, D546A) to
determine whether or not they can inhibit MCMV-dependent degradation of IKKβ.
Additionally, it would be useful to test other potential mechanisms that may
account for MCMV-induced degradation of IKKβ. It is reasonable that IKKβ may be
targeted to the proteasome, and this could be tested in MCMV-infected cells that are
also treated with the proteasome inhibitor MG-132. It is also possible that MCMV
infection may direct localization of IKKβ to the lysosomal compartment, where it
might be cleaved by Cathepsins. Finally, another plausible case is that pathogenic
infection inhibits bulk protein synthesis within the cell, which would decrease the flux
of all host proteins and ultimately be advantageous to the virus (Kaufman et al. 2000;
Dever 2002). A decrease in bulk protein synthesis would lead to decreased IKKβ
protein expression over time, and would thus render the cells incapable of responding
to inflammatory challenge. This hypothesis could be tested by measuring bulk protein
synthesis via 35S labeling of cells that are infected with MCMV. In light of these
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different hypotheses, it is important to remember that MCMV-induced degradation of
IKKβ occurs as quickly as 2 hr post-infection, and thus the degradation mechanism
must function within that short time-scale.

MATERIALS AND METHODS
Cell lines, reagents and virus: Wild-type primary and immortalized mouse
embryonic fibroblasts (MEFs) were cultured in DMEM supplemented with 10%
bovine calf serum, penicillin (100 units/ml), and streptomycin (100 µg/ml), and Lglutamine (1%) at 5% CO2, 37°C. HeLa cells were cultured in DMEM supplemented
with 10% fetal calf serum, penicillin (100 units/ml), and streptomycin (100 µg/ml),
and L-glutamine (1%). TNF (Roche), IL-1 (EMD Biosciences), LT-βR agonist
antibody (Dejardin et al. 2002) and ZVAD-fmk (Sigma) were used at the indicated
concentrations in each figure. MCMV (Smith strain, ATCC VR-1399) was a kind gift
from C. Benedict. Viral stocks were prepared by low multiplicity of infection (MOI)
challenge of NIH3T3 cells, combining sedimented extracellular virus (25,000 x g)
with cell-associated virus (generated by cell sonication and removal of cell debris by
low-speed centrifugation). To avoid contamination of viral preparations by soluble
cellular factors, MCMV was then pelleted (25,000 x g) through a 20% sorbitol
cushion. Viral titers were determined by standard plaque assays in NIH3T3 cells.
MEFs were infected with MCMV between 16-20 hr with an MOI as indicated in each
figure.
Construction of UC-IKKβ. Using the pBABE.IKKβ.hygro (wild-type) vector as a
backbone, four subsequent rounds of mutagenesis were required to mutate aspartates
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at residues 78, 242, and 373 and 546 (Stratagene Quick Change site directed
mutagenesis kit). For the D78E mutation, the forward primer was 5'CCAATGTGGTGGCTGCCCGGGAGGTCCCAGAGGGGATGCAGAACC-3' and
the reverse primer was 5'-GGTTCTGCATCCCCT CTGGGACCTCCCGGGCAGC
CACCACATTGG-3'. For the D242A mutation, the forward primer was 5'-CCGGCA
GAAGAGCGAAGTGGCCATCGTTGTTAGTGAAGAC-3' and the reverse primer
was 5'-GTCTTCACTAACAACGATGGCCACTTCGCTCTTCTGCCGG-3'. For the
D373A mutation, the forward primer was 5'-GCTACTCAGTGCATCTCAGCCAGC
AAGACAAACGAGGGCC-3' and the reverse primer was 5'-GGCCCTCGTTTGTCT
TGCTGGCTGAGATGCACTGAGTAGC-3’. For the D546A mutation, the forward
primer was 5'-GCACTGCAGACTGACATTGTGGCCCTGCAGAGGAGCCCGATG
G-3' and the reverse primer was 3'-CCATCGGGCTCCTCTGCAGGGCCACAATGT
CAGTCTGCAGTGC-5'. The oligonucleotides primers were extended using PfuUltra
HF DNA polymerase, as per kit instructions. Following temperature cycling, the
product was treated with DpnI endonuclease to digest the methylated parental DNA
template to select for the mutation-containing synthesized DNA. The nicked vector
DNA containing the mutations was then transformed into XL1-Blue supercompetent
cells.
Retroviral Transduction of Cell lines: ikkβ-/- 3T3’s were a kind gift from Inder
Verma (Salk Institute). 293T cells were transiently transfected with 3µg pCl-Eco
DNA and 7µg of either pBABE.IKKβ.hygro, pBABE.IKKβ-EE.hygro (kind gift from
Ellen O’Dea), or pBABE.IKKβ-UC.hygro using the calcium phosphate transfection
method. After 40 hr transfection, the viral supernatant (approximately 3.5 mL) was
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mixed with 4mL media and polybrene to a final concentration of 7.5µg/ml, which was
then placed on top of subconfluent ikkβ-/- 3T3 cells for 2 days prior to selection with
200µg/ml hygro. Hygro selection continued for 7 days prior to using the cells for
experiments.
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Chapter 9:
Conclusions and Future Directions
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CONCLUSIONS
Combining systems-wide “top-down” and mechanistic “bottom-up”
computational and experimental approaches, we have demonstrated that mammalian
cells – specifically, mouse embryonic fibroblasts – are capable of remarkably distinct
stimulus-specific inflammatory gene expression programs, and that stimulus-specific
temporal amplitude modulation of the ubiquitous and functionally pleiotropic
transcription factor NF-κB has a critical role in the generation of such specificity
(Chapter 3). Our genetic studies demonstrate the existence of a temporal code of
signaling that is functionally important in determining gene expression programs.
Biological regulation involves information transfer on multiple levels, and a
variety of biological codes have been identified and characterized to varying degrees.
The genetic code specifying the synthesis of enzymes was first proposed (Beadle and
Tatum 1941), then characterized (Crick et al. 1961; Crick 1966), and has since been
elucidated at the mechanistic and structural level (Ogle et al. 2003). A nucleosome
positioning code has been proposed (Segal et al. 2006), but its functional consequence
or biophysical basis remain incompletely understood. Studies of gene regulation have
invoked the concept of a combinatorial code (McKnight 1992), but little progress has
been made in applying this paradigm to genome wide expression studies. In response
to inflammatory stimuli, signaling mediators such as JNK, MAPKp38, ERK, IKK, and
NF-κB have been shown to be dynamically regulated (Dong et al. 2002; Hoffmann et
al. 2002; Werner et al. 2005; Kearns et al. 2006b; Ventura et al. 2006); but whether the
temporal regulation of the downstream transcription factors themselves is important
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for stimulus-specific gene expression has remained unclear. Here, we provided
genetic evidence for the existence of a temporal code of NF-κB activity that plays a
role in generating specificity in inflammatory gene expression.
Temporal control of IKK and NF-κB activity is tightly regulated in a stimulusspecific manner (Figure 9.1, Chapters 4-6). TLR4 signaling results in sustained NFκB activation, which is encoded by a positive feedforward loop (Chapter 4, (Werner et
al. 2005)). It has been reported that upon LPS engagement of the receptor, TRIFdependent signaling to IRF3 (Interferon Regulatory Factor 3) induces expression of
TNF, which engages the TNFR in an autocrine (or paracrine) fashion to elicit
sustained NF-κB activity (Covert et al. 2005). Indeed, induction of TNF gene
expression by LPS is moderately reduced in irf3-/- MEFs (S. Werner, unpublished data
not shown), but absolutely abolished in nfκb-/- MEFs (Chapter 4, Figure 4.7); thus,
TNF gene expression may require temporal coordination of both NF-κB and IRF3 at
its promoter. For TNFR signaling, termination of IKK and NF-κB activity depends on
the coordination of two negative regulators: IκBα and A20 (Chapter 5). While genetic
knockout studies suggest that IκBα and A20 might be functionally redundant, we have
found that they play distinct roles in regulating the biphasic NF-κB temporal profile:
IκBα is responsible for regulating the duration of the first phase of TNF-induced NFκB activity, while A20 regulates the duration of the second phase. In addition,
increased steady state levels of A20 in the cell may provide for inflammatory signaling
crosstalk. Preliminary results suggest that receptor downregulation may play an
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Figure 9.1 Temporal control of NF-κB signaling. Signaling pathways within cells allow the cell to
communicate and respond to its environment. One important pathway which regulates immune
functions and cell proliferation is controlled by the molecules IKK and NF-κB. Similar to a telephone
wire that is able to carry the information of many different words and conversations, the connection
between IKK and NF-κB allows for the transmission of different signals to produce different cellular
responses. Upon stimulation, the cell turns each signal into a specific temporal profile that is
transmitted through the pathway.
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important role in terminating IL-1R-induced IKK activity (Chapter 6); however,
additional studies are required to elucidate this mechanism.
IKK and NF-κB activity continue to be attractive therapeutic targets, as their
aberrant or constitutive activity is a hallmark of human disease. Unfortunately, most
of the current chemical inhibitors and drug candidates have surprising or deleterious
effects (Karin et al. 2004). In light of the fact that different stimuli encode distinct
IKK and NF-κB dynamic via specific mechanisms, we embarked on a proof-ofprinciple study to determine whether drugs that target common cellular mechanisms
(i.e. protein synthesis, protein turnover, regulation of cellular oxidative state,
chromatin remodeling) might have stimulus-specific effects (Chapter 7). Despite the
pleiotropism of the pharmacological agents utilized, the results suggest that
computational simulations may help identify pharmacological treatment conditions
that modulate NF-κB-responsive gene expression in response to a particular
inflammatory stimulus. Such specificity was achieved by exploiting the stimulusspecific kinetics of the NF-κB temporal code that renders specific biochemical
reactions rate limiting in response to one stimulus, but not another.
Pathogenic infection also appears to regulate the temporal control of stimulusinducible IKK and NF-κB signaling in host cells (Chapter 8). CMV infection of
mouse embryonic fibroblasts exhibit abrogated stimulus-inducible IKK activation,
which is a result of CMV-dependent IKKβ degradation. Preliminary studies showed
that IKKβ degradation is not dependent on caspases. Future work may explore
mechanisms such as proteasome-dependent degradation or CMV-induced inhibition of
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bulk protein synthesis to explain the decrease in host IKKβ levels upon pathogen
infection.

FUTURE DIRECTIONS
Dynamic regulation of gene promoters. Future studies must address the
mechanistic basis for a temporal code of inflammatory signaling at the level of gene
expression. In other words, how is the temporal code, which carries specific
information to the nucleus, decoded? The identification of functional modules
(Hartwell et al. 1999) within the inflammatory regulatory network (Oda and Kitano
2006) may help in pursuing these questions. In such models (Figure 9.2), receptor
proximal signaling modules may be viewed as encoding stimulus-specific temporal
profiles of IKK activity. Thereby the specific ligand-receptor interaction results in
signaling events that encode not only a combination of transcription factors (as posited
by the paradigm of the combinatorial code) but also specific temporal regulation of
each. In the case of the TNF signaling, ligand-induced trimerization of the TNFR
initiates a set of biochemical reactions that produce a temporal profile of IKK activity
that is specific to the duration of the extra-cellular TNF stimulus (Chapter 5 and
(Werner et al. 2008)).
We suggest that this temporal information is then decoded at the level of gene
promoter-associated regulatory modules to determine the level of gene expression
(Figure 9.2). What might be the operable mechanisms? Early studies established a
paradigm for understanding gene expression specificity: a combinatorial transcription
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Figure 9.2 Temporal control of transcription factors for gene expression. A schematic of signaling
modules within the inflammatory and innate immune signaling network, indicating combinatorial
transcription factor control of gene expression programs. Only four (of many more) transcription factor
families are shown for the sake of simplicity. Pathogens and cytokines are shown to interact with
receptors of the IL-1R/TLR and TNFR superfamily. These trigger signaling events within receptorassociated signaling modules (middle row of grey boxes), whose output are combinations of kinase
activities. Kinases act as inputs to signaling modules that control transcription factor activities (center
row of boxes). Combinations of transcription factors control the expression of target genes via
promoter-associated regulatory modules (bottom row of purple boxes). The IKK-NF-κB signaling
module is shown in color.
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factor code that is determined by combinations of gene promoter or enhancer elements
(Figure 1.7 and (McKnight 1992)). With a combinatorial code, a limited number of
transcription factors allow for a larger number of different gene expression responses.
The physical basis for this paradigm is the super-additive effects of combinations of
transcription factors that may occur through cooperative DNA binding reactions or
synergy in the recruitment of transcriptional co-activators (Carey et al. 1990; Lin et al.
1990). In response to viral infection, the IFN-β enhancer, for example, assembles
three stimulus-induced transcription factors (NF-κB, IRF3, AP-1) into an
enhanceosome that is required for efficient transcription (Thanos and Maniatis 1995).
This ensures that stimuli such as inflammatory cytokines TNF or IL-1, which activate
only a subset of these three factors (such as NF-κB and AP-1) do not stimulate IFN-β
production, whereas pathogen-derived substances (such as LPS), which activate all
three factors, do. However, in the age of systems biology, it remains unclear how
generally applicable this paradigm is, or what fraction of stimulus-specific expression
it explains.
In the context of a combinatorial code, synergistic functions of multiple
transcription factors may require coincidence on the target promoter. If transcription
factors are temporally regulated in a stimulus-specific manner, only promoters whose
cooperating transcription factors show temporal overlap in response to a specific
stimulus may be activated. In other scenarios we may imagine that transcription
factors may have to function in a required sequence, with one binding to recruit
chromatin remodeling complexes, for example, before a second transcription factor
can be recruited. Generally, we think of each promoter requiring not only a

222
combination of transcription factors, but also a specific phase relationship between
them. Nucleosome positioning likely plays an important role in determining the
promoter-specific phase relationship between cooperating transcription factors.
Recognition that a temporal code for transcriptional specificity exists should
also prompt a range of theoretical considerations regarding information flow, the
capacity for distinct specificities in gene expression, and how molecular stochasticity
and biological noise may affect these characteristics. Within the context of a
combinatorial code, a temporal code may further diversify gene expression
specificities depending on the number of functionally relevant features within the
temporal profile of each transcription factor, and the number of functionally distinct
phase relationships. However, our data also indicates that at least in some cases,
misregulated temporal control may override the logic of the combinatorial code, as
some ISRE containing promoters (e.g. RANTES and IP-10) thought to dependent on
the interferon-induced ISGF3 were found to be activated by sustained NF-κB activity
without IRF3 activation (Chapter 3, Figure 3.6). Hence we may speculate that
stimulus-specific temporal coding of transcription factor activities may in some cases
contribute to the fidelity of the combinatorial transcription factor code that is
otherwise challenged by the limited threshold characteristics of molecular interactions.
Complexity within the NF-κB signaling system: a multi-dimer model.
Inflammatory stimuli most potently activate the RelA:p50 heterodimer in MEFs, and
this heterodimer was the focus of our temporal control study. However, five
mammalian NF-κB/Rel proteins generate more than 12 dimers that recognize cognate
κB sites (Thanos and Maniatis 1995; Verma et al. 1995). Structural studies have
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shown that NF-κB dimers are highly flexible, and can make alternative contacts with
the nucleotide bases and the sugar-phosphate backbone and thus bind several κB sites
with high affinity (Chen et al. 1998; Huxford et al. 1999; Chen-Park et al. 2002). In
vitro studies have shown that each κB has a preference for certain NF-κB dimers and
in turn, each dimer binds some sites with higher affinities. Thus, in a cell-type
containing several dimers, competition for the same κB site may occur. While the
choice of which dimer will dock to a certain promoter may be regulated by dimer
affinity to the κB site, stimulus-induced temporal control of a particular dimer may
also play a role. Indeed, it was shown in maturing dendritic cells that rapidly activated
dimers (RelA:p50) bound to a subset of target promoters were gradually replaced by
slowly activated dimers (RelB-containing dimer), which allowed for fine-tuning of the
response (Saccani et al. 2003). One important physiological consequence of this
“dimer exchange” is that activation of select NF-κB gene targets is sustained because
the RelB-containing dimer is not subject to regulation by the IκB proteins. For other
genes, recruitment of RelB-containing dimers correlates with transcriptional shutdown
of a promoter. Thus, temporal control and coordination of distinct NF-κB dimers also
appear to regulate the specificity and duration of gene expression.
Future work might direct attention to understanding the role of NF-κB
temporal control within the context of more broad physiological processes, such as
immune cell maturation, stem cell differentiation, and cellular senescence. Such
analyses would benefit from an interdisciplinary approach of combining
computational modeling with genetic and biochemical experimental frameworks, as
applied to this study. Computational modeling allows for exploration of the functional
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importance and physiological relevance of specific biochemical mechanisms, and is an
effective tool to address dynamic control of signaling within a broader network.
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