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Homeostatic Control of IkappaB Metabolism 
Determines NF-kappaB Responsiveness 

 
 

by 
 
 
 

Ellen Louise O’Dea 
 
 

Doctor of Philosophy 
 
 

University of California, San Diego, 2010 
 
 

Professor Alexander Hoffmann, Chair 
 
 
 

 
 Cellular signal transduction begins with an input signal that activates a 

pathway or network of signaling proteins to exert a specific output or change in 

cellular behavior.  A useful approach to understanding signal transduction and 

mapping signaling pathways has been to examine changes to specific proteins, either 

in their expression, interaction with other proteins, post-translation modifications, or 

enzymatic activities, in cells after application of the input.  As useful as this approach 

may be, it does not answer how the pathway may be regulated in the absence of an 
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input signal, nor does it explain how the output may be more or less responsive to an 

input depending on the homeostatic regulation within the particular network.   

 Tight regulation of the NF-κB transcription factor is mediated by the 

coordinated control of the synthesis and degradation of the inhibitor of NF-κB 

proteins, the IκBs.  My dissertation takes a mechanistic approach to understanding 

how steady state IκB synthesis and degradation affect constitutive NF-κB activity and 

NF-κB responses to inflammatory and metabolic stress signals.  Biochemistry, 

genetics, and molecular biology, are used in conjunction with mathematical modeling 

to explore how homeostatic mechanisms determine UV-induced NF-κB activity and 

how type I and type II interferons alter NF-κB responsiveness to inflammatory signals.  

This work suggests that the targeting of the steady-state reactions of a network may be 

important consideration when designing therapeutics to specifically target certain 

aspects of a signaling pathway.  
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Chapter 1: 
Introduction 
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 Inflammation and Disease 

 Chronic inflammation can be the result of chronic or persistent infection (e.g. 

Heliobacter Pylori), autoimmune reactions (e.g. lupus, rheumatoid arthritis, psoriasis), 

or persistent foreign bodies (e.g. gout).  The first response to infection or the triggering 

of an inflammatory response involves the accumulation of circulating neutrophils and 

macrophages, which act to phagocytose foreign bodies or try to kill foreign invaders 

by secreting reactive oxygen species and proteases.  If the cause of the inflammation is 

not resolved, macrophages continue to respond, secreting chemokines and cytokines to 

further the response and recruit longer-term inflammatory cells, including 

lymphocytes (T cells, B cells, and natural killer cells) dendritic cells, and fibroblasts.  

When inflammation becomes chronic it also becomes highly problematic. 

 Chronic inflammation will ultimately results in debilitating tissue destruction.  

For example, rheumatoid arthritis (RA) is an inflammatory autoimmune reaction that 

occurs in the joints, leading to bone destruction and joint remodeling; this process 

destroys the function of the joint.  Systemic lupus erythematosus (SLE) is another 

example of an inflammatory reaction caused by autoimmune reaction.  SLE can cause 

chronic inflammation at any or all organs of the body, and is frequently seen in the 

kidney (lupus nephritis).  In this disease, infiltrates of macrophages and other 

monocytes and lyphocytes eventually destroy the kidney.  Gout is a disease caused by 

accumulation of uric acid crystals in joints.  This persistent foreign body causes 

chronic inflammation that is extremely painful and eventually, if left untreated, can 

also lead to bone destruction and joint remodeling.   Other chronic inflammatory 

disorders include ankylosing spondylitis (inflammation of the spine, leading to bone 



 

 

3 

fusion and “hunchback”), scleroderma (excessive fibrosis, generally in the skin or 

lung), psoriasis and psoriatic arthritis, osteoarthritis, and many more.  The primary 

means of treating these diseases is through targeting the inflammation itself, which 

means constant, life-long treatment.  Finding a treatment that works for individuals is 

a long and arduous process, and patients often endure much pain and disability.   

 In the past, the principal drugs used to control chronic inflammation in diseases 

such as RA or SLE were corticosteroids such as prednisone.  Steroids are efficient in 

inhibiting inflammation by targeting nuclear receptors, and have been critical to 

saving organs or joints that may be destroyed by the chronic inflammation, but also 

have some very negative side effects when taken long term (as would be required for 

RA or SLE), including weight gain, mood disturbances, eye problems, high blood 

pressure, diabetes, insomnia, and osteoporosis.  While many people with SLE must 

still rely on corticosteroids to control flares of inflammation, in recent years, several 

new therapies have become available for controlling and preventing the effects of 

rheumatoid arthritis.  Targeting the inflammatory cytokine tumor necrosis factor 

(TNF) through antibodies or recombinant TNF receptor (TNFR) proteins have proven 

to be an effective method of treating many RA patients with relatively few side 

effects.  These drugs designed to inhibit TNF are effective in inhibiting the painful 

inflammation, as well as preventing the subsequent long-term effects of joint 

destruction.  However, these drugs do not work for everyone (about 70% of patients), 

and patients must go through long periods of experimenting to determine which 

treatments may work for them as there is currently no way of predicting which 

patients will respond and which will not.  Other drugs, similar in their targeting of 
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inflammatory cytokines that are being used for treating RA are IL-1 inhibitors, B cell 

receptor inhibitors, T cell receptor inhibitors (inhibit the activation of B and T cells).  

Other drugs that in use are non-steroidal anti-inflammatories (NSAIDS), 

chemotherapeutics, and immune suppressants.   

 The primary molecular mediators of inflammation include the pro-

inflammatory cytokines TNF, IL-1, IL-6 (secreted in high abundance by 

macrophages), and IFNγ (secreted by T cells and NK cells).  These cytokines are 

triggered for secretion in response to activation of signaling pathways emanating from 

the toll-like receptors (TLRs) or other PRRs (pattern recognition receptors). Such 

cytokines then themselves activate receptor-induced signal transduction pathways, 

including the MAP kinase pathways, the Stat-Jak pathways, and the IKK-NF-κB 

pathway.   

 NF-κB is a family of transcription factors that mediate inflammatory 

responses.  Mice mutated in NF-κB signaling components show a diverse range of 

phenotypes in immune development, apoptosis, and immune response regulation, and 

in humans, misregulated NF-κB is a hallmark of a variety of chronic inflammatory 

diseases and cancers (Courtois and Gilmore 2006; Naugler and Karin 2008).  Further, 

mutations in signaling components directly involved in the NF-κB pathway have been 

implicated in several inherited genetic diseases and immune disorders (Courtois and 

Gilmore 2006). 

 NF-κB is generally thought to be an anti-apoptotic, pro-proliferative and pro-

inflammatory regulator.  Indeed, it is often upregulated in human cancers, where it has 

been shown to contribute to proliferation, tumor growth, metastasis, and 
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chemoresistance.  Deregulated NF-κB activity is also found in chronic inflammatory 

diseases, such as rheumatoid arthritis, Crohn’s disease, and ulcerative colitis.  As such, 

the NF-κB activation mechanism has been studied in detail in the hope of developing 

specific pharmacological strategies to control de-regulated NF-κB activity. 

NF-κB signaling network 

The NF-κB transcription factors are the effectors of a signaling system that is 

responsive to a large number of stimuli, mediated by most members of the tumor 

necrosis receptor (TNFR) and toll like receptor (TLR) superfamilies, as well metabolic 

or genotoxic stress inducers (Figure 1.1).  As a critical regulator of immunity, NF-κB 

signaling components can be found in almost all multi-cellular organisms, including 

mammals, insects, urchins, and mollusks but not C. elegans (Graef et al. 2001; 

Sullivan et al. 2007).  

 In mammals, the genes rela, relb, crel, nfkb1, and nfkb2 encode the five NF-

κB protein family members RelA (p65), RelB, c-Rel, p50, and p52 respectively, which 

form homo- and heterodimeric DNA binding complexes (Figure 1.2.A).   All five 

family members have a characteristic Rel homology domain (RHD) responsible for 

DNA binding and dimerization.  Unlike RelA, c-Rel, and RelB, which each possess a 

transcriptional activation domain (TAD), p50 and p52 do not. Thus, of the 15 

theoretically possible NF-κB dimers, some function as transcriptional activators 

(notably the ubiquitous RelA:p50 heterodimer), but others (notably the p50:p50  
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Figure 1.1. Schematic of NF-κB activation and function in response to different types of 
signals.   
Many different types of signals cause the activation of the IKK complex, driving the 
degradation of IκB and allowing for NF-κB activation.  NF-κB can drive the expression of a 
myriad of genes involved in different cell fates and physiological responses. 
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homodimer) do not unless they recruit specific co-activator proteins, and some dimers 

are not known to bind DNA at all (Figure 1.2.B) (Hoffmann et al. 2006). 

 In the absence of stimuli, NF-κB dimers are retained in the cytosol through 

association with an Inhibitor of κB activity, termed IκB.  All IκB proteins have an 

ankyrin repeat domain (ARD), which forms a large interaction surface around the NF-

κB dimer (Figure 1.2.C).  The three classical or so-called ‘canonical’ IκB proteins, 

IκBα, IκBβ, and IκBε, are encoded by the nfκbia, nfκbib, and nfκbie genes 

respectively, and a fourth IκB activity was recently characterized(Basak et al. 2007).  

This non- canonical IκB activity, which we term IκBδ, results from the multimeric 

association of the nfκb2-encoded p52 precursor protein p100.  Together, these four 

IκBs prevent DNA binding by NF-κB dimers and shift their cellular localization to the 

cytoplasm. Each IκB contains a signal responsive domain (SRD) that contains 

phosphorylation and ubiquitination sites for signal responsive degradation.  Such 

signals therefore liberate NF-κB from the canonical and non-canonical IκB proteins, 

allowing binding of κB site sequences (defined by a loose consensus of 

GGRNNN(N)YCC) in the promoters and enhancers of a myriad of genes (Hoffmann 

et al. 2003).   

Other IκB-like proteins with different functions have been identified. The p50 

and p52 proteins are produced via protein processing of the precursor proteins p105 

and p100, respectively, each of which contains a C-terminal ARD.  Therefore 

Dimerization via the RHD by p100 or p105 with other NF-κB proteins may result in  
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Figure 1.2.  The components of the NF-κB signaling system. 
(A) The NF-κB family members.  The gene name is indicated for each polypeptide.  Each NF-
κB family member has a Rel Homology Domain (RHD) for dimerization and DNA binding. 
RelA, cRel, and RelB have Transcriptional Activation Domains (TAD). (B) The 5 NF-κB 
monomers can combine to form 15 potential dimers. Of these, 9 can bind DNA and activate 
gene transcription (light grey), 3 (the p50 or p52 only containing dimers) bind DNA but do not 
activate transcription (medium grey), and 3 do not bind DNA (dark grey). (C) The IκB protein 
family members and signals that induce the degradation of each. The ARDs on p105 and p100 
(which are proteolytically processed to p50 and p52 NF-κB monomers, respectively) can act 
to self-inhibit p50 and p52.  p100 can form a multimeric complex in which it can inhibit other 
latent NF-κB dimers. BCR = B cell receptor; TCR = T cell receptor; RHD = Rel Homology 
Domain; ARD = ankyrin repeat domain; TAD = transcriptional activation domain, SRD = 
signal response domain. 
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self-inhibited dimers.  In addition, the IκB protein family members Bcl3, IκBζ/MAIL, 

and IκBNS bind subsets of NF-κB dimers, but do not inhibit DNA binding – instead 

these proteins may function as co-activators, for example for the TAD-deficient NF-

κB dimers p50:p50 or p52:p52 (Bundy and McKeithan 1997; Yamamoto et al. 2004; 

Hirotani et al. 2005; Trinh et al. 2008; Yamamoto and Takeda 2008). 

 

NF-κB in response to inflammatory signals 

Endogenous inflammatory stimuli (e.g. cytokines- TNFα, IL-1β) or pathogen-

derived substances (e.g. LPS or CpG) activate the ubiquitous RelA:p50 dimer through 

the ‘canonical’ or ‘classical’ NF-κB pathway.  Engagement of the TNF receptor 

(TNFR), IL-1β receptor (IL-1βR), or TLRs causes phosphorylation-dependent 

activation of the IκB kinase (IKK) complex, composed of the two catalytic subunits, 

IKKα  and IKKβ, and the scaffolding protein, IKKγ/NEMO (NF-κB essential 

modulator).  Once activated, the canonical IKK complex phosphorylates IκBα, -β, and 

-ε at two specific serine residues.  IκBα is the predominant IκB in most cells, bound to 

RelA:p50.  Phosphorylation of IκBα at serines 32 and 36 signals as a docking site for 

the E3 ubiquitin ligase β-TrCp, which catalyzes K48-linked ubiquitination at lysines 

21 and 22 of IκBα leading to its subsequent degradation by the 26S proteasome (Karin 

and Ben-Neriah 2000).  Degradation of IκBα releases RelA:p50, allowing it to 

localize to the nucleus to bind DNA and activate gene expression (Figure 1.3). 

Interestingly, several IκB proteins are among the large number of NF-κB response 

genes, thus potentially functioning as negative feedback regulators.  Indeed, NF-κB 
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Figure 1.3. Canonical NF-κB signaling pathway. 
Canonical (inflammatory) signals activate IKKβ-containing complexes (also contain NEMO 
and possibly IKKα), which target NF-κB-bound IκBα, β, and ε for degradation. IκBα, β, and ε 
that is not bound to NF-κB is constitutively degraded through an IKK- and ubiquitin-
independent mechanism.  Liberated NF-κB (primarily RelA:p50 dimers) translocates to the 
nucleus and activates gene expression, including the IκBα and IκBε genes. 
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 activity induced by inflammatory stimuli shows complex and diverse temporal or 

dynamic profiles.  

The ability of the IκB-NF-κB signaling module to mediate complex temporal 

control over NF-κB activity has led to research into the functionality of NF-κB 

dynamics.  Different inflammatory stimuli elicit different IKK activation profiles, 

which induce distinct temporal profiles of NF-κB activity.  For example, in MEFs, 

transient TNFα stimulation provides for one hour of strong NF-κB activation, but 

equivalent stimulation with LPS, however, induces lower and longer-lasting IKK 

activity profiles(Werner et al. 2005).  Whereas TNFα signaling is limited by the 

negative regulator A20, LPS activates gene expression of cytokines that provide for 

positive autocrine feedback, amplifying late IKK activity. Further experimental 

investigation and expansion of the current NF-κB mathematical model to include other 

cell types, for example macrophages, B and T cells, dendritic cells, and neurons, will 

be necessary to decipher how NF-κB dynamics control mammalian physiology. 

 

NF-κB in response to genotoxic stress 

DNA damage, caused by irradiation or chemotherapeutic drugs for example, 

induces IKK activation.  Until recently it was unclear how a nuclear signal could relay 

back to the inhibited NF-κB in the cytoplasm to trigger its activation.  It was found 

that DNA damage not only initiates the activation of the nuclear kinase ataxia 

telangiectasia mutated (ATM), the primary regulator of the tumor suppressor and 

transcription factor p53, it also initiates the sumoylation of NEMO by the sumo ligase 

PIASy, promoting the nuclear localization of NEMO (Mabb et al. 2006).  It was 
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known that activated ATM was required for NF-κB activation by DNA damage, and 

recent work has uncovered the connection between ATM activity and IKK activation.  

Wu et al. showed that nuclear sumoylated NEMO associates with and is 

phosphorylated by the activated ATM, promoting mono-ubiquitination of NEMO that 

triggers its export to the cytoplasm.  The ATM-NEMO complex associates with the 

protein ELKS, facilitating ATM-dependent activation of the canonical IKK complex, 

leading to IκBα degradation and NF-κB activation (Wu et al. 2006). 

 

NF-κB in response to developmental signals 

A group of non-inflammatory signals have been shown to activate NF-κB 

through the so-called ‘non-canonical’ NF-κB signaling pathway.  These 

developmental signals of the TNF-receptor superfamily such as B-cell activation 

factor (BAFF) critical for B cell survival, lymphotoxin ß (LTß)) involved in 

lymphnode development, and receptor activator of NF-κB ligand (RANKL) essential 

for osteoclast differentiation, have been described to activate NF-κB activity at a low 

level for hours or days.  The non-canonical pathway is not transduced by a  

NEMO/IKKβ-containing kinase complex, but rather by an IKKα-containing kinase 

complex, whose activation requires NF-κB inducing kinase (NIK).  In addition to the 

non-canonical IKKα-dependent NF-κB degradation, these signals may also, in certain 

cellular conditions and contexts, activate the canonical IKKβ-dependent NF-κB 

activation pathway (Pomerantz and Baltimore 2002). 
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Initial studies of NF-κB activation by these developmental signals focused on 

the generation of the RelB:p52 dimer by co-translational proteolytic processing of the 

de novo synthesized p100 to p52.  The p100 protein contains C-terminal serines whose 

phosphorylation by IKKα is critical for stimulus-responsive processing. More 

recently, it was shown that the same developmental signals can also activate the 

canonical RelA:p50 NF-κB complexes not through IKKβ-dependent degradation of 

IκBα, but rather via the degradation of a fourth IκB activity, termed IκBδ (Figure 

1.4).  IκBδ activity is the result of the dimerization of two p100 molecules (through 

their RHD-interacting domains), whereby the ARD of one p100 molecule folds back 

onto the RHD-RHD dimer interface to effect self-inhibition (“in cis”), leaving the 

ARD of the second p100 molecule capable of binding latent NF-κB dimers (primarily 

RelA:p50, but also RelB:p50) “in trans” (Basak and Hoffmann 2008). As trans 

inhibition of preformed NF-κB dimers is a hallmark of IκB activities, this latter 

activity has been termed “IκBδ”. 

 Non-canonical signals first induce the degradation of IκBδ, releasing 

associated RelA:p50 and RelB:p50 to the nucleus. Beginning at around three hours, 

the effect of stimulus-induced co-translational processing of newly synthesized p100 

to p52 becomes apparent, effecting a change in the predominant dimer composition 

from RelA:p50 (and RelB:p50) to RelB:p52 (and RelA:p52) (Figure 1.4).  Whether 

these dimers have specific target gene functions or primarily exhibit dimer exchange 

on the same promoters to allow for long-lasting NF-κB driven transcription remains to 

be investigated in further detail. 
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Figure 1.4.  NF-κB activation by non-canonical signals.   
Non-canonical signals (developmental cues) activate IKKα containing complexes, which 
phosphorylate the C-terminal region of a p100 molecule within a multimeric complex (IκBδ), 
causing partial degradation of the p100 molecule (processing) and releasing associated RelA 
containing complexes.  Hours later, the ratio of RelB associated with p100 is increased, and 
IKKα-dependent processing of de novo synthesized p100 leads to more RelB and p52 
containing dimers.  This requires RelA driven constitutive synthesis of RelB and p100. 
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 Computational approach to understand NF-κB signaling 

Biochemical observations of signaling pathways are useful in examining 

individual components of a system, and work well in mapping pathways by 

identifying single biochemical steps.  Attempting to understand how a network 

operates as a whole through biochemical or cell biological experiments, however, is 

quite limited.  Constructing and utilizing mathematical models of signaling networks 

in conjunction with experimental work is a useful tool to understand many properties 

of signaling.   

There are a large numbers of methods with which to use a mathematical model 

of a signaling network that provides insight and experimental guidance.  A few of 

these methods include i) employing the model for a parameter sensitivity analysis.  

This allows for the identification of sensitive (rate-limiting) or insensitive parameters 

in a system, perhaps explaining experimental observations or guiding experimental 

design for drug targeting.  ii) Modeling can also be used as a sufficiency test.  When 

the components and reactions in a model cannot recapitulate experimental results, 

there are perhaps mechanisms that are lacking, and this can help to guide experiments.  

iii) Cross-talk analyses can also be performed, revealing unexpected consequences of 

different types of inputs – this can reduce experimental load and further explain 

experimental results.  iv) Alterations to steady-state rate constants, or in silico 

“mutants” can be employed to understand how steady-state signaling affects signal 

responsiveness, potentially having implications in understanding how a particular 

microenvironment affects signal responsiveness and how a particular pathway may 

respond to certain drug actions. 
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The IKK-IκB-NF-κB model utilized herein is a mass action, ordinary 

differential equation based model that describes IκB degradation and synthesis, 

association between IKK, IκB, and NF-κB, IκB and NF-κB nuclear import and export 

(Figure 1.5).  Version 2.1 of this model (used in Chapters 3, 4, and 5) is composed of 

24 components (Table 1.1) and 74 reactions (Table 1.2).  Versions of this model have 

been used in various capacities for different functions. The IKK-IκB-NF-κB model 

recapitulated the signaling events triggered by TNFα stimulation observed 

experimentally in mouse embryonic fibroblasts (MEFs).  Combined experimental and 

computational studies showed that the 3 canonical IκB proteins IκBα, -β and -ε each 

have distinct roles in the dynamic control of NF-κB activation and termination 

(Hoffmann et al. 2002).  Subsequent refinements of the model revealed temporal 

control of NF-κB dynamics in response to TNF signaling (Kearns et al. 2006) and 

other inflammatory agents (Werner et al. 2005), as well as a fourth IκB protein 

responsible for NF-κB activation in response to developmental stimuli (Basak et al. 

2007).  

 This dissertation makes use of the IKK-IκB-NF-κB model in several similar 

capacities.  First, the model is used to identify sensitive degradation mechanisms of 

IκBα.  This work revealed a role for IκB compensation in controlling constitutive NF-

κB activity.  The model was also used to investigate the role of IκB synthesis and 

degradation, or flux, in determining NF-κB responsiveness to signals.  This revealed a 

mechanism by which the NF-κB system is able to respond to external inflammatory 

signals, but remain insensitive to metabolic perturbations.  Third, the model was used 

to investigate the role of constitutive IKK activity of free IκBα degradation on NF-κB  
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Figure 1.5.  The reactions governing the IKK-IκB-NF-κB mathematical signaling 
module. 
IκBα, β, and ε, NF-κB, and IKK form a network module described by the reactions, 
represented here by arrows, that govern the abundance of each component of the system. 
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Table 1.1.  Components of the IKK-IκB-NF-κB Signaling System. 
The 24 species in Version 2.1 of the IKK-IκB-NF-κB mathematical 
model and their descrition. 

Species Description 
IKK IκB kinase 

NFkB NF-κB 
IkBa IκBα 
IkBb IκBβ 
IkBe IκBε 

NFkBn nuclear NF-κB 
IkBan nuclear IκBα 
IkBbn nuclear IκBβ 
IkBen nuclear IκBε 

IKKIkBa IKK-IκBα complex 
IKKIkBb IKK-IκBβ  complex 
IKKIkBe IKK-IκBε  complex 

NFkBIkBa NF-κB-IκBα complex 
NFkBIkBb NF-κB-IκBβ complex 
NFkBIkBe NF-κB-IκBε complex 

NFkBIkBan nuclear NF-κB-IκBα complex 
NFkBIkBbn nuclear NF-κB-IκBβ complex 
NFkBIkBen nuclear NF-κB-IκBε complex 

IKKNFkBIkBa IKK-NF-κB-IκBα complex 
IKKNFkBIkBb IKK-NF-κB-IκBβ complex 
IKKNFkBIkBe IKK-NF-κB-IκBε complex 

IkBat IκBα mRNA 
IkBbt IκBβ  mRNA 
IkBet IκBε  mRNA 
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Table 1.2. Reactions and rate constants for the IKK-IκB-NF-κB Mathematical Model. 
The 74 reactions and their respective rate constants for Version 2.1 of the IKK-IκB-NF-κB 
mathematical model.  Rate constants are in units of µmol*min-1 for zero order reactions 
(reactions 35-37), min-1 for 1st order reactions (reactions 10-34 and 44-74), or µmol-1min-1 for 
2nd order reactions (reactions 1-9, and 38-43). 

 Parameter 

Rate constant,  
k (µmol-1min-1, 

min-1 , or 
µmol*min-1) 

Reaction 

1 a_c_2ani 11.1 NFkBIkBa + IKK => IKKNFkBIkBa 
2 a_c_2bni 2.88 NFkBIkBb + IKK => IKKNFkBIkBb 
3 a_c_2eni 4.2 NFkBIkBe + IKK => IKKNFkBIkBe 
4 a_c_ai 1.35 IkBa + IKK => IKKIkBa 
5 a_c_an 30 IkBa + NFkB => NFkBIkBa 
6 a_c_bi .36 IkBb + IKK => IKKIkBb 
7 a_c_bn 30 IkBb + NFkB => NFkBIkBb 
8 a_c_ei .54 IkBe + IKK => IKKIkBe 
9 a_c_en 30 IkBe + NFkB => NFkBIkBe 

10 d_c_ai .075 IKKIkBa => IKK + IkBa 
11 d_c_an 6e-5 NFkBIkBa => NFkB + IkBa 
12 d_c_bi 0.105 IKKIkBb => IKK + IkBb 
13 d_c_bn 6e-5 NFkBIkBb => NFkB + IkBb 
14 d_c_ei 0.105 IKKIkBe => IKK + IkBe 
15 d_c_en 6e-5 NFkBIkBe => NFkB + IkBe 
16 ex_2an 0.828 NFkBIkBan => NFkBIkBa 
17 ex_a 0.012 IkBan => IkBa 
18 ex_n 0.0048 NFkBn => NFkB 
19 in_2an 0.276 NFkBIkBa => NFkBIkBan 
20 in_a 0.09 IkBa => IkBan 
21 in_n 5.4 NFkB => NFkBn 
22 pd_c_2ai 0.072 IKKIkBa => IKK 
23 pd_c_2an 6e-5 NFkBIkBa => NFkB 
24 pd_c_2bi 6e-4 IKKIkBb => IKK 
25 pd_c_2ei 0.0012 IKKIkBe => IKK 
26 pd_c_3ain 0.36 IKKNFkBIkBa => IKK + NFkB 
27 pd_c_3bin 0.12 IKKNFkBIkBb => IKK + NFkB 
28 pd_c_3ein 0.18 IKKNFkBIkBe => IKK + NFkB 
29 pd_c_a 0.12 IkBa =>  
30 ps_c_a 0.2448 IkBat => IkBat + IkBa 
31 rd_a 0.0168 IkBat => 
32 rsr_an 7.92 NFkBn => NFkBn + IkBat 
33 rsr_bn 0.00 NFkBn => NFkBn + IkBbt 
34 rsr_en 0.8 NFkBn => NFkBn + IkBet 
35 rsu_a 0.0001848 => IkBat 
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Table 1.2. Continued. 

 Parameter 

Rate constant, 
k (µmol-1min-1, 

min-1 , or 
µmol*min-1) 

Reaction 

36 rsu_b 0.00004272 => IkBbt 
37 rsu_e 0.00003048 => IkBet 
38 a_c_2ain 30 IKKIkBa + NFkB => IKKIkBaNFkB 
39 a_c_2bin 30 IKKIkBb + NFkB => IKKIkBbNFkB 
40 a_c_2ein 30 IKKIkBa + NFkB => IKKIkBeNFkB 
41 a_n_an 30 IkBan + NFkBn => NFkBIkBan 
42 a_n_bn 30 IkBbn + NFkBn => NFkBIkBbn 
43 a_n_en 30 IkBen + NFkBn => NFkBIkBen 
44 d_c_2ain 6e-5 IKKNFkBIkBa => IKKIKBa + NFkB 
45 d_c_2ani 0.075 IKKNFkBIkBa => IKK + NFkBIkBa 
46 d_c_bin 6e-5 IKKNFkBIkBb => IKKIkBb + NFkB 
47 d_c_bni 0.105 IKKNFkBIkBb => IKK + NFkBIkBb 
48 d_c_2ein 6e-5 IKKNFkBIkBe => IKKIkBe + NFkB 
49 d_c_2eni 0.105 IKKNFkBIkBe => IKK + NFkBIkBe 
50 d_n_an 6e-5 NFkBIkBan => NFkBn + IkBan 
51 d_n_bn 6e-5 NFkBIkBbn => NFkBn + IkBbn 
52 d_n_en 6e-5 NFkBIkBen => NFkBn + IkBen 
53 ex_2bn 0.414 NFkBIkBbn => NFkBIkBb 
54 ex_2en 0.414 NFkBIkBen => NFkBIkBe 
55 ex_b 0.012 IkBbn => IkBb 
56 ex_e 0.012 IkBen => IkBe 
57 in_2bn 0.0276 NFkBIkBb => NFkBIkBbn 
58 in_2en 0.138 NFkBIkBe => NFkBIkBen 
59 in_b 0.009 IkBb => IkBbn 
60 in_e 0.045 IkBe => IkBen 
61 pd_c_2bn 6e-05 NFkBIkBb => NFkB 
62 pd_c_2en 6e-05 NFkBIkBe => NFkB 
63 pd_c_b 0.18 IkBb => 
64 pd_c_e 0.18 IkBe => 
65 pd_n_2an 6e-05 NFkBIkBan => NFkBn 
66 pd_n_2bn 6e-05 NFkBIkBbn => NFkBn 
67 pd_n_2en 6e-05 NFkBIkBen => NFkBn 
68 pd_n_a 0.12 IkBan => 
69 pd_n_b 0.18 IkBbn => 
70 pd_n_e 0.18 IkBen => 
71 ps_c_b 0.2448 IkBbt => IkBbt + IkBb 
72 ps_c_e 0.2448 IkBet => IkBet + IkBe 
73 rd_b 0.0168 IkBbt => 
74 rd_e 0.0168 IkBet => 
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induction.  This revealed a cross-talk mechanism between metabolic perturbations and 

inflammatory signals, and was extending to understanding how type I and II 

interferons modulate NF-κB activation by TLRs. 
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Abstract 

 
 Cellular signal transduction pathways are usually studied following 

administration of an external stimulus.  However, disease-associated aberrant activity 

of the pathway is often due to misregulation of the equilibrium state.  The transcription 

factor NF-κB is typically described as being held inactive in the cytoplasm by binding 

its inhibitor, IκB, until an external stimulus triggers IκB degradation through an IκB 

kinase (IKK)-dependent degradation pathway.  Combining genetic, biochemical and 

computational tools we investigate steady state regulation of the NF-κB signaling 

module and its impact on stimulus-responsiveness.  We present newly measured in 

vivo degradation rate constants for NF-κB-bound and –unbound IκB proteins that are 

critical for accurate computational predictions of steady state IκB protein levels and 

basal NF-κB activity.  Simulations reveal a homeostatic NF-κB signaling module in 

which differential degradation rates of free and bound pools of IκB represent a novel 

cross-regulation mechanism that imparts functional robustness to the signaling 

module.   

 The short half-life of free IκB necessitates a high synthesis rate, and 

consequently, seemingly futile cycle of IκB synthesis and degradation.  To address 

this, the role of the high flux of IκB on NF-κB responsiveness to different types of 

activating signals was explored computationally.  Our simulations suggest that a high 

flux of IκB metabolism confers robustness or resistance to metabolic perturbations to 

the system without impairing strong signals triggered by external stimuli. 



 

 

24 

Introduction 

 
Cellular signal transduction pathways mediate responses to extra-cellular and 

intracellular signals, such as changing environmental and metabolic conditions, 

pathogen assault, and developmental cues.  Many signaling pathways control the 

activity of transcription factors that regulate cognate target genes (Brivanlou and 

Darnell 2002).  For immediate early transcriptional responses (not requiring induced 

synthesis), such regulation may involve the reversible phosphorylation of the 

transcription factor to induce dimerization or nuclear translocation (e.g. the Stat, IRF, 

AP-1 transcription factor families).  An alternate means of pathway activation 

involves stabilization of the transcriptional effector, as in the case of the genotoxic 

response regulator p53, the hypoxia response factor, HIF-1α, or the developmentally 

regulated co-activator β-catenin.  Thus signaling in response to stimulus involves 

alterations of the homeostatic rates of synthesis and degradation found in unstimulated 

cells. 

In contrast, the cellular abundance of the transcription factor NF-κB does not 

change dramatically during signaling, but reabundance of its inhibitor (IκB) does.  NF-

κB is the critical mediator of cellular responses to a large number of physiological 

stimuli, including inflammatory cytokines, developmental signals, pathogens, and 

cellular stresses (Hoffmann and Baltimore 2006).  While inflammatory signaling leads 

to transient NF-κB activity that is dynamically regulated by feedback mechanisms, 

elevated constitutive levels of active NF-κB are associated with chronic inflammatory 

diseases and many types of cancer (Karin 2006).   
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NF-κB activity is inhibited by association with the inhibitor proteins, IκBα, 

IκBβ, or IκBε, which mask its nuclear localization sequence and inhibit its DNA 

binding activity.  The regulated metabolism of IκB proteins – their synthesis and 

degradation – critically controls NF-κB signaling (Ghosh et al. 1998).  Synthesis of 

IκB proteins is a highly regulated process, with at least two isoforms, IκBα and IκBε, 

being subject to NF-κB-inducible synthesis, thereby providing negative feedback 

(Scott et al. 1993; Kearns et al. 2006).  Stimulus-induced IκB degradation is controlled 

by the IκB kinase, IKK, which phosphorylates two N-terminal serines.  This leads to 

IκB poly-ubiquitination and degradation via the 26S proteasome thus liberating NF-

κB for nuclear translocation (Ghosh et al. 1998; Yaron et al. 1998).   

These processes were described in a mathematical model of the IKK-IκB-NF-

κB signaling module to recapitulate NF-κB activation in response to TNF stimulation 

(Hoffmann et al. 2002).  Its construction relied on rate constants available in the 

literature from a diverse set of experiments.  As no isoform specific data was 

available, rate constants pertaining to IκBβ and IκBε were assumed to be the same as 

those measured for IκBα.  Although this model accurately recapitulates NF-κB 

signaling in response to TNF, in the unstimulated state the estimated IκB levels were 

found to be unexpectedly high (Lipniacki et al. 2004).  In fact, the vast majority of IκB 

were calculated to be in the free form, contradictory to experimental studies showing 

that free IκBα accounts for less than 15% of the total cellular IκB (Rice and Ernst 

1993).   



 

 

26 

Despite our detailed understanding of stimulus-induced NF-κB signaling, there 

is less clarity about the mechanisms mediating IκB turnover in the absence of external 

stimulation.  Early studies reported that basal turnover of IκB, unlike its induced 

degradation, does not require the IKK-targeted serines, the C-terminal PEST domain, 

or poly-ubiquitination of IκB (Krappmann et al. 1996), whereas others found robust 

C-terminal phosphorylation and poly-ubiquitination (Pando and Verma 2000).   

By distinguishing between NF-κB-bound and free IκB pools using an IκB 

interaction mutant, the half-life of bound IκB was found to be five-fold longer than 

that of free IκB in unstimulated cells (Pando and Verma 2000).  However, free IκB is 

a poorer substrate for IKK than NF-κB bound IκB (Zandi et al. 1998), although it is 

routinely used as a substrate to measure IKK activity in vitro.  Free IκB turnover was 

proposed to involve casein kinase 2 (CK2)-mediated phosphorylation of the C-

terminal domain and ubiquitination (Schwarz et al. 1996; Bren et al. 2000), but others 

suggested that CK2 is involved in inducible degradation of NF-κB-bound IκB (Kato et 

al. 2003), or that ubiquitination was not required (Krappmann et al. 1996; Alvarez-

Castelao and Castano 2005). 

Given these contradictory results in the literature, the lack of data on two of the 

three IκB isoforms, and the poor fit of computational simulations of the NF-κB 

signaling module in cells not exposed to TNF, we generated genetic tools – mouse 

knockout cell lines – to cleanly isolate the endogenous free and bound IκB protein 

pools and probe their degradation with kinase knockouts and pharmacological 

inhibitors.  In addition, we used computational modeling (i) to identify which 
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constitutive degradation rate constants play a critical role in determining stimulus-

responsiveness, (ii) to determine new biochemical rate constants based on our 

experimental results, (iii) to confirm the validity of the new parameters by simulating 

the cellular steady state, and (iv) to reveal the control of IκB degradation by NF-κB as 

a cross-regulatory mechanism. 

 To further understand the role of constitutive rates on NF-κB signaling we 

contructed an in silico mutant of the IKK-IκB-NF-κB model that has a reduced flux of 

IκB (synthesis and degradation).  These isostatic perturbations reduce the constitutive 

degradation and synthesis rates yet result in the same concentrations of all model 

components in the steady state. We found that the high flux of IκB synthesis and 

degradation desensitizes the system to small perturbations without compromising the 

transduction of extracellular signals.  Further, the effect of altered fluxes on the 

transcription factor (NF-κB) inhibitor (IκB) was compared with a different signaling 

system, HIF1α, where the flux of the transcription factor itself was altered and the 

responsiveness to activating signals explored.   Together, these studies suggest the 

importance of the homeostatic, underlying, constitutive kinetic rates of signaling 

proteins for signal responsiveness.   

 

Results and Discussion 

IKK-dependent and -independent degradation of IκBs determine NF-κB 
signaling  
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Four degradation rate constants govern the in vivo half-life of IκB proteins 

(Figure 2.1.A).  An IκB molecule can exist in either the free or NF-κB-bound form.  

Both forms may be degraded in an IKK-dependent manner (we denote the IκBα rate 

constants of these processes r1 and r4 respectively), but are also subject to constitutive 

degradation in an IKK-independent manner (with the rate constants denoted as deg1 

and deg4).   These mechanisms are described as first order rate constants in our 

mathematical model of NF-κB signaling (Hoffmann et al. 2002).  

To explore the functional significance of each IκB degradation rate constant in 

NF-κB signal transduction, we performed simulations of TNF signaling after altering 

one of the four rate constants (simultaneously for the IκBα, β, and ε isoforms) with a 

parameter multiplier ranging from 0.01 to 100.  For each parameter multiplier, we 

calculated the average nuclear NF-κB level in response to TNF during the early phase 

(during the 1st hour of stimulation) and the later attenuation phase (during the 2nd hour 

after a 4 hour stimulation) (Figure 2.1.B).  By plotting the calculated NF-κB activity 

against its parameter multiplier, we can interpret the sensitivity of the system to each 

rate constant for two critical features of the NF-κB response to a transient TNF 

stimulus: activation and attenuation of NF-κB activity. 

 We first examined the impact of changes in IKK-dependent IκB degradation 

rate constants on NF-κB activation.  During the first hour of TNF stimulation, the 

amount of nuclear NF-κB calculated by the model is fairly insensitive to even drastic 

changes in the IKK-dependent degradation rate of free IκB (Figure 2.1.C, blue line).  

In contrast, slowing down the IKK-induced degradation of NF-κB-bound IκB severely 
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dampens NF-κB activity (Figure 2.1.C, red line).  During the attenuation phase, the 

amount of nuclear NF-κB predicted by the model was similarly found to be insensitive 

to changes in IKK-dependent degradation of free IκB (Figure 2.1.D, blue line), but 

slowing the IKK-dependent degradation rate of bound IκB results in a loss of 

attenuation (Figure 2.1.D, red line).  

The IKK-independent IκB degradation rates control the stimulus-independent 

turnover of IκB proteins, and thus maintain a resting state equilibrium of IκB levels. 

Examining whether these IKK-independent degradation rates play a role in 

determining the cellular responsiveness to inflammatory stimuli revealed that during 

the first hour of TNF stimulation the signaling module is dramatically more sensitive 

to the basal turnover rate of free IκB (Figure 2.1.E, blue line) than of bound IκB 

(Figure 2.1.E, red line).  Furthermore, our simulations predicted that a more stable free 

IκB results in a loss of attenuation, whereas the basal turnover rate of the bound IκBs 

had no effect (Figure 2.1.F).  

In sum, our computational simulations revealed that two of the four possible 

degradation pathways play a particularly important role in controlling NF-κB 

signaling. Whereas much is known about the stimulus-responsive IKK mediated 

degradation pathway, the IKK-independent degradation mechanism of free IκB has 

received surprisingly little experimental attention.  Given the importance of these 

degradation rate constants in our computational analysis, we set out to examine them 

in more detail experimentally.  
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Figure 2.1. Exploring the relative importance of IκB degradation mechanisms by 
computational parameter sensitivity analysis. 
(A) Illustration of the four IκB degradation pathways within the NF-κB signaling module.  
deg1 and deg4 are IKK-independent degradation rate constants for free and bound IκBα.  r1 
and r4 are IKK-dependent degradation rate constants for free and bound IκBα. (B) 
Computational simulation of NF-κB activation over a 6-hour time course.  TNF stimulation 
begins at time 0, and is removed at 4 hours.  Mean activity in the first hour of stimulation and 
the second hour after removal of the stimulus (shaded in gray) were used to create the plots in 
C, D, E, and F.   (C - F) Graphs showing the average nuclear NF-κB (y-axis) during the first 
hour (C, E) or during the second hour after 4 hours (D, F) of TNF stimulation for different 
values (x-axis) of the IKK-dependent (C, D) or –independent (E, F) degradation rate constants 
of free (blue line) and bound (red line) IκB. 
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NF-κB regulation of IκB protein turnover and synthesis 

 To experimentally measure in vivo degradation rate constants for NF-κB-

bound IκB proteins, we employed the ribosomal inhibitor cycloheximide (CHX) to 

block the synthesis of new IκB proteins, and examined the amount of nuclear NF-κB 

DNA binding activity via electrophoretic mobility shift assay (EMSA). Treatment of 

wild-type MEFs with CHX over a 60 hour time course induced nuclear NF-κB activity 

that corresponds to 25-35% of peak TNF-induced NF-κB activity (Figure 2.2.A).  To 

determine the relative contributions of each NF-κB-bound IκB isoform (α, β, ε) to 

CHX-mediated NF-κB activation, we used a panel of IκB double-knockout MEFs 

which contain only one IκB isoform.  These cells were previously used to determine 

the degradation rate constants for each IκB isoform by TNF-induced NF-κB 

activation, which revealed that upon IKK activation, IκBα was degraded most rapidly, 

followed by IκBε, and then IκBβ (Hoffmann et al. 2002).  Interestingly, we find the 

same trend in stimulus-independent degradation, where IκBβ is the most stable and 

IκBα is the least stable (Figure 2.2.B). 

To investigate the stability of the unbound, or “free”, IκB proteins in resting 

cells, we generated crel-/-rela-/-nfkb1-/-  (termed “nfkb-/-”) MEFs deficient in the three 

NF-κB proteins known to interact with the classical IκB proteins: RelA, c-Rel, and 

p50.  Western blots revealed a dramatic reduction in the amount of total IκB protein 

level in these cells compared to wild-type (Figure 2.2.C, compare lanes 3 and 6).  A 

dilution series of wild-type protein extract with ikbα-/-β-/-ε−/− extract showed that the 

amount of IκBα in the nfkb-/- cells was approximately one-twentieth the amount in  



 

 

32 

 
 

 
Figure 2.2. Differences in stability between NF-κB-bound and free IκB proteins 
(A) NF-κB activity as measured by EMSA of nuclear extracts from wild-type cells treated 
with 10µg/mL CHX or 1ng/mL TNF for indicated times.  (B) NF-κB activity as measured by 
EMSA of nuclear extracts from ikbβ-/-ε-/-, ikbα-/-ε-/-, or ikbα-/-β-/- cells treated with 10 µg/mL 
CHX or 1 ng/mL TNF.  (C) Western blot for IκBα in CHX treated wild-type and nfkb-/- cells.  
The first two lanes show iκbα-/-β-/-ε-/- extract and iκbα-/-β-/-ε-/- extract mixed with 5% wild-type 
extract to show the protein level of IκBα in the nfkb-/- cells was approximately 5% that in the 
wild-type cells at time zero. (D) Western blots for IκBα, IκBβ, and IκBε in different cell 
genotypes (labeled above each lane).  The percentage of IκB protein in the nfκb-/- cells 
compared to the amount in wild-type cells was approximated by a dilution series of iκbα-/-β-/-ε-

/- extract with wild-type extract. (E) RNase protection assay and quantitation showing the 
respective amounts of IκBα, IκBβ, and IκBε mRNA in wt and nfκb-/- cells.  Graph of the 
quantitation relative to wild type cells is shown on the right. 
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wild-type cells, and that this ratio is probably even lower for IκBβ and IκBε (Figure 

2.2.D).  No decrease in IκB levels was detected in MEFs deficient in the NF-κB 

proteins RelB and nfκb2 p52, which are non-canonical NF-κB proteins that do not 

bind canonical IκB proteins. 

Strikingly, the level of IκBα mRNA in the nfkb-/- cells was only two fold lower 

than in wild-type, with even smaller differences in IκBβ and IκBε mRNA levels 

(Figure 2.2.E), suggesting that differential protein stability may account for different 

IκB protein levels in wt and nfkb-/- cells.  Indeed, treating nfkb-/- cells with CHX 

resulted in rapid decreases of IκBα protein, whereas it remains stable in the wild-type 

cells beyond two hours (Figure 2.2.C).  These results suggest that NF-κB has a 

regulatory role not only in controlling IκBα transcription, but also in stabilizing IκB 

proteins.   

 We next investigated whether the dramatically different half-life of free and 

bound IκB proteins may be due to different mechanisms governing their degradation.   

IKK phosphorylation is a key mediator of the stimulus-induced degradation of NF-κB-

bound IκB proteins, yet it is unclear if and how IKK may participate in the basal 

degradation of bound IκB.  We first performed a kinase assay to examine the IKK 

activity of immunoprecipitated IKK complex from wild-type MEFs.  Surprisingly, 

even in resting cells, a substantial amount of basal activity associated with the IKK 

complex was detectable (Figure 2.3.A).  In cells lacking the IKK catalytic subunits, 

IKKα and IKKβ, no activation of NF-κB upon CHX treatment (Figure 2.3.B) was 
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observed, indicating that IKK-dependent phosphorylation is required for the basal 

turnover of NF-κB-bound IκB proteins. 

 We sought to determine if IKK activity is involved in the turnover of free IκB 

proteins as well.  IP-IKK kinase assays determined that the basal and inducible IKK 

activities are intact in the nfkb-/- cell line (Figure 2.3.C).  Treatment of wild-type cells 

with TNF led to the rapid degradation of IκBα, but did not affect the levels of IκBα in 

the nfkb-/- cells (Figure 2.3.D), suggesting that the inducible IKK activity is not 

involved in the degradation of free IκBα.  Further, the IKK inhibitor, sc-514, which 

diminishes the TNF-induced degradation of IκBα in wild-type cells, did not have an 

effect on the basal turnover of free IκB in nfkb-/- cells (Figure 2.3.E).  In contrast, the 

proteasome inhibitor MG132 prevented not only TNF-induced degradation of IκBα in 

wild-type cells, but also led to accumulation of free IκB in nfkb-/- cells, and prevented 

its degradation when cells were co-treated with CHX (Figure 2.3.F).   

Based on our new biochemical data, we revised the parameter values 

governing degradation of IκB proteins within the NF-κB signaling module and 

incorporated these into our mathematical model (now termed model 1.1).  Half-lives 

for free IκB proteins were determined to be 5-10 minutes (Figures 2.2.F), allowing us 

to calculate the respective first order rate constants (deg1-3).  Our data highly 

constrained IKK-independent degradation rate constants (deg4-6) for NF-κB-bound 

IκB proteins (Figure 2.3.B). While previous studies suggested that NF-κB stabilized 

free IκB degradation by a factor of five (Pando and Verma 2000), our new  
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Figure 2.3. Differences in degradation pathways between NF-κB-bound and free IκB 
proteins. 
(A) Cytoplasmic extracts of wild-type cells were immunoprecipitated with IKKγ antibody and 
subject to an in vitro kinase assay.  In the “mock” lane, no antibody was added during the IP.  
(B) NF-κB activity as measured by EMSA of nuclear extracts from ikkα-/-β-/- or wild-type 
MEFs treated with 10 µg/mL CHX. (C) Cytoplasmic extracts of wild-type or nfκb-/- cells 
treated with 1 ng/mL TNF were immunoprecipitated with IKKγ and subject to an in vitro 
kinase assay. Immunoblotting of the kinase assay with IKKα was performed as a loading 
control.  (D) Western blot for IκBα of protein extracts from TNF (1ng/mL) treated wild-type 
or rela-/-crel-/-nfkb1-/- cells.   (E) Western blots for IκBα of protein extracts from TNF-treated 
wild-type cells (top panel) in the presence or absence of the IKK-inhibitor sc-514.  Bottom 
panels show Western blots for IκBα of protein extracts from CHX (10µg/mL) treated cells in 
the presence or absence of sc-514. (F) Western blots for IκBα of protein extracts from wild-
type cells treated with TNFα (1ng/mL) with or without the presence of the proteasome 
inhibitor MG132 (top panel). Western blots for IκBα of protein extracts from nfkb-/- cells 
treated with 10 µg/mL CHX, 10µM MG132, or both. 
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Table 2.1. Rate constants for IKK-independent IκB degradation: a role for NF-κB. 
New rate constants governing the uninduced IKK-independent degradation of IκB proteins 
derived from experiments in this paper and employed in an updated version of the 
mathematical model.  The ratio of IκB degradation rate constants in the presence and absence 
of NF-κB is defined as the “NF-κB effect”. 

  rate constants s-1 NF-κB 
effect 

free deg1 2 x 10-3 IκBα  bound deg4 1 x 10-6 2000 

free deg2 3 x 10-3 IκBβ  bound deg5 1 x 10-6 3000 

free deg3 3 x 10-3 IκBε  bound deg6 1 x 10-6 3000 
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measurements (Table 2.1) indicate an NF-κB effect of 2000-fold with respect to the 

IKK-independent degradation of IκB proteins.  This large discrepancy likely lays in 

the facts that i) we have used a clean genetic system to isolate free endogenous IκB 

from NF-κB proteins, and have thus obtained a much faster degradation rate for free 

IκB and ii) we have determined that degradation of NF-κB-bound IκB proteins can 

only occur through an IKK-involving mechanism and have thus drastically decreased 

the IKK-independent degradation rate of bound IκB.  

After incorporation of the new rate constants in Table 1, we performed model 

fitting as previously described (Hoffmann et al. 2002) to obtain new degradation rate 

constants for IKK-induced degradation of NF-κB-bound IκB proteins.  As IKK-

mediated phosphorylation of IκB is 5-fold more efficient when NF-κB is present 

(Zandi et al. 1998), we divided the newly determined r4-6 by 5 to determine IKK-

induced degradation of free IκB proteins.  Including eight-fold differential IKK 

association rate constants (Zandi et al.) the combined NF-κB effect on IKK-mediated 

degradation of free and bound IκB proteins is almost 50-fold. 

Our results emphasize that NF-κB determines the degradation mechanism of 

IκB proteins.  When bound to NF-κB, IκB turnover is slow and dependent on the 

basal activity of IKK.  In contrast, when not bound to NF-κB, IκB degradation is rapid 

and independent of IKK activity.   

 

Cross-regulation between IκB proteins via half-life control by NF-κB 
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We compared the steady state levels of IκB predicted for unstimulated cells by 

the previous version of the model (referred to as model 1.0) (Hoffmann et al. 2002) 

and the new version of the model that incorporates the new rate constants of Table 1 

(model 1.1) (Figure 2.4.A, white and gray bars, respectively).   The new degradation 

rate constants result in predictions of a much smaller pool of free IκB protein, as well 

as less total cellular IκB protein.  The simulation results produced with the new model 

(1.1) are therefore in much better agreement with experimental observations (Rice and 

Ernst 1993) than those with the previous model.  While a previous study (Lipniacki et 

al. 2004) lowered the IκB synthesis rate to correct  the model-predicted ratio of free to 

bound IκB protein in the steady state, our new data indicates that the rapid free IκB 

degradation necessitates a high synthesis rate.  

 Next, we examined the consequences of the new degradation parameters on 

constitutive NF-κB activity in a series of IκB knockout cell lines.  The previous model 

predicts that the removal of IκBα results in high levels of nuclear NF-κB activity in 

unstimulated cells (Figure 2.4.B), which does not match with our experimental 

observations (Figure 2.4.C).   The differential degradation rates of bound and unbound 

IκB protein may result in molecular compensation among the IκB isoforms; upon 

deletion of a single IκB isoform, the newly available NF-κB may act to stabilize the 

remaining IκB isoforms, resulting in the cytoplasmic retention of NF-κB.  Indeed, 

model 1.1 predicts a lower level of NF-κB activity in unstimulated knockout cells than 

version 1.0 (Figure 4B, compare white and gray bars).  EMSA results (Figure 2.4.C) 
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confirm the new predictions, indicating that functional IκB compensation via 

differential half-life control does indeed exist.   

In the case of the iκbα-/-β-/- cells where IκBε is the only isoform present, our 

model predicts a markedly higher level of NF-κB activity than seen experimentally.  

However, we have recently characterized an NF-κB-inducible IκBε mRNA synthesis 

mechanism (Kearns et al. 2006).  Incorporation of this feedback mechanism into the 

model (referred to as model 1.2) does indeed lower the predicted basal NF-κB levels 

(Figure 2.4.B, black bars) to levels that are in good agreement with the EMSA results.  

We measured IκBε mRNA levels and found that they are indeed upregulated in iκbα-/- 

cells compared to wild-type (Figure 2.4.D), resulting higher IκBε protein levels 

(Figure 2.4.E).  To determine whether this effect was the result of homeostatic 

regulation within the NF-κB signaling module, we used a retroviral transgene to 

reconstitute IκBα expression in iκbα-/- cells.  Indeed, we found that IκBε upregulation 

was reversible, confirming that even in resting cells constitutive NF-κB activity plays 

a role in transcriptional regulation of its inhibitors to control its own steady state 

activity. 

 

Homeostatic control via distinct IκB degradation pathways 

 Our analysis of the NF-κB signaling module in unstimulated cells reveals a 

highly dynamic homeostatic state that is controlled by multiple synthesis and 

degradation mechanisms of the regulatory IκB proteins.  As such we find that NF-κB 

itself has two roles in regulating its own basal activity.  NF-κB binding to IκB proteins  



 

 

40 

 
 
 

Figure 2.4. An improved model of the homeostatic NF-κB signaling module. 
(A) Model calculations of IκBα, β, and ε protein levels (nM) in unstimulated cells for total 
IκB, free IκB, or NF-κB-bound IκB.  Model 1.0 predictions are white bars, model 1.1 
predictions are gray bars. (B) Model calculations of NF-κB activity (nM) in unstimulated 
wild-type and ikb-/- cells predicted by model version 1.0 (white bars), version 1.1 (gray bars), 
and version 1.2 (black bars). (C) NF-κB activity in untreated cells as measured by EMSA of 
nuclear extracts from the iκb-/- cell genotype labeled above each lane.  The last three lanes are 
controls for the NF-κB band and are nuclear extracts from wild-type cells treated with TNF 
(1ng/mL). (D) RNase protection assay showing levels of IκBε mRNA in untreated wild-type 
cells, iκbα-/- cells with empty vector control, or iκbα-/- cells expressing a retroviral iκbα 
transgene.  GAPDH is used as a loading control. (E) Western blots for IκBε and IκBα in 
resting cells.  The cell genotype is listed above each lane. 
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removes them from this rapid degradation pathway, and sensitizes them to a slow 

degradation mechanism that is dependent on basal IKK activity.  Secondly, 

constitutive NF-κB activity also impacts transcription rates of IκBα and IκBε, thus 

providing for negative feedback even in the absence of an external stimulus. 

Our studies identify the free IκB protein degradation pathway as a major 

determinant of constitutive NF-κB and of stimulus-responsiveness of the NF-κB 

signaling module.  Given this hitherto unappreciated importance, determining the 

enzymatic and potentially regulatory mechanisms of the free IκB degradation pathway 

is critical to understanding the regulation of NF-κB in diverse physiological and 

pathological settings.   

 Due to the dynamic nature of the IκB-NF-κB equilibrium, the majority of 

newly synthesized IκB is likely degraded before ever binding NF-κB.  However, this 

is not unlike other signal transduction pathways that consume significant cellular 

resources for the maintenance of a dynamic homeostatic state.  For example, the 

transcription factors p53, HIF-1α and β-catenin are continually synthesized and 

degraded.  Upon signaling, the respective degradation pathways are inhibited to allow 

for their nuclear accumulation and function (Ivan et al. 2001; Jaakkola et al. 2001; 

Moon 2005).  How may this energy consuming process of maintaining a dynamic 

homeostasis benefit the cell?  In the next section of this Chapter, the potential role of 

maintaining such a dynamic homeostasis in NF-κB and HIF-1α responsiveness is 

explored. 
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NF-κB responsiveness is determined by the kinetic rate constants determining 
IκB turnover in the steady state 

 
Because IκB is so rapidly degraded when unassociated from NF-κB, a high 

steady state synthesis rate is required to ensure low NF-κB activity in resting cells.  

The model calculates that of the IκBα that is synthesized each minute, in the resting 

state, 93% will be degraded through the IKK-independent, pathway of free IκBα 

(Figure 2.5.A).  Why might the cell have evolved such a high energy-consuming 

process to synthesize and degrade so much IκB protein that never associates with NF-

κB?  

To explore the role of IκB turnover flux on the responsiveness of the NF-κB 

signaling system, we constructed a virtual mutant cell in which degradation and 

synthesis rates were both reduced.  In our IkBflux mutant, IKK-independent free IκB 

degradation rates were decreased to match the IKK-independent degradation rates of 

NF-κB-bound IκB (2000-fold slower), and then the IκB synthesis rates were decreased 

to such a degree as to maintain the same steady state levels of free and bound IκB 

proteins as in the wild-type cell model (Figure 2.5.B).  Specifically, in the IκBflux 

mutant model, IκBα synthesis was decreased 13-fold from 2690 pM/min to 208 

pM/min (Figure 2.5.A).  As a result, in the mutant the majority of degradation flux of 

IκBα is from the NF-κB-bound state rather than from the free state (Figure 2.5.A).   

 

High IκB turnover confers resistance to small perturbations in IKK activity 

To determine how NF-κB is regulated in response to perturbations in IKK 

activity in this IκBflux model, IKK activity was increased to varying degrees at  
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Figure 2.5.  A slow IκB flux in vitro “mutant”. 
(A) Contrasting two computational models representing virtual wild type and mutant cells.  
The “wild-type” model has a high IκB synthesis rate and free IκB degradation rate.  In the 
“IκBflux” model, free IκBα degradation is decreased 2000-fold, and the synthesis rate is 
decreased to such a degree that free and bound IκB levels and ratios are the same as in the 
“wild-type” model. (B) Graph showing the calculated equilibrium levels of IκBα, IκBβ, and 
IκBε in the wild-type and slow flux models. The specific alterations to parameters in the slow 
flux model as compared to the wild-type model are as follows:  The IKK-independent 
degradation rate for free IκBα was divided by 2000, and for IκBβ and IκBε they were divided 
by 3000 (all to make the IKK-independent degradation rate for free IκB equal to the respective 
IKK-dependent rate for bound IκB).  The IκBα translation rate for IκBα was multiplied by 
0.0752, for IκBβ it was multiplied by 0.0177, and for IκBε it was multiplied by 0.0283. 
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Figure 2.6. A high IκB turnover flux confers NF-κB resistance to perturbations in IKK 
activity.  
(A) IKK activity inputs into the WT and IkBflux models (B) Simulations of increasing IKK 
activity in the “wild-type” model:  50 simulations are shown in which each one has a chronic 
IKK input between 1% and 50% activity; the lower lines have less IKK activation, the higher 
line have higher IKK activity.  (C) The same simulations in (B) were run the slow flux model. 
(D) The steady state NF-κB activity is plotted for the WT (blue) and slow flux (green) models 
with very small changes (from 1% to 2%) to the steady state IKK activity. 
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Figure 2.7. A high IκB turnover flux confers NF-κB resistance to metabolic stress. 
(A) Translation inhibition inputs into the WT and IkBflux models. (B) Simulations of increasing 
doses of translation inhibition in the “wild-type” model:  10 simulations are shown in which 
each one an input of decreased translation rates, from 10% inhibition to 90% inhibition; the 
lower lines have less translation inhibition, the higher line have higher translation inhibition.  
(C) The same simulations in (B) were run the slow flux model. (D) Computational simulations 
to determine the dose responsiveness to translational inhibition of wild-type and IκBflux mutant 
models. The graph shows the concentration of nuclear NF-κB activity after and 8-hour time 
course plotted against the degree of translational inhibition. 



 

 

46 

time zero and held constant at the new level (Figure 2.6.A), and the resulting NF-κB 

activity over time was plotted (Figure 2.6.B & C).   These simulations show that even 

very small changes in IKK activity that have little effect on NF-κB in the wild-type 

model have a very significant effect on NF-κB activity in the slow flux model.  

Whereas small increases in IKK activity have little effect on NF-κB in the wild-type 

model, just a 1.25-fold increase in IKK activity has a significant effect on NF-κB 

activity in the slow flux model (Figure 2.6.D).  Although the time it takes to reach the 

new steady state level of NF-κB activity is significantly delayed, after several hours 

the difference is quite drastic.  These simulations suggest that the high IκB flux plays 

a critical role in buffering NF-κB activity following small changes in IKK activity.  

 

High IκB turnover confers resistance to metabolic perturbations 

Whereas the classical mechanism of NF-κB activation is through inflammatory 

stimulation of the IKK complex and subsequent IκB degradation, NF-κB is also 

activation via stress responses that inhibit translation.  To determine how NF-κB is 

regulated in response to translational inhibition in the IκBflux model, protein synthesis 

was inhibited to varying degrees (Figure 2.7.A) and the resulting NF-κB activation 

over time was plotted (figure 2.7.B & C).  Remarkably, these simulations predicted 

that the IκBflux mutant would have significantly increased sensitivity to translational 

inhibition.  While in the wild-type model the resulting NF-κB activity in response to 

translation inhibition is very rapid, for doses of translation inhibition below 70%, less 

than 5 nM NF-κB is ever even activated (Figure 2.7.B).  However, in the slow flux 
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model, while it may take a significantly longer time to respond to translation 

inhibition, even the lowest dose (10%) shows significant NF-κB activity around 10 

nM.  This can be seen clearly in a plot of the calculated NF-κB activity after a new 

steady state has been reached after inhibiting translation to various degrees (Figure 

2.7.D).   

Our results indicate that the high flux rates of IκB synthesis and degradation 

confer relative insensitivity to metabolic perturbations, suggesting that the energy 

consuming process of excess IκB synthesis and degradation may have evolved so that 

the NF-κB signaling module maintains resistance to ribotoxic stress or small 

perturbations in IKK activity.  

Why might NF-κB in the slow flux model be so sensitive to small amounts of 

translation inhibition IKK activity or translation inhibition?  In the case of translation 

inhibition, he lower synthesis rate of IκB in the slow flux model slows the ability of 

the system to re-accumulate IκB proteins even after a small loss.  In the case of low 

doses of IKK activity, again, the slower synthesis rate of IκB would prevent 

attenuation at that level, but also the stabilized IκB becomes more sensitive to IKK 

activity (no longer being degraded primarily through such a fast, IKK-independent 

mechanism), thus allowing IKK to target both free and bound IκB proteins for 

degradation.  The cell may have evolved this high flux of inhibitor synthesis and 

degradation to protect it from aberrant NF-κB activity from weak signals, thus 

allowing for NF-κB to only respond to signals above a certain threshold.  
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In contrast to IκB, high turnover of a transcription factor sensitizes the HIF 
signaling system to crosstalk  

 
Other cellular signal transduction systems also operate with highly dynamic 

homeostatic mechanisms, such as p53 and HIF.  In those systems, where the 

transcription factor itself, rather than the inhibitor, is undergoing the high, seemingly 

wasteful turnover, what function does the high flux provide?  Hypoxia inducible 

factor, HIF-1α, is a transcription factor critical to regulating gene expression to 

mediate cellular adaptation to low oxygen tension. In contrast to the inhibitory 

regulation of NF-κB by its labile inhibitor, HIF-1α is negatively regulated by its own 

instability.  In the presence of normal oxygen levels, HIF-1α is continually degraded 

via an oxygen-dependent hydroxylation-modification, which targets it for ubiquitin-

proteasomal degradation, thus keeping it at a low level in cells, with a half-life thought 

to be less than 5 minutes (REF).  Upon lowered oxygen tension (hypoxia), protein 

degradation is decreased as there is little oxygen available to target HIF-1α for 

degradation, and the protein level builds up such that HIF-1α locates to the nucleus 

and regulates gene expression.  This activation by stabilization mechanism suggests 

that HIF-1α requires a rather high synthesis rate for it to respond to lowered oxygen 

tension in a timely manner. 

Until recently, it has been thought that HIF-1α is not necessarily regulated at 

the transcriptional level.  New reports now show that modulation of HIF-1α and HIF-

2α mRNA does indeed significantly impact its protein abundance, and are regulated 

by various inflammatory activators such as LPS and IFNγ (Takeda et al. ; Rius et al. 

2008).  Indeed, HIF-1α and HIF-2α in macrophages have important immune defense 
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roles in NO production by regulating iNOS and arginase enzymes in response to IFNγ 

(Takeda et al.).  Further, bacterial responses have implicated HIF-1α for an anti-

microbial function (Rius et al. 2008). Given the importance of HIF-1α regulation in 

response to lowered oxygen microenvironments and immune responses, and its high 

flux rate in resting, healthy cells, we explored the effect of altered fluxes on HIF-1α 

responsiveness to hypoxia and transcriptional induction of HIF-1α.  

To test the effect of altered HIF-1α fluxes on HIF-1α responsiveness, a 

computational ODE-based model of HIF-1α regulation was constructed (Figure 2.8.A 

and Table 2.2).  Simulations of HIF-1α in response to inducing hypoxia where the O2-

dependent degradation is set to zero (purple line), a 50-fold transcriptional “burst” of 

HIF1α (green line) or combined hypoxia and transcriptional burst (pink line) were 

plotted (Figure 2.8.B).  As expected, inhibition of O2-dependent degradation of HIF-

1α resulted in increased HIF-1α levels that went up quickly and remained up.  The 50-

fold induction of transcription generally followed the transcriptional increase, but had 

a relatively small effect on HIF-1α protein levels.  However, a large synergistic 

activation of HIF-1α is observed when both the oxygen-dependent degradation 

(hypoxia) is removed and the transcription is transiently increased (pink line, Figure 

2.8.C).   

“Slow flux” and “high flux” models of HIF-1α were constructed in which the 

synthesis and degradation of HIF-1α were either both increased (higher flux) or both 

decreased (slower flux), yet the ratio of oxygen-dependent to oxygen-independent 

HIF-1α degradation rate constants were kept the same, and the synthesis was increased 

to decreased to such a degree to keep the steady state concentration of HIF-1α was the  
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Figure 2.8.  Computational simulations of HIF-1α  induction by hypoxia and/or 
increased HIF1 transcription. 
(A) Schematic of the HIF-1α model.  HIF-1α protein is degraded in an oxygen-dependent and 
–independent manner. (B) Simulations of HIF-1α in response to hypoxia (purple line) where 
the oxygen-dependent rate is set to zero starting at time zero, a transcriptional burst of HIF-1α 
(green line) where the transcription of HIF-1α is ramped up to 50-fold induction from 0 to 30 
minutes, then returned to baseline by 60 minutes, or a combination of hypoxia and the 
transcription burst (pink line). 



 

 

51 

 
 
 
Table 2.2.  Reaction and rate constants for the wild-type HIF-1α mathematical model. 
Reaction Description Rate constant Note 

  HIF-1αt HIF-1α 
transcription .00002 umol*min-1  

HIF-1αt   HIF-1α mRNA 
degradation .00385 min-1 3 hour half-life 

HIF-1αt   HIF-1α HIF-1α 
translation 12 min-1  

HIF-1α   
O2-dependent 
HIF-1α protein 
degradation 

.2156 min-1 5 minute half-
life 

HIF-1α   
O2-independent 
HIF-1α protein 
degradation 

.0154 min-1 45 minute half-
life 
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Figure 2.9.  A high HIF-1α flux confers sensitivity to protein stabilization and mediated 
cross-talk between transcriptional and hypoxic signals. 
(A) Computational simulations of inducing hypoxia at time zero (setting the O2-dependent 
degradation rate to zero) with different fluxes of HIF-1α.  (B) Computational simulations of a 
50-fold burst in HIF-1α transcription (the transcription rate was increased 50-fold by 30 
minutes, then reset to steady state by 60 minutes) with different fluxes of HIF-1α. (C) 
Computational simulations of inducing hypoxia at time zero combined with the transcriptional 
burst simulated in (B) with different fluxes of HIF-1α. 
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Table 2.3. Rate constant for the slow and high flux simulations. 
The rate constants used to generate the slower and higher flux models for simulations shown 
in Figure 2.9.  

Reaction WT Slow 
flux 1 

Slow 
flux 2 

Slow 
flux 3 

High 
flux 1 

High 
flux 2 

HIF-1α    (O2-
independent) 0.0154 min-1 0.00770 0.00385 0.00193 0.0308 0.0616 

HIF-1α     (O2-
dependent) 0.216 min-1 0.107 0.0539 0.0270 0.431 0.863 

  HIF-1αt 
(transcription) 

2 x 10-5 
umol*min-1 1 x 10-5 5 x 10-6 2.5 x 10-6 4 x 10-5 8 x 10-5 
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same as in the “wild-type” model.  As may be expected, in response to hypoxia, the 

slower flux models (blue lines) show a slower response in building up HIF-1α protein 

levels, and higher flux models (red lines) show a faster response, though they all 

eventually reach the same level of HIF-1α (Figure 2.9.A).  In this scenario, the 

simulations predict that the high flux of HIF-1α is critical for a rapid response to 

hypoxia. 

In response to a 50-fold increase in transcription of HIF-1α (as is observed in 

response to external cellular signals such as LPS or IFNγ), however, the different flux 

models show little difference in build up of HIF-1α, though the slower flux models do 

tend to have lower induction of HIF-1α (Figure 2.9.B).  Interestingly, the slow flux 

models attenuate the synergistic activation of HIF-1α build up (Figure 2.9.C). 

Overall, the excess turnover, both for IκB and for HIF-1α, built in to steady 

state signaling are critical to proper signal responsiveness and robustness.  However, 

these two signaling systems utilize the high flux for opposing functions: high flux of 

the inhibitor in the NF-κB system renders it resistant to weak activating signals, and 

high flux of the activator in the HIF-1α system renders it sensitive and to cross-talk 

and able to rapidly respond to activating signals.  More work will be needed to 

experimentally understand the effect of microenvironments that may alter these fluxes 

and the potential physiological or pathological consequences.  

 

Materials and Methods 

Cells and reagents 
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 Primary and 3T3 immortalized MEF were generated from E12.5-14.5 embryos 

and maintained as previously described (Hoffmann et al. 2002).  rela-/-crel-/-nfkb1-/- 

MEFs were generated from E12.5 timed matings of rela+/-crel-/-nfkb1-/- mice and iκbα-

/-β-/-ε-/- cells will be described elsewhere.  ikk1-/-ikk2-/- cells were a kind gift from Inder 

Verma.  iκbα-/- MEF lines reconstituted with pBabe-IκBα and empty vector control 

were a generous gift from Erika Mathes.  Recombinant murine TNF was from Roche; 

cycloheximide, sc-514 and MG132 from Sigma.  RelA/p65 (sc-372), RelB (sc-226), 

cRel (sc-71), IκBα (sc-371), IκBβ (sc-946), and IκBε (sc-7156) antibodies were from 

Santa Cruz Biotechnology.  Trans 35S-Methionine label was from MP Biomedicals. 

 

Biochemical analysis    

 Whole cell-extracts were prepared in RIPA buffer and equivalent protein 

amounts subjected to immunoblot analysis using ECL-plus (Amersham/ GE 

Healthcare).  Nuclear extracts were prepared and used for electrophoretic mobility 

shift assay as described (Hoffmann et al. 2002).  Immunoprecipitation-kinase assay 

performed as in (Werner et al. 2005).  Signals were quantitated using a 

phosphorimager (Molecular Dynamics) and ImageQuant software version 5.2 (GE 

Healthcare).  Dilution series with knockout extracts assured that Western blot signals 

were in the linear range.  Total cellular RNA was isolated with Trizol reagent 

(Invitrogen) and used for RNase protection assay as described in (Kearns et al. 2006). 

 

Computational modeling 
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 The mathematical model of the IKK-IκB-NF-κB signaling module was 

described in (Hoffmann et al. 2002).  This model (version 1.0) was used to generate 

Figure 2.1.  The model was then transferred from Mathematica to Matlab and Excel, 

and model version 1.1 includes the parameter values shown in Table 2.1 and baseline 

level of IKK of 1 nM.  This model was used to generate the data in Figure 2.4.  

Simulations were done as previously described (Hoffmann et al. 2002) to generate the 

data in Figure 3.  Graphs were generated in Excel. The Matlab code file and SBML 

are available upon request.  

 For the IκB flux simulations, a modified version (version 2.1) of a 

mathematical model of the IKK-IκB-NF-κB signaling module (Barken et al. 2007), 

based on the previously described version 2.0 (Werner et al. 2005), was used for all 

simulations.  Simulations were done in Matlab version 2007a (Mathworks) using the 

built-in ode15s solver at default settings. 

 The mathematical model of the HIF-1α signaling module was simplified and 

adapted from the model described in (Takeda et al.). The model was generated in 

Matlab version 2007a and the simulations performed using the built in ode15s solver 

at default settings.  To increase or decrease the HIF-1α “flux”, HIF-1a degradation 

was decreased in keeping with the same ratio of the O2-dependent degradation rate to 

the O2-independent degradation rate, then the transcription rate was decreased to such 

a degree that steady state HIF-1α protein levels were the same as in the wild-type 

model. 
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Chapter 3:  

UV is an amplifier rather than inducer of NF-κB activity 



 

 

59 

Abstract 

 Inflammatory activation of NF-κB involves the stimulus-induced degradation 

of the NF-κB-bound inhibitor, IκB, via the IκB kinase (IKK).  In response to UV 

irradiation, however, the mechanism and function of NF-κB activation remain unclear.  

Using a combined biochemical, genetic, and computational modeling approach, we 

delineate a dual requirement for constitutive IKK-dependent and IKK-independent 

IκB degradation pathways in conjunction with UV-induced translational inhibition.  

Interestingly, we find that the high homeostatic turnover of IκB in resting cells renders 

the NF-κB system remarkably resistant to metabolic stresses, but the two degradation 

pathways critically and differentially tune NF-κB responsiveness to UV.  Indeed, in 

the context of low chronic inflammation that accelerates NF-κB-bound IκB 

degradation, UV irradiation results in dramatic NF-κB activation.  Our work suggests 

that the human health relevance of NF-κB activation by UV lies with cellular 

homeostatic states that are associated with pathology rather than with healthy 

physiology. 
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Introduction 

Mammalian cells respond to UV irradiation by activating various transcription 

factors, which induce specific gene expression programs to mediate DNA damage 

repair, cell growth arrest, and induction of apoptosis.   Nuclear factor-kappaB (NF-κB) 

has been described as one such transcription factor activated by UV irradiation (Stein 

et al. 1989; Devary et al. 1993; Simon et al. 1994).  NF-κB is a critical mediator for 

cellular responses to inflammatory cytokines, developmental signals, pathogens, and 

cellular stresses (Hoffmann and Baltimore 2006).   In resting cells, NF-κB is held 

inactive in the cytoplasm through stoichiometric association with inhibitory proteins 

(IκBs).  Activation of this latent NF-κB pool is known to be driven by inflammatory 

stimuli that lead to activation of the IκB kinase (IKK) complex, which mediates site-

specific phosphorylation of the canonical IκB proteins, IκBα, -β, and -ε, that targets 

them for ubiquitination and proteasomal degradation.  NF-κB subsequently 

accumulates in the nucleus where it mediates gene activation.  In contrast to the 

strong, rapid, and transient NF-κB response to inflammatory signals, IκB proteolysis 

and NF-κB activation in response to UV irradiation appear to be weak, slow, and 

prolonged, and the underlying molecular mechanisms are not well understood.      

Early studies determined that activation of NF-κB by UV irradiation involves 

two phases: an early phase that is independent of DNA-damage (Devary et al. 1993; 

Simon et al. 1994), and a second, later phase (>24 hours) that is dependent on DNA 

damage (Bender et al. 1998).  The DNA-damage pathway of NF-κB activation has 

since been well-characterized to involve activation of IKK through association with  
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Figure 3.1.  Proposed pathways of UV inducing NF-κB and simulations of steady state 
IκB turnover. 
(A) Proposed pathways leading to NF-κB activation by UV irradiation.  Left:  UV may induce 
GCN2 and PERK activity, which in turn phosphorylate eIF2α to inhibit translation.  Center: 
UV may activate CK2, which may lead to degradation of free and/or bound IκB.  Right: UV 
may also induce IKK activity, which is the primary signal transducer for inflammatory signals. 
(B) Flux calculations of IκB turnover in the steady state of resting MEFs, using the 
computational model of the IκB-NF-κB signaling module.  The schematic indicates four 
degradation pathways delineated in the model and described in the text.  The percentages 
indicate the fraction of the total IκBα degradation flux that occurs within each of these 
pathways.    
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the DNA double stranded break-activated kinase, ataxia telangiectasia mutated (ATM) 

(Wu et al. 2006).  

The mechanisms underlying the early, DNA damage independent phase of 

UV-induced IκB degradation, however, remain unclear with reports arriving at 

seemingly conflicting conclusions (summarized in Figure 3.1.A).  Initially, IKK 

activity was proposed not to be required, as an IκBα mutant lacking the IKK 

phosphorylation sites transfected into HeLa cells was indeed degraded upon UV  

irradiation.  Further, co-transfection of a dominant negative IKK kinase-defective 

mutant with IκBα in HeLa cells did not prevent UV-induced IκBα degradation 

(Bender et al. 1998; Li and Karin 1998).  Although no activation of IKK could be 

detected following UV irradiation (Li and Karin 1998; Huang et al. 2002), a later 

study suggested that IKK activity may be required (Figure 3.1.A, right), as expression 

of the IκBα mutant lacking IKK phosphorylation sites in wild-type B-cells prevented 

UV-induced NF-κB DNA binding activity and UV-induced NF-κB could not be 

detected in IKK knock-out cells (Huang et al. 2002). 

More recently, a second mechanism was proposed wherein UV irradiation 

activates CK2 (casein kinase 2) via the p38/MAPK pathway (Figure 3.1.A, center).  

This CK2 activity was suggested to cause degradation of IκBα through 

phosphorylation of a cluster of serines and threonines in the C-terminal PEST domain 

of IκBα (Kato et al. 2003), correlating with a prior study that indicated that the C-

terminal region of IκBα is required for its degradation in response to UV (Bender et al. 

1998). 
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 In addition, a third mechanism has been proposed wherein UV-induced 

translational inhibition is responsible for the observed NF-κB activation.  Because the 

half-life of IκB is shorter than that of NF-κB, treatment of cells with reagents that 

inhibit protein synthesis, such as cycloheximide (CHX), induce NF-κB (Sen and 

Baltimore 1986).  It was reported that UV irradiation causes inhibition of translation 

through induced phosphorylation of the eukaryotic initiation factor-2a (eIF2α) at 

serine 51 (Wu et al. 2004; Jiang and Wek 2005).  Stress-induced translational 

inhibition through eIF2α phosphorylation may also activate NF-κB (Jiang et al. 2003; 

Deng et al. 2004), though the degree and time of translational inhibition required has 

not been examined.  There is strong evidence that translational inhibition by eIF2α 

phosphorylation, in response to UV irradiation is required for NF-κB activation 

(Figure 3.1.A, left) (Wu et al. 2004; Jiang and Wek 2005).  Yet, it is unclear if 

translational inhibition alone is sufficient, given that UV-induced IκB degradation 

mechanisms have also been proposed.  

 Mathematical models have been constructed to investigate complex signaling 

pathways and are valuable in relating fundamental biochemical/biophysical properties 

with novel and useful predictions of cellular behavior (Aldridge et al. 2006).  A 

mathematical model of the IKK-IκB-NF-κB signaling module was first constructed to 

recapitulate NF-κB activation dynamics in response to TNF treatment, and led to 

insights into the functions of each IκB isoform (Hoffmann et al. 2002).  Subsequent 

refinements of the model revealed temporal control of NF-κB dynamics in response to 

TNF signaling (Kearns et al. 2006) and other inflammatory agents (Werner et al. 

2005), as well as a fourth IκB protein responsible for NF-κB activation in response to 
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developmental stimuli (Basak et al. 2007).  Further, an analysis of the multiple IκB 

degradation mechanisms and their respective rates in resting cells was key to 

recapitulating homeostatic regulation of NF-κB activity (O'Dea et al. 2007).   

Here, combining computational and experimental analyses, we examine the 

role of translational inhibition and the role of each IκB degradation pathway in NF-κB 

activation by UV irradiation (Figure 3.1.A).  We find that the dynamic steady-state 

regulation of IκB turnover critically determines the sensitivity of the NF-κB signaling 

pathway to UV irradiation, and suggest specific roles for the two different IκBα 

degradation pathways (IKK-dependent and IKK-independent) in providing powerful 

signaling crosstalk.  

 

Results 

Translational inhibition as an inducer of signaling 

In Chapter 2, we measured the rate constants for the four possible degradation 

pathways that each IκB protein is subject to and found that while NF-κB-bound IκBα 

is extremely stable and is therefore almost exclusively degraded via the IKK-mediated 

degradation pathway, free, or unbound IκBα is rapidly degraded through an IKK-

independent mechanism with a half-life of less than 10 minutes.  These differential 

degradation rates were key in the construction of a computational model of the IκB-

NF-κB signaling module that accurately recapitulated the steady state control of NF-

κB (O'Dea et al. 2007).  For example, the model recapitulated experimental results that 

showed that, in resting cells, approximately 85% of total cellular IκBα is present in the 
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IκB-NF-κB complex while 15% of IκBα is not bound to NF-κB (Rice and Ernst 1993).  

However, this model also predicts that in the steady state only 8% of IκBα is degraded 

from the NF-κB-bound form whereas almost 93% is degraded from the lower 

abundance free form (Figure 3.1.B).  We conclude that instability of free IκBα must be 

counteracted by a high synthesis rate to ensure low levels of nuclear NF-κB activity in 

resting cells.   

Many cellular stress conditions, such as viral infection, oxidative stress, heat 

shock, endoplasmic reticulum (ER) stress, nutrient limitation, hypoxia, ribotoxic 

stress, and UV irradiation induce inhibition of protein synthesis to varying degrees 

(van den Beucken et al. 2006; Wek et al. 2006), which may disrupt the relationship 

between IκBα instability and high synthesis.  To probe the sensitivity of the IκB-NF-

κB homeostasis to decreased translation rates, we reduced protein synthesis 

parameters and calculated the resulting levels of nuclear NF-κB (Figure 3.2.A).  We 

found that whereas high doses of translational inhibition (>70%) induce significant 

levels of NF-κB (after 8 hours), the system is rather resistant to lower doses. 

We chose UV irradiation as a representative model system for studying cellular 

stress as a modulator of NF-κB activity.  The level of translational inhibition induced 

by 40 J/m2 UVC irradiation in wild-type mouse embryonic fibroblasts (MEFs) was 

measured by 35S-Met/Cys incorporation.  Over an 8-hour time course, UV treatment 

resulted in 35-50% bulk protein synthesis inhibition (Figure 3.2.B).  Our model 

predicted that this degree of protein synthesis inhibition would result in a modest 2.5-

fold NF-κB activation (Figure 3.2.A).   
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Figure 3.2. UV-induced translational inhibition and its effect on the IκB-NF-κB 
homeostasis. 
(C) Dose response curve of degrees of translational inhibition (in %) to nuclear NF-κB 
activity (NF-κBn in nM).  A translational inhibition curve (Supplemental Figure 2) was used 
as an input for the computational model and the nuclear NF-κB (NF-κBn) level after 8 hours 
was calculated and plotted. (D) Percentage of bulk protein synthesis inhibition in cells treated 
with 40 J/m2 UVC radiation.  Wild-type MEFs were either mock- or UV-treated, and 
radiolabeled for 30 minutes prior to each respective time point with 35S-labeled methionine.  
Protein extracts were prepared at the indicated times and the amount of 35S incorporation was 
measured by scintillation count.  The amount of 35S incorporation measured for each UV-
treated sample was divided by the amount measured for mock-treated to calculate the percent 
inhibition.  Error bars represent standard error of the mean. 
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The role of IKK in UV activation of NF-κB 

 To determine if IKK plays a role in UV-induced NF-κB activity, we first 

examined IKK activity following UV irradiation.  The IKK complex was 

immunoprecipitated from UV-treated wild-type MEFs and subjected to an in vitro 

kinase assay capable of detecting small changes in IKK activation following treatment 

with low doses of TNF (Figure 3.3.A).  In agreement with previous reports (Li and 

Karin 1998; Huang et al. 2002), no activation of IKK above the basal level was seen in  

UV treated cells even at very high doses of UV (Figures 3.3.B and C).  Although the 

lack of UV-induced IKK activation suggested that IKK is dispensable for UV-induced 

NF-κB activity (Bender et al., 1998; Li and Karin, 1998), a more recent study 

proposed that IKK is required (Huang et al., 2002).  We also found that in ikkb-/- cells 

UV does not induce nuclear NF-κB DNA binding as measured by electrophoretic 

mobility shift assay (EMSA) (Figure 3.3.D).  To test whether IκB phosphorylation at 

the IKK-responsive serines is a requirement, iκbα-/- cells were reconstituted with an 

IκBα mutant in which the IKK target sites (S32/S36) were replaced with alanines 

(IκBαAA).  We found that UV-induced NF-κB DNA binding was abolished in these 

cells as compared to iκbα-/- cells reconstituted with wild-type IκBα (IκBαWT) (Figure 

3.3.E), correlating with a previous report (Huang et al. 2002).  These results are in 

contrast to transient transfection studies that reported the IκBαAA mutant to be 

degraded upon exposure to UV (Bender et al. 1998; Li and Karin 1998).  

How might IKK contribute to NF-κB activation by UV if its activity is not 

induced?  We considered that in unstimulated cells, the basal turnover of NF-κB- 
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Figure 3.3. UV does not activate IKK but requires IKK activity for NF-κB induction. 
(A) In vitro kinase assay of cytoplasmic extracts from wild-type MEFs treated with 0, 0.01, 
0.1, or 1 ng/mL TNF for 10 minutes. (B) In vitro kinase assay of cytoplasmic extracts from 
wild-type MEFs treated with 40 J/m2 UVC radiation for the indicated times. (C) In vitro 
kinase assay of cytoplasmic extracts from wild-type MEFs 8 hours after treatment with the 
indicated doses of UVC radiation.  Immunoblots for IKKα below each kinase assay confirm 
equal IP-efficiency and loading of the lanes (bottom panels). (D) EMSA for NF-κB activity in 
nuclear extracts from wild-type or ikkβ-/- cells treated with 40 J/m2 UVC for indicated times. 
(E) EMSA for NF-κB activity in nuclear extracts from iκbα-/- cells reconstituted with either 
wild-type IκBα (ΙκΒαWT) or Ser32/36Ala mutant IκBα (IκBαAA) treated with 40 J/m2 UVC 
for the indicated times. An asterisk (*) indicates a non-specific band.   
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bound IκB involves the basal activity of IKK (Figure 3.1.B) (O'Dea et al. 2007).  To 

examine whether NF-κB liberation from IκB in response to UV involves the basal 

IKK-dependent degradation pathway, we immunoprecipitated the NF-κB subunit p65 

for Western blot analysis of bound IκBαWT or IκBαAA proteins.  Interestingly, UV-

treatment induced a modest decrease in p65-associated IκBαWT, whereas the level of 

p65-associated IκBαAA remained constant (Figure 3.4.A). 

In contrast to the IKK-dependent turnover of NF-κB-bound IκBα, free IκBα 

turnover is regulated in a manner almost completely independent of IKK activity 

(Mathes et al. 2007; O'Dea et al. 2007).  IκBαWT and IκBαAA were transduced into 

cells lacking the NF-κB subunits known to interact with IκB, RelA/p65, p50, and cRel 

(nfkb-/-).  Treatment of these cells with UV induced rapid and sustained decreases of 

both IκBαWT and IκBαAA levels (Figure 3.4.B), contrasting with the slow and IKK-

dependent degradation of NF-κB-bound IκBα. 

Together, these data demonstrate that two degradation pathways of IκBα are 

engaged following UV irradiation.  The free IκBα degradation following UV 

irradiation does not require IKK activity, exposing a potentially important IκB 

degradation mechanism.  In contrast, NF-κB-associated IκBα degradation in response 

to UV requires basal IKK activity. 

  The apparent requirement for basal IKK activity to mediate degradation of NF-

κB-bound IκBα during UV-mediated induction of NF-κB suggests that the level of 

basal IKK activity in unstimulated cells may have a significant effect on the degree to 

which NF-κB can be activated.  We first tested this hypothesis with the computational 

model. UV-induced translational inhibition was modeled by adjusting protein 
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Figure 3.4. Different pools of IκBα  are degraded with distinct pathways in response to 
UV irradiation. 
(A) Tracking the degradation of NF-κB-bound IκB following UV irradiation.  iκbα-/- cells 
reconstituted with either IκBαWT or IκBαAA were mock-treated, treated with 60 J/m2 UVC, 
or treated with 1 ng/mL TNF.  Whole cell extracts prepared 8 hours after UV treatment or 
after 10 minutes of TNF treatment were subject to immunoprecipitation with anti-p65 
antibody.  The resulting immunocomplexes were subject to immunoblot analysis for IκBα and 
p65, representative of multiple experiments. (B) Tracking degradation of free IκB following 
UV irradiation.  nfκb-/- cells (rela-/-nfkb1-/-crel-/-) stably expressing IκBαWT or IκBαAA were 
treated with 40 J/m2 UVC or 10 µg/mL CHX and whole cell extracts prepared at the indicated 
times were subject to immunoblot analysis for IκBα. 
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synthesis rates to linearly decrease to 40% inhibition by 1 hour and then linearly 

decrease further to 50% inhibition by 8 hours.  To determine the effect of altered basal 

IKK activity levels on UV-induced NF-κB activation, the model was first equilibrated 

at different levels of basal IKK activity and was then used for simulations with the 

UV-induced translational inhibition curve.  Decreased basal activity of IKK (0.5x) 

prevented NF-κB activation, while higher basal IKK (2x) activity significantly 

enhanced NF-κB activation (Figure 3.5.A).  

To experimentally examine these computational predictions, basal activity of 

IKK was genetically modulated and the NF-κB activity in response to UV irradiation 

was measured.  Reconstitution of ikkb-/- cells with a kinase defective IKKβ mutant 

(IKKβKA) that cannot bind ATP or an activation defective IKKβ mutant (IKKβAA) 

in which the activation loop containing phospho-acceptor serines were replaced with 

alanines resulted in either no or decreased IKK activity in resting cells, respectively 

(Figure 3.5.B).  Although UV-induced NF-κB activity was recovered in ikkb-/- cells 

reconstituted with wild-type IKKb, no UV-induced NF-κB activity was detected in 

ikkb-/- cells reconstituted with the mutants harboring decreased or no basal IKK 

activity (Figure 3.5.C).  A constitutively active IKKβ mutant (IKKβEE) expressed in 

wild type cells greatly enhanced IKK activity in untreated cells and could not be 

further activated by TNF (Figure 3.6.A).  UV irradiation of these cells resulted in 

significantly enhanced NF-κB activation (Figure 3.6.B), consistent with the 

computational predictions. 



 

 

72 

Together, these data suggest that minimal basal IKK activity is a prerequisite 

for NF-κB activation in response to UV and that enhancing it sensitizes the IκB-NF-

κB signaling module to UV-induced translational inhibition. 

 

The role of IKK-independent degradation of IκB 

 To determine if the IKK-independent free IκB degradation pathway plays a 

role in UV-induced NF-κB, we simulated NF-κB activation in response to UV-

induced translational inhibition with altered equilibrium rates of free IκBα 

degradation.  The model predicted that a slower degradation rate for free IκBα (0.5x) 

attenuates UV-induced NF-κB activation, whereas a more unstable IκBα (2x) 

enhances NF-κB activation (Figure 3.7.A).  

Though the mechanism of free IκBα degradation has yet to be elucidated, 

some studies have implicated CK2-mediated phosphorylation of the PEST domain of 

free IκBα to play a role in its instability (Schwarz et al. 1996; Bren et al. 2000).  An 

IκBα mutant with the 6 CK2 target sites in IκBα replaced with alanines (IκBα6m) was 

transduced into the nfkb-/- cells.  CHX treatment of these cells indicated that the 

IκBα6M mutant has an approximately 2-fold longer half-life than the wild-type IκBα  

(Figure 3.7.B).  Stable expression of IκBα6M in iκbα-/- cells attenuated UV-induced 

NF-κB activity (Figure 3.7.C).  As this mutant is still susceptible to IKK-mediated 

degradation of NF-κB-bound IκB (Mathes et al. 2008), our data suggests that the fast 

turnover rate of free IκBα is also a prerequisite for UV-induced NF-κB activity.   
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Figure 3.5. Decreased basal IKK activity reduces NF-κB responsiveness to UV 
irradiation. 
(A) Computational simulations of NF-κB activation via 40-50% inhibition of protein synthesis 
over 6 hours at different equilibrium levels of basal IKK activity (0.5x, 1x, 2x).  The graph 
shows calculated nuclear NF-κB activity plotted against time. (B) In vitro kinase assay to 
measure basal IKK activity of cytoplasmic extracts from untreated ikkβ-/- cells reconstituted 
with IKKβWT, IKKβAA (S177A/S181A), or IKKβKA (K44A).  Immunoblot of IKKα from 
the IP of the IKK complex (bottom panel). (C) EMSA for NF-κB activity in nuclear extracts 
from ikkβ-/- cells reconstituted with IKKβWT, IKKβAA, or IKKβKA 8 hours after mock or 40 
J/m2 UVC treatment. 
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Figure 3.6. Increased basal IKK activity enhances NF-κB responsiveness to UV 
irradiation. 
(A) In vitro IKK kinase assay of cytoplasmic extracts from wild-type MEFs stably expressing 
IKKβEE (S177E/S181E) or wild-type MEFs transduced with empty vector treated with 1 
ng/mL TNF for the indicated times.  Immunoblot of IKKβ from the IP of the IKK complex 
(bottom panel). (B) EMSA for NF-κB activity in nuclear extracts from wild-type MEFs stably 
expressing IKKβEE or wild-type MEFs transduced with empty vector treated with 40 J/m2 
UVC for the indicated times.   
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Figure 3.7. Free IκBα  turnover is required for NF-κB activation by UV irradiation. 
(A) Computational simulations of NF-κB activation by 40-50% inhibition of protein synthesis 
over 6 hours at different equilibrium free IκBα turnover rates (0.5x, 1x, 2x). The graph shows 
calculated nuclear NF-κB activity plotted against time. (B) Immunoblots for IκBα from whole 
cell extracts of nfκb-/- (rela-/-nfkb1-/-crel-/-) cells stably expressing wild-type IκBα or the CK2 
phospho-acceptor site mutant (IκBα6M) treated with 10 µg/mL CHX for the indicated times. 
(C) EMSA for NF-κB activity in nuclear extracts from iκbα-/- cells reconstituted with either 
IκBαWT or IκBα6M treated with 40 J/m2 UVC. 
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NF-κB responsiveness to UV is differentially controlled by two homeostatic IκB 
degradation pathways 

 
Given that our work indicated that ribotoxic stresses acting alone do not elicit 

strong NF-κB responses, we wondered whether altered environmental conditions may 

sensitize cells such that they generate higher NF-κB activation.  Our experimental 

studies indicated that two IκB degradation pathways are important: the IKK-dependent 

pathway for NF-κB-bound IκB and the IKK-independent pathway for free IκB.  While 

a host of stimuli and conditions are known to regulate IKK activity, regulation of the 

free IκB degradation pathway may also be possible, such that either one may impact 

the response to metabolic stresses that cause translational inhibition (Figure 3.8.A). 

To examine how the apparent resistance to translational inhibition is 

modulated by altered turnover rates of free IκBα, simulations were run with different 

degrees of induced protein synthesis inhibition, each at different equilibrium rate 

constants of free IκB degradation (Figure 3.8.B).  As the equilibrium degradation rate 

constant of free IκB is increased (above 1x), NF-κB activation following 8 hours of 

translational inhibition moves away from a switch-like response to a more linear dose-

response.  In other words, decreasing the steady state level of free IκB is predicted to 

sensitize cells to lower doses of translational inhibition.  

To examine the role of basal IKK activity (which governs the degradation rate 

constant of NF-κB-bound IκB), simulations were run with different degrees of induced 

protein synthesis inhibition, and at different equilibrium IKK activity values.   The 

calculated NF-κB activation levels were plotted in a similar 3-D graph (Figure 3.8.C).  

Similar to the effect of the free IκB degradation rate constant, elevated basal IKK  



 

 

77 

 
 
 

Figure 3.8. Altered degradation rates of free and NF-κB-bound IκB have different 
effects on the NF-κB responsiveness to ribotoxic stress. 
(A) Model of NF-κB activation by metabolic stress.  Metabolic stress inhibits the synthesis of 
IκB, which is rapidly degraded in the free state (maintained and potentially altered by 
homeostatic signals), and bound IκB is degraded through low levels of basal IKK activity 
(maintained and altered by homeostatic and inflammatory signals). (B) Computational 
simulations of NF-κB activation at 8 hrs in response to varying degrees of translational 
inhibition at different equilibrium free IκB turnover rates (in terms of a multiplier to the wild-
type parameter on the z-axis). (C) Computational simulations of NF-κB activation at 8 hrs in 
response to varying degrees of translational inhibition at different basal IKK activity levels (in 
terms of a multiplier to the wild-type parameter on the z-axis). 
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activity also renders the NF-κB system more sensitive to low doses of translational 

inhibition.  In addition, however, the maximal NF-κB activity caused by 100% 

translational inhibition also increased greatly with increasing basal IKK activity, 

although it was less sensitive to the rate of free IκBα turnover (compare Figures 3.8.B 

and 3.8.C at 100% translational inhibition).  These predictions suggest that basal IKK 

regulates overall responsiveness to metabolic stress, in both low and high translational 

inhibition conditions. The free IκBα degradation pathway, however, provides a means 

for tuning the sensitivity primarily to moderate translational inhibition conditions. 

UV irradiation as an amplifier of inflammation 
 
 These simulation results led us to examine the potential for crosstalk between 

low inflammatory exposure and UV irradiation.  We explored the effect of an 

induction of 40-50% translational inhibition in the presence of low IKK activation.  A 

relatively low level of LPS treatment (1 ng/mL) of wild-type MEFs mildly activates 

IKK (Figure 3.9.B).  When the quantitated LPS-induced IKK activity and the UV-

induced translational inhibition are separately fed into the computational model, 5-fold 

and 2.5-fold activation of NF-κB result over a 6-hour time course, respectively (Figure 

3.9.A, dotted line and dashed line, respectively).  However, when these two stimuli are 

fed into the model simultaneously, a surprisingly high 20-fold NF-κB activation 

results (Figure 3.9.A, solid line).   

We tested this prediction of signaling synergy between inflammation and UV 

exposure.  Wild-type MEFs treated with 40 J/m2 UV or 1 ng/mL LPS activated 

nuclear NF-κB DNA binding activity about 2- and 5-fold (Figure 3.9.B, lanes 1-4 and  
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Figure 3.9. Synergistic cross-talk between UV and inflammatory signals. 
(A) Computational simulations of NF-κB activation in response to 40-50% translational 
inhibition (dashed line), 1 ng/mL LPS-mediated IKK activation (dotted line), or combined 
induction of 50% translational inhibition and 1 ng/mL LPS-mediated IKK activation (solid 
line). (B) EMSA for NF-κB activity of nuclear extracts from wild-type MEFs treated with 
either 40 J/m2 UVC alone (lanes 1-4), 1 ng/mL LPS (“LPSlo”) alone (lanes 9-12) or co-treated 
with UV and LPS (lanes 5-8) for the indicated times.  Signals were quantitated and graphed 
relative to signal levels in untreated cells (right panel). (C) In vitro IKK kinase assay of 
cytoplasmic extracts from wild-type cells treated with 1 ng/mL LPS (“LPSlo”) or co-treated 
with 1 ng/mL LPS and 40 J/m2 UVC (“LPSlo + UV”).  Immunoblot for IKKβ is shown as a 
IP-efficiency and loading control.  Quantitation from this gel was used as an IKK input for the 
computational simulations in Figure 7A. (D) Immunoblots for IκBα from whole cell extracts 
of wild-type MEFs treated with either UVC, LPS, or co-treated with UV and LPS for the 
indicated times. (E) RNase Protection Assay showing the mRNA levels of MIP2 in wild-type 
MEFs treated with either UVC alone, LPS alone, or co-treated with UV and LPS for the 
indicated times.  mRNA levels for L32 are shown as a loading control (bottom panel). 
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Figure 3.10.  Synergistic cross-talk between UV and inflammatory signals in 
keratinocytes. 
EMSA of nuclear extracts from mouse keratinocytes treated with 1 ng/mL LPS or co-treated 
with 1 ng/mL LPS and 40 J/m2 UVC.  A graph showing quantitation of the NF-κB fold-
induction (y-axis) at the 6-hour time point for each treatment regime is shown to the left of the 
gel. 
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9-12), consistent with the model predictions.  Strikingly, co-treatment of cells with 

LPS and UV resulted in a greater than 25-fold induction of NF-κB (Figure 3.9.B), 

even though IKK activity was unaltered (Figure 3.9.B).  The synergy was dependent 

on IKK-mediated phosphorylation of IκBα (O’Dea et al., 2008) and was also observed 

in primary mouse keratinocytes (Figure 3.10).  Whereas UV allows for the depletion 

of the pool of free IκBα (Figure 3.4.B), LPS targets the IKK-mediated pathway to 

degrade NF-κB-bound IκBα.  Consistently, co-treatment of these two stimuli resulted 

in a synergistic decrease in total IκBα protein levels (Figure 3.9.D).  Further, hyper-

activation of NF-κB in LPS and UV co-treated cells resulted in transcriptional 

activation of the NF-κB target gene MIP2 (Figure 3.9.E).   

In addition, we find that co-treatment of cells with other inflammatory signals 

such as IL-1 or TNF and UV also leads to synergistic activation of NF-κB (Figure 

3.11.A), without altering the IL-1-induced IKK activity (Figure 3.11.B).  Similarly, an 

intra-cellular inducer of translational inhibition is ER stress, known to activate NF-κB 

(Hu et al., 2006) and depletion of the free pool of IκBα (Figure 3.12.B), also exhibited 

signaling synergy with inflammatory agents.  We found that treating cells with the 

commonly used ER-stress inducing reagents DTT and thapsigargin in the presence of 

low LPS (1 ng/mL) resulted in drastically higher NF-κB activity in than in its absence 

(Figure 3.12.A).  

To determine whether the observed hyper-activation can be accounted for by 

UV’s translational inhibition effect, we substituted UV for a specific translational 

inhibitor, CHX.  Titration determined that a treatment of wild-type MEFs with 0.1 

µg/mL CHX blocked bulk protein synthesis by approximately 50% (data not shown).   
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Figure 3.11. Synergistic cross-talk between UV and the inflammatory signals TNF and 
IL-1. 
(A) EMSA of wild-type cells treated with either 1 ng/mL IL-1, 40 J/m2 UVC, 1 ng/mL TNF, 
co-treated with 1 ng/mL IL-1 and 40 J/m2 UVC, or co-treated with 1 ng/mL TNF and 40 J/m2 
UVC for the indicated times. (B) In vitro IKK kinase assay of cytoplsmic extracts of wild-type 
cells treated with 1 ng/mL IL-1 or co-treated with 1 ng/mL IL-1 and 40 J/m2 UVC. 
Immunoblot for IKKβ is shown as a IP-efficiency and loading control. 
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Figure 3.12. Synergistic cross-talk between ER stress and inflammatory signals. 
(A) EMSA for NF-κB activity of nuclear extracts from wild-type MEFs.  Cells were 
pretreated with PBS or 1 ng/mL LPS for 4 hours, then either 1 mM DTT (top panel) or 400 
nM thapsigargin (Tg, bottom panel) was added for the indicated times. (B) Immunoblot of 
whole cell extracts for IκBα from nfκb-/- MEFs transduced with wild-type IκBα treated with 
40 or 400 nM thapsigargin or 0.1 mM or 1 mM DTT for the indicated time.   
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Figure 3.13. Synergistic cross-talk between low doses of translation inhibition and 
inflammatory signals 
(A) Combined low dose CHX and low dose LPS hyper activate NF-κB.  Nuclear extracts from 
wild-type cells treated with 0.1 µg/mL CHX (“CHXlo”), 1 ng/mL LPS (“LPSlo”), or co-treated 
with CHX and LPS for the indicated times were subject to EMSA. (B) Synergistic NF-κB 
activation by CHX and LPS requires IKK-mediated phosphoylation of IκBα.  Nuclear extracts 
from iκbα-/- cells transduced with either wild-type or Ser32/36Ala (IκBαAA) treated with 0.1 
µg/mL CHX (“CHXlo”), 1 ng/mL LPS (“LPSlo”), or co-treated with CHX and LPS for the 
indicated times were subject to EMSA. 
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Similar to the effect of UV, when this low dose of CHX was added to cells in 

combination with low dose LPS, hyper-NF-κB activation resulted (Figure 3.13.A), as 

long as IκBα could be phosphorylated by IKK (Figure 3.13.B).  Together, we surmise 

that by inducing translational inhibition, UV or ER stress may act as an amplifier of 

IKK-inducing signals that are weak and maybe constitutive.  As such, the signaling 

effects of metabolic stress agents on NF-κB may have human health relevance in the 

context of inflammatory pathologies where IKK activity is elevated. 

Discussion 

Responsiveness to cellular stress 

Intracellular signal transduction involves a stimulus-induced alteration to the 

steady state of a signaling network.  Many intracellular signaling pathways are 

activated by changes to constitutive degradation rates of effector proteins.  For 

example, in resting cells the transcription factors HIF-1α, β-catenin, and p53 are 

maintained at low levels through constitutive degradation, but signal-induced 

inhibition of the degradation pathway causes their build up to a level where they elicit 

gene expression responses.  In these scenarios, the cellular responsiveness is 

determined by the high constitutive synthesis rates of the signaling effector proteins.  

In contrast, NF-κB protein levels are maintained through a long cellular half-life 

requiring only low constitutive synthesis.  It is the NF-κB inhibitor, IκB, which is 

synthesized at a high rate and degraded very rapidly. In contrast to the cases of p53 

and HIF-1α, we find in this study that high turnover of IκB confers resistance of the 

NF-κB signaling module to ribotoxic stress agents such as UV, which signal by 
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inducing translational inhibition.  However, the two primary degradation pathways 

that control IκB homeostasis critically tune the cellular responsiveness of the IκB-NF-

κB signaling module, and do so with distinct effects.   

 

Homeostatic versus signal induced regulatory mechanisms 

Inflammatory signaling to NF-κB induces rapid degradation of NF-κB-bound 

IκBα, but does not induce the degradation of free IκBα  (Mathes et al. 2007; O'Dea et 

al. 2007).  In contrast, we find that UV irradiation causes the depletion of both free 

and NF-κB-bound pools of IκBα.  By separately examining the NF-κB-bound and -

unbound pools of IκBα we were able to clarify the previous confusion surrounding the 

role of IKK activity in UV-induced NF-κB, and further, determine a dual requirement 

of different IκB degradation pathways in UV-induced NF-κB.  Previous studies that 

used a transiently expressed IκBαAA transgene in HeLa cells harboring NF-κB and 

endogenous wild-type IκBα (Bender et al. 1998; Li and Karin 1998) were likely 

examining an excess of IκBα.  Thus they observed UV-induced depletion of IκBα in 

an IKK-independent manner, just as we showed that the IκBαAA transgene in NF-κB 

deficient cells is degraded rapidly in response to UV.  However, stably expressed 

IκBαAA in IκBα-/- cells showed no degradation in response to UV, indicating that the 

NF-κB-bound pool of IκBα absolutely requires basal IKK activity for its degradation.  

Indeed, this requirement is recapitulated in computational simulations, and we observe 

that mutations in IKK that either decrease or enhance IKK activity will either reduce 

or enhance UV-induced NF-κB activation (Figures 3.5-7).   
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Although it is evident from the present work that increasing the constitutive 

free IκBα degradation rate enhances NF-κB activation, it is unclear if it is increased by 

UV irradiation.  UV-induced CK2 activity was shown to target IκBα for 

phosphorylation (Kato et al. 2003), but it remains unclear whether that event 

accelerates the degradation rate.  Although CK2 phosphorylation site mutations have a 

modestly stabilizing effect in unstimulated cells, we were unable to detect alterations 

in free IκBα half-life upon UV exposure and found no effect on NF-κB activation by 

UV in MEFs with p38 or CK2 inhibitors (data not shown).  Further, our computational 

simulations and experiments with low doses of CHX suggest that translational 

inhibition is a sufficient inducing signal to account for NF-κB activation and therefore 

that any contribution of UV-induced CK2 activity to IκB degradation may be less 

important than the constitutive degradation pathways of the NF-κB-bound and free 

IκB protein pools. 

 

Physiological versus pathological relevance of NF-κB activation by UV 

We find that homeostatic control of the two IκB degradation pathways regulate 

the sensitivity of NF-κB induction by UV irradiation.  The IKK-dependent pathway 

regulates both the sensitivity of signaling and the maximal NF-κB activation 

achievable by ribotoxic stresses, whereas the IKK-independent pathway controls the 

former (Figure 3.8).  As many cancerous cells have elevated IKK activity and/or 

elevated proteasome activities (Dahlmann 2007), these cells have an altered 

homeostasis in which one or the other IκB degradation pathway is constitutively 
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elevated.  These alterations may account for the robust NF-κB activation by UV 

observed in previous studies in a variety of cancer cells.  

In cancer cells, the functional role of metabolic stress-induced NF-κB has been 

thought of as being anti-apoptotic.  Indeed, NF-κB inhibition potentiates anti-cancer 

radiation therapy.  However, in primary tissue cells such as MEFs, we have not 

observed that NF-κB/RelA deficiency results increased apoptosis in response to UV 

irradiation (data not shown), consistent with our current conclusion that in such 

primary cells UV irradiation may not significantly activate NF-κB.  Further, a recent 

study suggested that constitutive NF-κB may in fact have a pro-apoptotic role in UV 

irradiation, by controlling the expression of PKCd which is required for UV-induced 

JNK activation (Liu et al. 2006).   Our study resolves this apparent discrepancy by 

distinguishing between healthy cells and disease-associated cells with altered IκB 

homeostasis.   

 We also considered chronic inflammatory disease settings. Low levels of 

inflammatory agents may not activate NF-κB much, but the altered homeostasis of 

IκB turnover sensitizes the cells to ribotoxic stress.  UV may thus be thought of 

primarily as an amplifier of NF-κB activation in pathology associated cells rather than 

an inducer of NF-κB activity in healthy cells.   

This study demonstrates the value of using computational modeling as a tool 

for experimental analysis in signaling studies.  We thereby identified rate constants 

that may be unaltered by an activating signal, but are critical to signal transduction.  

Most therapeutic strategies are aimed at inhibiting the inducing signaling pathway.  

However, homeostatically controlled pathways may show differential sensitivity in the 
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signal transduction of different stimuli.  Canonical signaling in response to pathogen 

or cytokine signals may be less critically affected by the degradation pathways 

identified here as being critically important for UV.  Similarly, to devise therapeutic 

regimens that target diseased cells specifically, we suggest that the altered homeostasis 

of degradation pathways in diseased versus healthy cells may be considered an 

important specificity factor.  

 

Materials and Methods 

Cell lines, UV radiation, plasmids, and other reagents 

 Primary and 3T3 immortalized MEF were generated from E12.5-14.5 embryos 

and maintained as previously described (Hoffmann et al. 2002; O'Dea et al. 2007).  

ikkβ-/-cells were a gift from Inder Verma.  Primary mouse keratinocytes were cultured 

as described (Rheinwald and Green 1975).  Recombinant murine TNF was from 

Roche, LPS was from Sigma-Aldrich (L4524), and 35S-TransLabel was from MP 

Biomedicals.  UV irradiation was performed with a UVC lamp (UVP Inc., Upland, 

CA).  For UV irradiation as well as for mock treatment, cell media were removed and 

cells washed with PBS.  For “mock” treatment, cells were treated just as the UV 

treated cells, but were not exposed to the UV light.  After treatment, the original cell 

media were replaced.  RelA/p65 (sc-372), IκBα (sc-371), IKKα (sc-7184) antibodies 

were from Santa Cruz Biotechnology, IKKβ antibody was from BioSource 

(AHO0362), and IKKγ antibody was from BD Biosciences (624084).  
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Retrovirus Mediated Gene Transduction 

 Retroviral constructs derived from pBabe-puro or pBabe-hygro were 

cotransfected with pCL.Eco into 293T cells, and 42 hours post-transfection filtered 

supernatant was used to infect MEFs.  Transduced cells were selected with Puromycin 

Hydrochloride (Sigma) or Hygromycin B (Invitrogen). The IKKβWT-, IKKβAA-, and 

IKKβKA-pBabe-hygro plasmids were a kind gift from David Shultz, and the 

Stratagene Quickchange Site-Directed Mutagenesis Kit was used to generate the 

IKKβEE-pBabe-hygro plasmid. 

 

Immunoblot and Coimmunoprecipitation 

 Whole cell extracts were prepared in lysis buffer and total protein 

concentrations were normalized to each other using Lowry assay (BioRad) before 

immunoblot analysis.  For immunoprecipiation-western analysis, whole cell lysate was 

prepared in buffer containing 20% glycerol, 0.2 mM EDTA, 20 mM Tris pH 7.5, 120 

mM KCl, and 0.5% NP-40, 1mM DTT, and 1 mM PMSF.  For co-

immunoprecipitation of p65-IκBα complexes, p65 was immunoprecipitated with 10 

µg anti-p65 antibody followed by the addition of protein G sepharose beads (GE 

Healthcare).  Beads were washed with lysis buffer and samples eluted by addition of 

SDS sample buffer.  Proteins were resolved by SDS-PAGE and analyzed by 

immunoblot using ECL-plus (GE Healthcare).  Band intensities were quantified using 

a phosphoimager (Molecular Dynamics) and ImageQuant software version 5.2 (GE 

Healthcare). 
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EMSA, IKK Kinase Assay, and RNase Protection Assay 

 Nuclear extracts were prepared and used for EMSA as described (Werner et al. 

2005).  Briefly, nuclear extract was reacted at room temperature to a 32P-labeled 38-bp 

double-stranded oligonucleotide containing two consensus κB-sites.  Complexes were 

resolved on a non-denaturing acrylamide gel and visualized by autoradiography.  IKK 

kinase assays were performed as described (Werner et al. 2005).  Briefly, cytoplasmic 

extracts were collected and the IKK complex was immunoprecipitated with anti-IKKγ 

antibody, followed by addition of protein G sepharose beads.  Beads were washed and 

subject to in vitro kinase assay containing ATPγ32, GST-IκBα(1-54).  The reaction 

was stopped with SDS-sample buffer, and proteins were resolved by SDS-PAGE, and 

visualized by autoradiography or immunoblot.  Total cellular RNA was isolated using 

Trizol reagent (Invitrogen), and used for RNase Protection Assay as described 

(Werner et al. 2005) using a RiboQuant probe set (BD Biosciences). 

 

Metabolic labeling 

 Cells were either mock treated or treated with 40 J/m2 UVC.  30 minutes prior 

to each time point, 100µCi/mL 35S-TransLabel was added to complete cell media for a 

30 minute pulse, then whole cell protein extracts were prepared.  Protein 

concentrations for each sample were normalized to each other via Lowry assay, then 

spotted and dried on Whatman filter paper, and placed in scintillation fluid for 

counting.  A sample treated with 50 µg/mL cycloheximide was treated in the same 

manner and included with the sample analysis to use as a background control in the 

scintillation counts.  Experiments were performed in triplicate.  To quantify the 
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percent of translational inhibition, the scintillation count for UV-treated samples was 

divided by the count for mock-treated samples.  This method provided for similar 

results as previously published (Wu et al., 2002).  Measurements were confirmed by 

running the samples on SDS-PAGE and analysis by autoradiography. 

 

Computational Modeling 

 A modified version (version 2.1) of a mathematical model of the IKK-IκB-NF-

κB signaling module (Barken et al. 2007), based on the previously described version 

2.0 (Werner et al. 2005), was used for all simulations.  Simulations were done in 

Matlab version 2007a (Mathworks) using the built-in ode15s solver at default settings.  

To alter the free IκBα turnover rates, the rate constants governing the free IκBα 

degradation parameters were multiplied by the indicated variable in the equilibrium 

phase and the simulation phase (e.g for 0.5x, the degradation rate was multiplied by 

0.5).  To alter the basal IKK activity level, the IKK activity level was multiplied by the 

indicated variable in the equilibrium phase and the simulation phase.  To simulate the 

low LPS-induced IKK activity (Figure 3.9.A), the IKK kinase assay from low LPS 

treated cells (Figure 3.9.C) was quantified and used as the IKK activity input.  

 

Acknowledgements 

 Erika Mathes generated and provided the IκBαAA and IκBαWT expressing 

IκBα-/- and nfkb-/-cells.  Pedro Lee and Colin Jamora provided the keratinocytes.  I 

performed the computational simulations and experiments and Jeffrey Kearns assisted 

with the computational simulations.  This work is published in: O’Dea et. al. (2008) 



 

 

93 

UV is an amplifer rather than inducer of NF-κB. Molecular Cell. 30:362.  I was the 

primary author, J. Kearns a co-author, and Alexander Hoffmann was the 

corresponding author.  



94 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 4: 

Type I Interferons amplify dsRNA induced NF-κB Activity 

via Modulation of IκBα  Synthesis and Degradation 
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Abstract 

 

 The transcription factor NF-κB and the anti-viral cytokine IFNβ are critical 

regulators of the innate immune response to pathogen invasion.  Macrophages respond 

to a variety of pattern associated molecular patterns (PAMPs) by activation of NF-κB 

and induction of type I interferons.  Although many studies have addressed the role of 

NF-κB activity in regulating IFNβ expression, relatively few have examined the 

consequence of type I interferon signaling on NF-κB activity.  Here, we identify a role 

for IFNβ feedback in response to dsRNA in upregulating NF-κB activity.  TLR3 

signaling in response to dsRNA causes type I interferon feedback, which induces the 

cytoplasmic dsRNA receptors PKR and RIG-I.  dsRNA engagement of PKR and RIG-

I mediates the inhibition of protein synthesis, including that of IκBα, as well as 

activation of the IκB kinase (IKK), which drives IκBα degradation.  Although the 

decrease in IκBα synthesis and increase in IKK are independently minimal, in 

combination they mediate a mechanism by which IFNβ in response to TLR3 

synergistically activates NF-κB.  These results provide insight into the multiple means 

by which cells ensure a strong and robust NF-κB response to viral infection. 
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Introduction 

 
 The innate immune system acts to minimize the threat of potentially lethal 

pathogens by using pattern recognition receptors (PRRs) to detect pathogens 

associated molecular patterns (PAMPs) and initiate anti-infection signaling events.  

Upon detection of a pathogen, the first response is a coordinated inflammatory 

reaction that induces cytokines and chemokines to attract innate immune cells that act 

to minimize the spread of infection and eliminate the pathogen.  Activation of the 

transcription factor NF-κB is a critical signaling event for the induction of such 

inflammatory cytokines and chemokines, including the expression of the type I 

interferons.  The induction of interferon signaling is yet another key signaling event of 

the innate immune response, well known to inhibit, or “interfere” with viral 

replication, but also playing a significant role in the inhibition of microbial infection 

(Bogdan 2000).  Whereas the activation of both the NF-κB and interferon pathways is 

a key cellular response to pathogen attack, a high degree of regulation is critical, as 

both pathways have the potential to cause harm and significant disease if left 

chronically activated.  Indeed, the regulation of NF-κB and interferon is stringently 

controlled. 

 Macrophages are professional innate immune defense cells with the ability to 

phagocytose pathogens and pathogen infected cells, and are also primary regulators of 

inflammatory signaling (Medzhitov 2008).  The toll-like receptors, TLRs, recognize 

PAMPs and initiate a complex network of inflammatory signaling events.  Within this 

highly complexed network of signaling proteins, the NF-κB signaling module and the 
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type I interferon signaling system are of primary importance.  Two TLR pathways in 

particular are activators of both NF-κB and type I interferon.  Whereas TLR3 

recognizes viral dsRNA, TLR4 recognizes the bacterial cell wall component 

lipopolysaccharide (LPS).  Both TLR3 and TLR4 signal via the TIR-containing 

adapter inducing-IFNβ (TRIF) protein (Yamamoto et al. 2003).  TRIF signaling 

bifurcates to activate both the IKK-IκB-NF-κB pathway and the TBK1/IKKe-IRF3 

pathway.  Activation of both IRF3 and NF-κB allows for the cooperative 

transcriptional induction type I interferon, IFNβ.  TLR4, but not TLR3, also utilizes 

the MyD88 adaptor protein to signal to and activate the IKK-IκB-NF-κB pathway.   

 TRIF-dependent induction of IFNβ feedback on cells in an autocrine and 

paracrine manner to activates the transcription factor complex ISGF3, comprised of a 

phosphorylated STAT1 and STAT2 heterodimers, and IRF9.  This complex drives the 

expression of the interferon-dependent anti-viral and anti-microbial genes. 

 The NF-κB transcription factor activates hundreds of genes, including several 

chemokines, cytokines, and other inflammatory molecules.  In the resting state, NF-κB 

is inhibited via association with an inhibitor protein, IκBα, IκBβ, or IκBε.  Activation 

of NF-κB occurs by activation of the IκB kinase complex (IKKγ, IKKα, and IKKβ), 

which phosphorylates IκB, resulting in subsequent degradation via the ubiquitin-

proteasome system.  The liberated NF-κB then localizes to the nucleus to activate 

gene expression.  Activated NF-κB not only drives the expression of hundreds of 

inflammatory, anti-apoptotic, and developmental genes, but also those of it’s own 

inhibitor, IκBα in order to terminate its own signaling.  The activation of NF-κB is 
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generally very rapid (within 1 hour) in response to pathogenic or inflammatory 

stimuli.  The duration of NF-κB activity plays a role in the specificity of NF-κB-

driven gene expression programs (Werner et al. 2005), and inappropriate or elevated 

constitutive NF-κB signaling is known to drive cancer initiation, tumor growth, 

metastasis, and chronic inflammatory diseases. 

 The combined activation of IRF3 and NF-κB are required for transcriptional 

activation of the IFNβ gene (Maniatis).  While TLR3 and TLR4 induce both NF-κB 

and IRF3, there are also recently indentified intracellular cytoplasmic dsRNA binding 

receptors shown to induce IFNβ through activation of the IRF3 and NF-κB pathways 

known as the RIG-like proteins (RLRs).  RIG-I and MDA5 bind dsRNA and utilize 

the adapter mitochondrial antiviral signaling protein, MAVS, (also known as VISA, 

IPS-1, or Cardif) to trigger the NF-κB and IRF3 pathways (Kawai et al. 2005; Meylan 

et al. 2005; Seth et al. 2005; Xu et al. 2005), though the mechanistic details of which 

are somewhat unclear.  Similarly to TLR3, MAVS has been shown to signal through 

the TRIF-dependent pathway to relay activation of the IKK complex and TBK1/IKKε. 

 Given that NF-κB and IFNβ play a prominent role in innate immune responses 

and are both induced by both viral and bacterial sensing TLRs, understanding the 

cross-talk between the two pathways is critical to understanding the cellular responses 

to pathogens and how they may be modulated in the context of disease.  Several 

studies to date have addressed the mechanisms of how NF-κB signaling affects Type I 

interferon induction in response to TLRs, yet relatively few have aimed to discern the 

mechanisms by which Type I interferon signaling affects NF-κB activity.  This study 
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investigates the effect of interferon feedback by viral and bacterial signals in 

macrophages on NF-κB activity. 

 

Results and Discussion 

In macrophages late dsRNA-induced NF-κB activity is dependent on type I 
interferon feedback 
  
 To examine how NF-κB activity may be regulated by Type I interferon 

feedback in response to TLRs, we used bone marrow derived macrophages (BMDMs) 

either from wild-type mice or mice deficient in the Type I interferon receptor (ifnar-/-).  

Wild-type (WT) and ifnar-/- BMDMs were treated with poly(I:C) or LPS and the NF-

κB-dependent genes were examined by RNase Protection Assay (RPA) (Figure 

5.1.A).  The NF-κB dependent genes TNFα and IκBα, which are exclusively 

regulated by NF-κB, were induced similarly in the WT and ifnar-/- BMDMs in 

response to LPS, however, in response to poly(I:C), these NF-κB dependent genes 

apparently rely on IFN feedback for full induction.  To determine whether NF-κB 

activity is dependent on IFN in response to poly(I:C), nuclear NF-κB activity was 

measured via electrophoretic mobility shift assay (EMSA).  Whereas in response to 

LPS the NF-κB induction was similar between the WT and ifnar-/- BMDMs, NF-κB 

induction in response to poly(I:C) was similar 1 hour post addition of poly(I:C), yet 

lacking at later time points in the ifnar-/- BMDMs (Figure 4.1.B).  These NF-κB 

activity profiles correlated with the NF-κB-dependent gene expression, and suggest 

that late or prolonged NF-κB activity in response to poly(I:C) is dependent on Type I 

interferon feedback.  
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Figure 4.1. Type I interferon feedback is required for late NF-κB activity in response to 
dsRNA. 
(A) RNAse Protection Assay showing mRNA levels of NF-κB-dependent genes in wild-type 
or ifnar-/- BMDMs treated with 50 µg/mL poly(I:C) or 100 ng/mL LPS. (B) EMSA of nuclear 
showing NF-κB DNA binding activity from wild-type or ifnar-/- BMDMs treated with 
poly(I:C) or LPS. 
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Type I interferon feedback prolongs dsRNA-dependent NF-κB activity via 
combined alteration of IκBα  synthesis and degradation 
  
 To explore the molecular mechanisms of Type I interferon regulation of NF-

κB activity in response to poly(I:C), IKK activity was examined.  In vitro kinase 

assays of immunoprecipitated IKK complexes from WT or ifnar-/- BMDMs show that 

in response to poly(I:C), the initial 1 hour peak of IKK activity is similar, yet there is a 

slight enhancement of IKK activity at 8 (and lesser so at 12) hours in the wild-type 

macrophages (Figure 4.2.A).  As expected, the IKK activity profiles in response to 

LPS between WT and ifnar-/- BMDMs was similar. 

 To computationally explore the effect that the small poly(I:C)-induced IFNAR-

dependent elevation in late IKK activity could have in NF-κB activity, the measured 

IKK activity profiles from poly(I:C) treated WT and ifnar-/- BMDMs were used as 

numeric inputs into the IKK-IκB-NFκB mathematical model, and the resulting NF-κB 

activity profiles were calculated (Figure 4.2.B).  The simulations show that the small 

change in IKK activity results in a small enhancement in late NF-κB activity.  The 

NF-κB activity predicted by the model for the wild-type “WT” simulation compared 

to that for the “IFNAR” simulation does not fully explain the difference in late NF-κB 

activity observed between the wild-type and ifnar-/-  BMDMs (Figure 4.1.B), 

suggesting that another mechanism not involving IKK activity may be regulating the 

late IFN dependent poly(I:C)-induced NF-κB activity. 

 The combined synthesis and degradation of IκBα determines the levels of IκBα 

and thus the activity of NF-κB.  Previous work has show that the inhibition of IκBα 

synthesis can activate NF-κB.  Although low to mid levels of translational inhibition  



 

 

102 

 

 

 

 

 

Figure 4.2. A late increase in IKK activity in response to dsRNA is dependent on type I 
interferon feedback. 
(A) In vitro IKK kinase assay of immunoprecipitated IKKg-complexes from wild-type or 
ifnar-/- BMDMs treated with 100 ng/mL LPS or 50 µg/mL poly(I:C).  (B) Computational 
simulations of NF-κB activity using the poly(I:C) induced IKK activity profiles generating 
from the kinase assays in (A) as inputs for the model.  
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on their own are unable to significantly induce NF-κB activity, in combination with 

low doses of IKK activity NF-κB is synergistically induced (Chapter 3).  

 To investigate whether type I interferon feedback alters IκBα translation, we 

measured IκBα protein synthesis in response to poly(I:C) directly.  WT and ifnar-/- 

BMDMs were treated with poly(I:C) for 8 hours, then pulsed with 35S-labeled 

Methionine, and IκBα was immunoprecipitated to examine newly synthesized IκBα 

levels.  Although the amounts of 35S-Methionine IκBα levels appear to be the same 

between the WT and ifnar-/- BMDMs in response to poly(I:C), the levels of IκBα 

mRNA are significantly higher in the wild-type BMDMs (Figure 4.3.A), indicating 

that poly(I:C) inhibits translation in an IFN-dependent manner.  Indeed, the 

quantitation of the fold induction of synthesis (35S-labeled IκBα) over the fold 

induction of the mRNA level shows that there is a 2.2-fold higher degree of IκBα 

translation in the ifnar-/- BMDMs (Figure 4.3.A, right).  Although the IκBα translation 

is inhibited in WT BMDMs as compared to ifnar-/- BMDMs, the overall synthesis of 

IκBα protein is equal (due to lowered transcription of IκBα in the ifnar-/- 

macrophages), thus indicating that the IFN-dependent elevated IKK activity in the WT 

BMDMs is very important for the elevated NF-κB activity. 

 Indeed, computational simulations of 60% inhibition of IκB synthesis 

beginning at 4 hours and maintaining inhibition through 12 hours, alone does not 

significantly activate NF-κB (Figure 4.3.B, green line).  However, in combination with 

the IKK input generated in Figure 4.2.A (Figure 4.3.B, red line), late NF-κB activity is 

synergistically elevated (Figure 4.3.B, blue line).  These predictions correlate with the 

experimental observations. 
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Figure 4.3. IFNAR dependent translation inhibition by dsRNA inhibits IκBα  translation 
and enhances NF-κB activity. 
(A) WT or ifnar-/- BMDMs were untreated or with 50 mg/mL poly(I:C) for 8 hours, then: top 
panel: pulsed with 100 mCi 35S-Met and IκBα immunoprecipiated and precipitates run on 
SDS-PAGE and imaged by radiography; second and third panel down: RPA measuring IκBα 
mRNA or L32 mRNA as housekeeping gene; bottom panel:p65 was immunoprecipitated from 
the 35S-Met labeled and immunoblot for p65 of the IP performed as a loading control for the 
top panel.  Quantitation of the translation effect of IκBα is shown on the right chart. (B) 
Computational simulations of NF-κB activity using the wild-type IKK activity profile from 
Figure 4.1 (red line), 60% translation inhibition starting at 4 hours (green line), or both the WT 
IKK activity and the translation inhibition together (purple line) as inputs.  
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IFNβ increases dsRNA induced late IKK activity by a TRIF-independent 
mechanism 

  
Whereas type I IFN feedback is important for inhibition of IκBα synthesis, the 

IFN-dependent poly(I:C) induced late IKK activity drives increased degradation of the 

IκBα protein.  The specificity for poly(I:C)-induced NF-κB activity to be sensitive to 

IFN feedback but not LPS led us to investigate whether a TLR3-independent 

mechanism may be utilized by poly(I:C).  To determine whether the TLR3/TRIF-

pathway controls late IFN-dependent IKK and NF-κB activity, BMDMs from wild-

type and trif-/- mice were treated poly(I:C) and NF-κB activity was examined.  In the 

absence of the TRIF pathway, NF-κB activation by poly(I:C) is severely diminished.  

The early 1 hour NF-κB activity is completely lost, but a small amount of late 8-12 

hour NF-κB activity is still observed (Figure 4.4.A, top panel).   

 As the TLR3-TRIF pathway in WT cells also activates IRF3 to induces type I 

interferon, we compared the relative strength of the IFN feedback in the WT and trif-/- 

BMDMs by measuring the activity of nuclear ISGF3 via EMSA.  In the trif-/- BMDMs, 

IFN feedback by poly(I:C) is dampened compared to WT (Figure 4.4.A, lower panel).  

Because the loss of full IFN feedback may result in a loss of the IFN-dependent late 

NF-κB activity by poly(I:C), we sought to determine if adding back IFN to trif-/- 

BMDMs would enhance NF-κB activity by poly(I:C).  Indeed, co-treatment of trif-/- 

BMDMs with poly(I:C) and IFNβ resulted in a significantly enhanced induction of 

NF-κB activity as compared to trif-/- BMDMs treated with just poly(I:C) (Figure 

4.4.B).  Co-treatment of LPS with IFNβ did not affect NF-κB activity as compared to 
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Figure 4.4. dsRNA-induced NF-κB activity is enhanced by IFNβ in through a TLR3-
independent mechanism. 
(A) EMSAs using DNA probes for either NF-κB DNA binding activity or ISGF3 from nuclear 
extracts from WT or trif-/- treated with 50 µg/mL poly(I:C). (B) EMSAs for NF-κB DNA 
bidning activity from trif-/- BMDMs treated with poly(I:C) or LPS or co-treated with 100 
U/mL IFNβ and poly(I:C) or LPS. (C) IP-IKKγ in vitro kinase assay of cytoplasmic extracts 
from trif-/- BMDMs treated with poly(I:C) or co-treated with IFNβ and poly(I:C); Immunoblot 
IKKα (bottom panel) shows equal loading of the lanes. (D) Immunoblots for RIG-I in WT, 
ifnar-/- or trif-/- BMDMs in response to poly(I:C), LPS, or IFNβ.  
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treating with just LPS in trif-/- BMDMs.  Together, these results suggest that poly(I:C) 

induced NF-κB activity is amplified by IFNβ in a TRIF/TLR3-independent manner.   

 In order to determine whether IFNβ enhances the poly(I:C) induced IKK 

activity, IKK kinase activity assays were performed from trif-/- BMDMs treated with 

poly(I:C) or poly(I:C) together with IFNβ.  The addition of IFNβ slightly enhanced 

IKK activity (Figure 4.4.C), demonstrating that IFNβ can enhance IKK activity 

through a TRIF-independent mechanism.  

To further investigate the molecular mechanisms governing the late NF-κB 

activity induced by poly(I:C) that is type I interferon dependent, yet independent of 

the TRIF pathway, we considered that the poly(I:C) added to the cellular media may 

be taken up by the macrophages and activating the intracellular cytoplasmic dsRNA 

receptors.  We also looked at the expression of the cytoplasmic dsRNA receptor RIG-

I, as it is known to not only activate the IRF3 pathway, but also has been reported to 

activate the IKK complex.  Indeed, we observed that RIG-I is inducibly expressed in 

after 8 hours of poly(I:C) or LPS treatment in an IFNAR-dependent manner (Figure 

4.4.D).  In trif-/- BMDMs, 8 hour of poly(I:C) did not induced RIG-I, but co-treatment 

with IFNβ led to strongly upregulated levels of RIG-I (Figure 4.4.D).  These results 

suggest that interferon dependent RIG-I may also play a significant role in the IFN-

dependent poly(I:C) induced late NF-κB activity. 

Our results show that poly(I:C), or dsRNA, utilizes interferon-dependent and  
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Figure 4.5. Schematic of IFNβ mediated feedback to enhance poly(I:C) induced NF-κB 
activity. 
Poly(I:C) (dsRNA) activates the TLR3-TRIF signaling to induce IKK activity and IRF3.  NF-
κB and IRF3 cooperatively induce the expression of IFNβ.  IFNβ feedback induces the 
expression of RIG-I and primes the cells for translation inhibition by dsRNA.  Intracellular 
dsRNA causes translation inhibition and activates RIG-I to enhance IKK activity and further 
activate NF-κB. 



 

 

109 

 
interferon-independent mechanisms to activate NF-κB in a sequential manner.  LPS 

induced NF-κB, however, is independent of interferon feedback (Figure 4.1.B).  

Whereas the TLR3 utilizes TRIF as an adapter, TLR4 uses both TRIF and MyD88  

adapters.  Loss of the TRIF pathway does not have a dramatic effect on LPS (TLR4) 

induced NF-κB activity as the MyD88 pathway is sufficient to activate IKK and NF-

κB (Figure 4.4.B).  In the case of poly(I:C), however, loss of the TRIF pathway results 

in a drastic loss in NF-κB activation and interferon production.  The addition of IFNβ 

back to TRIF-deficient cells rescues the late poly(I:C) induced NF-κB activity, but has 

no effect on LPS induced NF-κB activity.  Together, our results support a model by 

which TRIF-induced signaling provides for the specific ability of dsRNA to induce 

NF-κB activity.   

 The interferon inducible RIG-I cytoplasmic dsRNA sensor and the IFN-

dependent translation inhibition provide a positive feedback loop in NF-κB induction 

to allow for amplified and prolonged NF-κB signaling (Figure 4.5).  Whereas our 

computational simulations predict that IFN-dependent translation inhibition does not 

significantly activate NF-κB on its own, in combination with elevated IKK activity, 

IFN-dependent translation inhibition can synergistically activate NF-κB.  The ability 

of interferon to mediate prolonged NF-κB activity may be a strategy of the immune 

system in ensuring an inflammatory response to virus. 

 

Material and Methods 

Cell culture and reagents 
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 To derive bone marrow derived macrophages the bone marrow from the legs 

of wild-type, tnf-/-, ifnar-/-, or trif-/- mice was extracted, treated with red blood cell lysis 

buffer, then washed 3 times with DMEM containing 10% FCS.  Cells were counted 

with a hemacytometer and plated at 1.5 x 106 cells per 10cm plate in DMEM 

supplemented with 20% FCS, 30% L929 conditioned media, 1% 

penicillin/streptomycin, 1% L-Glutamine, and 0.5% sodium pyruvate.  Cells were 

culture in 37 °C incubator with 5% CO2 and experiments performed on days 7-8.  LPS 

was from Sigma, IFNβ was from PBL InterferonSource, and poly(I:C) was from 

Invivogen.  Antibodies for actin (sc-1615) and IKKα (sc-7184), were from Santa Cruz 

Biotech and antibody for RIG-I was from Cell Signaling. 

 

Electrophoretic Mobility Shift Assay, RNAse Protection Assay, and Western 
Blotting and In Vitro IKK Kinase Assay 
 
 EMSAs for NF-κB and ISGF3, RPA, and IKK kinase assay, were performed 

as described in Chapter 7.  

 

Computational Modeling 

 Version 2.1 of the IKK-IκB-NF-κB model was used for all simulations, using 

the methods described in Chapter 7. For the translation inhibition input in Figure 

4.3.A, all translation rates were linearly ramped down starting at 4 hours and reach 

60% inhibition by 5 hours, then held at 60% inhibition for the remainder of the 

simulation. 
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Chapter 5:  

IFNγ accelerates free IκBα degradation though PA28 

proteasomes to increase NF-κB responsiveness to 

pathogens 
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Abstract 

 The cytokine IFNγ activates macrophages to elicit an anti-viral and anti-

microbial inflammatory response in the innate and adaptive immune system.  The 

priming of macrophages with IFNγ has been reported to have varying effects on the 

induction of NF-κB, a critical transcription factor in regulating the expression of 

several important inflammatory molecules.  Here, we investigate the molecular 

mechanisms of cross-talk between IFNγ and the NF-κB signaling pathway.  We find 

that IFNγ priming of peritoneal macrophages dramatically increases the 

responsiveness of NF-κB activity in response to dsRNA.  IFNγ leads to increased 

expression of the proteasome activators proteins PA28α and PA28β, which mediate 

the degradation of free, or unbound, IκBα.  This primes the cell for enhanced 

responsiveness to inducing signals.  Computational simulations using an IKK-IκB-NF-

κB mathematical model suggest that increased degradation of free IκBα strongly 

enhances NF-κB responsiveness to weak inducers of NF-κB, but has little effect on 

strong inducers.  Experimental results confirm that increased free IκBα degradation 

through PA28 expression more strongly sensitizes NF-κB to weaker signals.  These 

results suggest a novel mechanism by which IFNγ mediates the ubiquitin-independent 

degradation of free IκBα, thus facilitating increased NF-κB responses to pathogenic 

stimuli.  This may represent a novel function of IFNγ and PA28 proteins in increasing 

the cellular potential for an inflammatory response to pathogen attack. 
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Introduction 

 The pleiotropic cytokine and sole member of the Type II class of interferons, 

IFNγ, is a critical regulator of innate and adaptive immune responses.  In response to 

infection, IFNγ is rapidly produced by NK cells and T cells, and exerts its effects on 

immune cells such as macrophages and DCs in a paracrine manner, triggering 

signaling events that initiate immune cell recruitment and a regulated inflammatory 

response.  IFNγ is known to classically activate macrophages towards an “M1” 

inflammatory phenotype, facilitating antimicrobial and antitumorgenic programs, 

upregulating MHC molecules, and enhancing antigen processing and presentation 

(Takaoka and Yanai 2006).  Although it is a critical component of coordinated 

immune responses in mediating a proper host response to infection and preventing 

tumors, aberrant IFNγ production or its overabundance within inflammatory 

microenvironments is detrimental and may contribute to progression of inflammatory 

disease.  As such, anti-IFNγ antibodies are currently being investigated as potential 

treatments for inflammatory autoimmune disorders such as Crohn’s disease, lupus, 

rheumatoid arthritis, and multiple sclerosis (Miller 2009). 

 IFNγ engages a heteromeric IFNγ receptor (IFNGR) composed of two 

IFNGR1 ligand binding chains and two IFNGR2 signal transducing chains, initiating 

the Jak-Stat pathway and culminating in the activation of nuclear phosphorylated 

STAT1 homodimers.  Phosphorylated STAT1 homodimers bind DNA at the 

interferon-gamma activated sequence (GAS) elements to promote the expression of 

interferon-stimulated genes (ISGs) (Schroder et al. 2004).  Included in the long list of 

genes IFNγ upregulates are those involved in antigen processing and presentation.  
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The IFNγ-inducible LMP-2, LMP-7, and MECL-1 proteins diversify the peptides 

generated for antigen presentation by replacing the constitutive β1, β5, and β2 

proteasome subunits and altering substrate cleavage sites (Kloetzel 2001; Rivett et al. 

2001; Kloetzel and Ossendorp 2004).  IFNγ also induces the expression of the 

proteasome activator proteins PA28α and PA28β (also known as REGα and REGβ), 

which replace the 19S proteasome caps and form 11S caps on the 20S proteaseome 

core.  11S proteasome caps allow for ATP- and ubiquitin-independent entry into the 

proteasome, thus stimulating the processing of certain antigens (Preckel et al. 1999; 

Tanahashi et al. 2000; van Hall et al. 2000; Murata et al. 2001).  Although its role has 

been primarily reported to function directly in antigen processing, IFNγ-induced PA28 

proteasomes have also been associated with inhibition of osteoclastogenesis by 

inhibiting receptor activator of NF-κB ligand (RANKL)-induced signaling 

(Takayanagi et al. 2000).  Interestingly, the constitutive and nuclear PA28γ, another 

PA28 proteasome that forms homomeric 20S proteasome caps, was reported to 

mediate ubiquitin-independent proteasomal degradation of the cell cycle regulators 

p21, p16, and p19, as well as the oncogene SRC-3 (Li et al. 2006; Chen et al. 2007; Li 

et al. 2007).   

 IFNγ primes macrophages for responses to pathogenic stimuli, such as LPS 

(Schroder et al. 2006).  Like IFNγ, the transcription factor NF-κB is a critical regulator 

of inflammatory responses in macrophages.  Several reports have demonstrated a 

synergistic response between TLR signals and IFNγ in macrophages (Schroder et al. 

2006).  Some reports have implicated synergistic activation of NF-κB by LPS and 

IFNγ (Held et al. 1999), while others have only observed synergy between LPS and 
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IFNγ in ERK and JNK activation, but not NF-κB (Zhao et al. 2006).  Interestingly, 

IFNγ and TNF have also been reported to synergistically activate NF-κB through 

enhanced IκBα and IκBβ degradation, though the molecular signaling mechanisms of 

this cross-talk is unclear (Cheshire and Baldwin 1997). While there have been widely 

varying reports on the impact which IFNγ may have inflammatory signaling, 

especially via sensors of pathogen associated molecular patters (PAMPs), the toll like 

receptors (TLRs), which recognize LPS or dsRNA, the specific molecular mechanisms 

by which IFNγ modulates NF-κB activity is unclear.  Whereas NF-κB is a critical 

regulator of immune responses, aberrant NF-κB activity, however, is frequently 

associated with chronic inflammatory diseases, including Crohn’s disease, lupus, 

rheumatoid arthritis. Interestingly, high levels of IFNγ in the intestinal tissue from 

Crohn’s disease patients correlated with elevated levels of immunoproteasome 

subunits MECL-1, LMP-2, and LMP-7.  These proteasomes were reported to be 

involved in enhanced degradation of the NF-κB inhibitors IκBα and p105, suggesting 

the immunoproteasome as a mechanism of IFNγ-mediated modulation of NF-κB in 

inflammatory bowel disease, and potentially contributing to the pathogenesis 

(Visekruna et al. 2006).  Given the reported ability of IFNγ to modulate NF-κB 

responses, it is important to understand the molecular mechanisms by which IFNγ can 

alter NF-κB activity and NF-κB activation by TLRs.   

 In the absence of activating signals, NF-κB is inhibited via association with 

and inhibitor protein, IκBα, IκBβ, or IκBε.  Activation of NF-κB occurs when a 

stimulus triggers the activation of the IκB kinase complex, resulting in 
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phosphorylation of the NF-κB-bound IκB and subsequent K48-linked poly 

ubiquitination and proteasomeal degradation.  The liberated NF-κB is then free to 

localize to the nucleus to regulate gene expression.  Activated NF-κB not only drives 

the expression of hundreds of inflammatory, anti-apoptotic, and developmental genes, 

but also those of it’s own inhibitor, IκBα, in order to terminate its own signaling and 

prevent potentially detrimental prolonged signaling. 

 The coordinated synthesis and degradation of IκB controls NF-κB activity.  

IκBα is bound to NF-κB is the resting state in the absence of activating signals.  NF-

κB-bound IκBα is degraded exclusively via IKK-mediated phosphorylation and 

subsequent ubiquitin-proteasome mediated degradation (O'Dea et al. 2007; Mathes et 

al. 2008).  Free IκBα, or IκBα that is not bound to NF-κB makes up 15% of the total 

cellular pool of IκBα, and, in contrast to bound IκBα, is degraded in an IKK- and 

ubiquitin-independent yet proteasome dependent mechanism, with a 5-10 minute half-

life in resting cells (Rice and Ernst 1993; O'Dea et al. 2007; Mathes et al. 2008). 

 Inflammatory microenvironments contain several different cell types.  How 

NF-κB responsiveness in macrophages may be affected in an inflammatory 

microenvironment is important to understand in the context of developing therapeutic 

regimes and understanding how and where in pathways to target.  The homeostatic 

state or microenvironment indeed drastically affects the responsiveness of NF-κB to 

different signals (O'Dea et al. 2008).  Given that IFNγ can activate macrophages, 

potentially changing their homeostatic or long-term state, and given the reports of 

cross-talk between IFNγ and NF-κB, we decided to investigate the molecular 
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mechanisms by which IFNγ can alter NF-κB responsiveness in macrophages to 

different types of pathogenic stimuli. 

 

Results 

IFNγ pretreatment enhances NF-κB responsiveness to poly(I:C) in peritoneal 
macrophages 
  
 The effect of IFNγ signaling on NF-κB dependent gene expression by 

poly(I:C) and LPS was examined in thioglycollate elicited peritoneal macrophages 

(TEPMs).  TEPMs were cultured with or without IFNγ for 24 hours, then exposed to 

poly(I:C) or LPS, and the expression of NF-κB-dependent genes was measured by 

RNase Protection Assay (RPA).  The ability for LPS to induce the NF-κB dependent 

genes RANTES, IκBα, MCP-1, and TNF was unaffected by IFNγ pretreatment 

(Figure 5.1.A).  In contrast, poly(I:C) weakly activated NF-κB dependent genes, but 

this was significantly enhanced by pretreatment with IFNγ.  To directly evaluate the 

effect of IFNγ on LPS or poly(I:C) induced NF-κB activity, TEPMs cultured with or 

without IFNγ were treated with LPS or poly(I:C) and nuclear extracts were measured 

for NF-κB activity by electrophorectic mobility shift assay (EMSA) (Figure 5.1.B).  

Interestingly, whereas IFNγ pretreatment did not affect LPS-induced NF-κB activity, 

IFNγ pretreatment strongly enhanced the NF-κB responsiveness to poly(I:C).  This 

IFNγ-dependent NF-κB activation by poly(I:C) correlates with the observed NF-κB 

dependent gene expression. 
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IFNγ does not affect IKK activity or protein synthesis  

 To begin to examine how IFNγ affects NF-κB responsiveness to poly(I:C), we 

asked whether IFNγ alters IKK activity and subsequently IκBα degradation by 

poly(I:C).  To determine whether IFNγ affects IKK activity, TEPMs were cultured 

with or without IFNγ for 24 hours, then treated with poly(I:C) or LPS, and the IKK 

complex immunoprecipitated and its kinase activity measured by in vitro kinase assay.  

IFNγ did not increase IKK activity on its own (0 time points + and – IFNγ) nor did it 

alter LPS or poly(I:C) induced IKK activity (Figure 5.2.A), suggesting that the ability 

of IFNγ to enhance poly(I:C)-induced NF-κB activity is not at the level of IKK. The 

higher induction of IKK activity by LPS as compared to poly(I:C) correlates with 

LPS’s ability to more strongly activate NF-κB in the absence of IFNγ.   

 Interferons inhibit translation of viral and cellular mRNAs.  As stress-

responsive decreases in translation can alter IκBα levels and thus enhance NF-κB 

activity, we tested IFNγ for its ability to inhibit protein synthesis in TEPMs.  TEPMs 

were treated with IFNγ and then pulsed with 35S-methionine at different times to 

compare bulk protein synthesis rates. Specific IκBα synthesis was measured in 

immunoprecipitated IκBα from 35S-Met labeled pulsed IFNγ- treated extracts (Figure 

5.2.B).  Bulk protein synthesis was not affected by IFNγ treatment, indicating that 

IFNγ enhancement of poly(I:C)-induced NF-κB activity is not mediated via translation 

inhibition.    
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Figure 5.1. IFNγ pretreatment of peritoneal macrophages enhances poly(I:C)-induced 
NF-κB activity. 
(A) RNAse Protection Assay showing mRNA levels of NF-κB-dependent genes in TEPMs 
after stimulation with either 10 µg/mL poly(I:C) or 10 ng/mL LPS. (B) EMSAs showing NF-
κB DNA binding activity of nuclear lysates from TEPMs cultured in the presence or absence 
of 10 U/mL IFNγ for 24 hours then treated with 10 µg/mL poly(I:C) or 10 ng/mL LPS. 
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Figure 5.2. IFNγ does not affect IKK activity or translation. 
(A) In vitro kinase assay of immunoprecipitated IKK complex from cytokplasmic extracts of 
TEPMs cultured in the presence or absence of 10 U/mL IFNγ then treated with 10 mg/mL 
poly(I:C) or 10 ng/mL LPS for the indicated times. (B) TEPMs were treated with IFNγ for the 
indicated time and then pulsed with 100 uCi/mL 35S-Met for 10 mintues.  Protein extracts 
spotted on Whattman paper and 35S-Met incorporation measured by scintillation count. 
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IFNγ induces degradation of free IκBα  

 Whereas NF-κB-bound IκBα is degraded through IKK-mediated 

phosphorylation and the ubiquitin-proteasome system, free IκBα is degraded 

independently of IKK activity, through a ubiquitin-indpendent, proteasome-dependent 

mechanism.  To determine whether IFNγ affects the stability of free IκBα, MEFs  

deficient in the NF-κB proteins known to bind IκBα, RelA, c-Rel, p50 (termed “nfkb-/-

“), were treated with IFNγ and the IκBα levels were tracked by immunoblotting.  

IFNγ treatment of nfkb-/- cells resulted a reduction of cellular IκBα (Figure 5.3.A).  To 

verify that IκBα synthesis is not inhibited by the IFNγ pre-treatment in these cells, 

addition of the proteasome inhibitor MG132 added after 24 hours of IFNγ rescued the 

IκBα level, whereas addition of MG132 to cells treated for 4 hours with the ribosomal 

inhibitor CHX did not rescue IκBα levels (Figure 5.3.A).  This data suggests that 

IFNγ signaling enhances the proteasomal degradation of free IκBα. 

 

The IFNγ induced PA28α  and PA28β proteasome activators can mediate free 
IκBα  degradation  
 
 As the degradation rate of free IκBα has been shown to tune NF-κB 

responsiveness (Mathes et al. 2008; O'Dea et al. 2008), the increased degradation of 

free IκBα represents a potential mechanisms of enhancing NF-κB responsiveness to 

poly(I:C) in macrophages.  To begin investigating the mechanism of IFNγ-induced 

degradation of free IκBα, we considered the IFNγ-inducible proteasome activator  
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Figure 5.3. IFNγ induced degradation of free IκBα and expression of PA28α and PA28β. 
(A) Western Blot for IκBα of whole cell extracts from nfkb-/- 3T3s treated with 1000 U/mL 
IFNγ for the indicated times (top panel). nfkb-/- 3T3s were treated with IFNγ for 24 hours or 
CHX for 4 hours, then MG132 for 30 minutes at the end of the time course, and IκBα levels 
measured in whole cell extracts by Western Blotting. (B) TEPMs were treated with 10 U/mL 
IFNγ and PA28α and PA28β levels measured in whole cell extracts by Western Blotting (top 
panels).  nfkb-/- 3T3s were treated with 1000 U/mL IFNγ and PA28β levels measured in whole 
cell extracts by Western blotting. (C) PA28α and PA28β encoding vectors or empty vectors 
(EVs) were retrovirally transduced in nfkb-/- 3T3s and IκBα levels measured in whole cell 
extracts by Western blotting. 
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subunits PA28α and PA28β.  PA28α and PA28β form 11S caps on the 20S 

proteasome core to allow for ubiquitin-independent entry into the proteasome.  

Importantly, free IκBα, unlike NF-κB-bound IκBα is degraded in an ubiquitin-

independent and 20S-proteasome-dependent manner. 

 Indeed, IFNγ treatment increased PA28α and PA28β expression in both 

TEPMs and nfkb-/- MEFs (Figure 5.3.B).  As the induction of PA28α and PA28β 

correlated with the degradation of free IκBα, and because free IκBα is degraded in a 

ubiquitin-independent manner, we considered that PA28α and PA28β expression may 

cause degradation of free IκBα.  Strikingly, stable overexpression of PA28α and 

PA28β in nfkb-/- MEFs led to decreased levels of free IκBα (Figure 5.3.C), suggesting 

that increasing the expression of PA28α and PA28β can increase degradation of free 

IκBα.  

 

IFNγ-mediated degradation of free IκBα  sensitizes NF-κB to weak activating 
signals 
 
 IFNγ-induced PA28 may increase IKK-independent IκBα degradation and thus 

increasing NF-κB responsiveness, however, this does not explain why increased 

degradation of free IκBα by IFNγ would mediate signal specificity in sensitizing NF-

κB activation to poly(I:C) and not LPS (Figure 5.1.B).   

 To explore the effect of increasing free IκBα degradation on different types of 

NF-κB inducing signals, computational simulations using the IKK-IκBα-NFκB 

mathematical model were performed.  Simulations were run with different constitutive 
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rates of free IκBα degradation (x-axis) for unfolded protein response (UPR) 

(inhibiting translation rates by 60% starting at time zero), LPS (a numerical IKK 

activation curve), or TNF (a numerical IKK activity curve) and the peak NF-κB 

activity over an 8 hour time course for each simulation was calculated 

and plotted as a fold change over the peak activity of wild-type (where wild-type is 

“1x” free IκBα degradation) (Figure 5.4.A).  Whereas increasing the free IκBα 

degradation had little change on the peak NF-κB activity in response to TNF or LPS, 

it caused a significant increase in peak NF-κB activity in response to UPR.  These 

simulations predict that increased free IκBα degradation sensitizes NF-κB to weak 

stimuli, with little effect on strong stimuli such as TNF.  

 Much like UPR-inducing agents, UV radiation is a known weak activator of 

NF-κB, causing translation inhibition that allows for depletion of IκBα through its 

constitutive turnover and slow, weak induction of NF-κB.  Consistent with the 

computational simulations pretreatment with IFNγ increased the NF-κB response to 

UV in wild-type immortalized MEFs (Figure 5.4.B).  To test whether increased 

exrpression of PA28α and PA28β is sufficient to alter NF-κB responsiveness to UPR, 

immortalized wild-type MEFs were retrovirally transduced with PA28α and PA28β.  

Overexpression of PA28α and PA28β in wild-type MEFs increased the NF-κB 

response to thapsigargin as compared to the empty vector control (Figure 5.4.C).  The 

NF-κB response to the strong IKK activator, TNF, however, was unaffected by the 

overexpression of PA28α and PA28β, correlating with the computational predictions 

that stronger inducers of IKK activity are not sensitive to increased free IκBα 

degradation (Figure 5.4.C).  
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 To further test whether the PA28 proteins play a role in NF-κB responsiveness 

to UPR, wild-type or the triply deficient pa28α−/−β−/−γ−/− MEFs were treated with 

thapsigargin to induce UPR (Figure 5.4.D).  Interestingly, MEFs deficient in the PA28 

proteins showed lower constitutive and thapsigargin inducible NF-κB activity, 

suggesting that PA28 proteins are responsible for destabilizing IκBα and thus 

controlling NF-κB responsiveness to weak NF-κB inducing signals. 

 The computational simulations predicted that weaker stimuli of NF-κB would 

be more sensitive to the effect of IFNγ on free IκBα degradation.  As LPS is a much 

stronger inducer of IKK and NF-κB activity in TEPMs (Figure 5.1.B and 5.2.A), it is 

plausible that a lower dose of LPS would give lower activation of IKK and NF-κB, 

and thus may become more sensitive to the effects of IFNγ.   

 Indeed, and in contrast to high dose LPS, the NF-κB response to low dose LPS 

was significantly elevated by pretreatment with IFNγ (Figure 5.5.A).  The increased 

responsiveness of NF-κB to low dose LPS after pretreatment with IFNγ correlated  

with NF-κB dependent gene expression also becoming sensitive to IFNγ pretreatment 

when treating cells with a lower concentration of LPS (Figure 5.5.B). Together, these 

data strongly support a model in which IFNγ primes cells for enhanced NF-κB 

responses to weak stimuli by altering the metabolism of IκBα. 
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Figure 5.4. Increased free IκBα degradation enhances NF-κB responsiveness to weak 
inducers.  
(A) Computational simulations of peak NF-κB activity in response UPR (60% translation 
inhibition), LPS (a medium level of IKK activity), or TNF (a high level of IKK activity) over 
an 8 hour time course at different equilibrium levels of free IκBα degradation.  Peak NF-κB 
activity is plotted as fold change over the basal level for each simulation. (B) EMSA for NF-
κB DNA binding activity of nuclear lystaes from wild-type 3T3 MEFs were treated with 1000 
U/mL IFNγ for 24 hours or left untreated, then treated with 40 J/m2 UVC radiation for the 
indicated times. (C) EMSAs for NF-κB activity of nuclear extracts from wild-type 3T3 MEFs 
retrovirally transduced with PA28α and PA28β or empty vectors (EVs) treated with 400 nM 
thapsigargin or 1 ng/mL TNF for the indicated times. (D) EMSA for NF-κB activity of nuclear 
extracts from pa28α/β/γ+/+ or pa28α/β/γ-/- 3T3s treated with 400 nM thapsigargin for the 
indicated times. 
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Figure 5.5. IFNγ sensitizes NF-κB to low doses of LPS. 
(A) EMSA of nuclear extracts from TEPMs pretreated with or without 10 U/mL IFNγ then 
treated with 0.1 ng/mL LPS (“LPSlow”) or 10 ng/mL LPS (“LPShi”). (B) RPA for NF-κB-
dependent gene from TEPMs pretreated with or without IFNγ and treated with 1 ng/mL LPS 
or 100 ng/mL LPS.   
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Discussion 

 In this study, we find that IFNγ remarkably enhances NF-κB responsiveness to 

poly(I:C) in peritoneal macrophages.  IFNγ also enhances NF-κB responsiveness weak 

inducers such as UV radiation and low dose LPS.  IFNγ causes the degradation of free, 

unbound IκBα, and this correlates with IFNγ-induced expression of the proteasomeal 

activators PA28α and PA28β.  Ectopic overexpression of PA28α and PA28β causes a 

depletion of free IκBα, suggesting that IFNγ-induced PA28α and PA28β may be 

causative of IFNγ-mediated free IκBα degradation.  Ectopic overexpression of PA28α 

and PA28β in MEFs also enhances NF-κB responsiveness to DTT and thapsigargin, 

ER stress agents and weak inducers of NF-κB.  Computational simulations predict that 

increased free IκBα degradation enhances NF-κB responsiveness to normally weak 

activators.  Together, these data suggest that IFNγ-mediated PA28α and PA28β drives 

free IκBα degradation to increase NF-κB responsiveness to weak inducers but 

maintain normal signaling to inflammatory signals.   

 We find that increasing IKK-independent free IκBα degradation acts to 

enhance the cellular responsiveness to certain types of signals.  Why would the cell 

devise a mechanism by which strong signals are unaffected, but weak signals are 

enhanced?  Our simulations suggest that the NF-κB system is quite resistant to low 

doses of weakly activating signals, but that robustness is lost under conditions of 

increased free IκBα degradation (Chapter 3).  IFNγ exposure therefore, by increasing 

IKK-independent degradation of IκBα, may have a tuning effect on NF-κB responses.  

 PA28α- and PA28β-capped proteasomes represent a potentially novel 

mechanism of IκBα degradation.  Recent work has uncovered a striking difference in 
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the molecular mechanisms NF-κB-bound and free IκBα degradation:  Whereas bound 

IκBα is degraded exclusively by the IKK-triggered phosphorylation and ubiquitin-26S 

proteasome mechanism, the mechanism of free IκBα degradation has been much more 

elusive.  It is well established that free IκBα is degraded independently of IKK and 

ubiquitin, yet it was unclear how free IκBα could still be degraded by the proteasome 

without ubiquitination.  The ability of PA28α and PA28β-capped proteasome to allow 

for ubiquitin-independent polypeptide entry into the 20S proteasome is a possible 

answer to this paradox.  Although PA28α and PA28β induction by IFNγ has been 

primarily associated with antigen processing, it is not unlikely that an increase in 

PA28 capped proteasome affects endogenous cellular signaling proteins.  In this study, 

we find that overexpression of PA28 expression facilitates increased free IκBα 

degradation.  Whether  PA28α and PA28β directly target IκBα for degradation or if it 

is through an indirect pathway remains to be investigated.  The effect of IκBβ and 

IκBε in response to IFNγ and PA28 expression IκBβ and IκBε also remain to be 

investigated, as well as how PA28 proteasomes may be recruiting specific non-

ubiquitinated polypeptides for degradation. 

 In contrast to NF-κB’s function in fighting infection, enhanced IκBα 

degradation by IFNγ can be disease promoting and detrimental in inflammatory 

environments.  Considering the mild phenotype of PA28 deletion in mice (Preckel et 

al. 1999; Murata et al. 2001; Yamano et al. 2008), IFNγ-induced PA28α and PA28β 

expression may represent a potential target for reducing NF-κB –dependent 

inflammation with mild effects.  By not targeting the more common (and critical) 

pathways, such as IKK-mediated degradation of NF-κB-bound IκBα or IFNγ itself, the 



 

 

130 

cell would retain its responsiveness to alarming threats or infections, but alleviate the 

increased level of constitutive NF-κB in an inflammatory environment, as well as 

regaining robustness to weak signals (thus preventing aberrant, unwanted activation to 

small cellular stressors).  

 

Materials and Methods 

Cell culture and reagents 

 To generate peritoneal macrophages, 2 mL of thioglycollate was injected into 

the peritoneum of wild-type mice, and 3.5 days later cells were extracted with PBS 

from the peritoneum.  Cells were treated with red blood cell lysis buffer (eBioscience) 

and washed 3 times with PBS, then plated in 10% FCS containing DMEM 

supplemented with 1% Penicillin and L-Glutamine.  The nfkb-/- MEFs are described in 

Chapter 2.  pa28α-/-β-/-γ-/- immortalized MEFs were a generous gift from Tomoki 

Chiba.  IFNγ was from Roche Diagnostics, poly(I:C) was from Invivogen, LPS was 

from Sigma, and Thapsigargin was from Calbiochem.  UV irradiation was performed 

as described in Chapter 3.  35S-Methionine was from MP Biomedical.  Antibodies for 

IκBα (sc-371), actin (sc-1615), tubulin (sc-12840), and PA28β (sc-23642) were from 

Santa Cruz Biotech, and PA28α antibody was from Enzo Life Sciences. 

 

PA28α and PA28β cloning and retroviral transduction 

 PA28α and PA28β were PCR amplified from mouse cDNA using the primers 

5’-CGGAATTCATGGCCACACTGAGGGTCCAT-3’ and 5’-
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TCCGGTCGACTCAATAGATCATTCCCTTGGTTTC-3’ for PA28α and 

5’CGGAATTCATGGCCAAGCCTTGTGGG-3’ and 5’-

TCCGGTCGACTCAGTACATCGATGGCTTTTC-3’ for PA28β.  Amplified PA28α 

and PA28β were then cloned into pBABEzeo and pBABEhygro, respectively, using 

EcoRI and SalI.  For the retroviral transduction, a pBABE construct and pCLEco were 

transfected into 293T cells using calcium phosphate.  40 hours post-transfection, 

filtered supernatant was added to nfkb-/- or wild-type immortalized MEFs with 

polybrene.  For the sequential transduction of PA28α and PA28β, MEFs were 

transduced with pBABEhygro_PA28β and selected using hygromycin B (Invitrogen), 

followed by transduction with pBABEzeo_PA28α and selected using zeomycin 

(Invitrogen).   

 

Electrophoretic Mobility Shift Assay, RNAse Protection Assay, and Western 

Blotting and In Vitro IKK Kinase Assay 

 EMSA, RPA, IKK kinase assay, and Western Blotting were performed as 

described in Chapter 7. 

 

Computational Modeling 

 Version 2.1 of the IKK-IκB-NF-κB model was used for all simulations, using 

the methods described in Chapter 7. 
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Chapter 6:  

Conclusions and Future Directions 
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 Cellular signal transduction pathways maintain their integrity and ability to 

respond to external signals through highly dynamic protein interactions.  This could 

be, for example, the constitutive activity of an enzyme, constitutive gene expression or 

repression, maintenance of a protein’s cellular localization, protein degradation, or a 

number of other processes. Several signaling pathways utilize highly dynamic 

homeostatic mechanisms that confer their responsive nature to inducing stimuli.  The 

p53 and β-catenin pathways rely on constitutive kinase activity to keep the respective 

proteins at low levels and thus signal responsive, the HIF pathway relies on 

constitutive hydroxylation, and all three pathways rely on constitutive ubiquitination.  

On a single cell level, different steady-state levels of signaling proteins can pre-

determine whether a cell enters apoptosis (Spencer et al. 2009).  The activities and 

levels of such signaling proteins in networks is thus a critical determinant of how a 

cell will respond to a particular signal or change in environment. 

 We show here the mechanisms by which NF-κB is regulated in the absence of 

signaling, and how the control over these mechanisms determines the degree to which 

NF-κB can be activated.  We find that the NF-κB system is designed such that it is 

remarkably resistant to weak or metabolic stressors, but that alteration to the steady-

state pathways governing IκB synthesis and degradation can allow for significant loss 

of this resistance.  

 In Chapter 2, computational models of the NF-κB signaling system with 

different fluxes of IκB demonstrated a role for a seemingly high and wasteful amount 

of synthesis and degradation of IκB proteins.  The high turnover of IκB appears to be 

important in providing resistance to small perturbations to the system.  This is likely 
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an important role of the system, as one can imagine that cells encounter a great deal of 

perturbation in growth factors which may affect IKK activity, or metabolic changes 

that may affect protein synthesis.  NF-κB must be able to resist activation in response 

to these types of potential inducers in order to prevent aberrant activation and 

subsequent pathogenesis.  However, designing experiments to conclusively 

demonstrate this predicted role for the high IκB flux might be challenging, but 

important in the future.  Situations in which the IκB flux is misregulated in tumor cells 

or inflammatory conditions will be of particular interest. 

  In Chapter 3 we explore the role of translation inhibition as an inducer of NF-

κB activity.  While we found that translation inhibition by UV does little in healthy 

cells to activation NF-κB (due to the resistant nature of the IκB-NF-κB system), we 

uncovered synergistic cross-talk between translation inhibition and IKK activity in 

activating NF-κB.  Though it has yet to be functionally demonstrated, one can 

speculate that the synergistic activation of NF-κB by translation inhibition and IKK 

activity may act to override the translation inhibition of the NF-κB target genes and 

may thus have a compromising effect on ribotoxic chemotherapeutics.  This work was 

extended and provided a basis for the work in Chapter 4, in which dsRNA can induced 

both translation inhibition and IKK activation in an interferon-dependent manner to 

prolong NF-κB signaling.  This work has implications in the role of interferon 

signaling and NF-κB signaling in response to virus.  Future work will look to explore 

the physiological role of this prolonged NF-κB activity in response to virus. 

 The finding that IFNγ induces the degradation of free IκBα is another 

mechanism by which alterations to steady state signaling (considering the long term 
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presence of IFNγ in a microenvironment) sensitize NF-κB to weak inducers.  In this 

regard, PA28 proteins, due to their apparent role in free IκBα degradation represent a 

potential drug target for the control of IFNγ-mediated inflammation.  More 

biochemical work is currently needed to understand the mechanistic detail by which 

PA28 mediated free IκBα degradation.  Interestingly, constitutive levels of PA28α and 

PA28β may mediate the constitutive (IFNγ-independent) degradation of free IκBα.  It 

is not currently known how free IκBα is targeted for ubiquitin-independent 

degradation, but the work in Chapter 5 would indicate that the PA28 proteasomes 

likely play a significant role.  Further, other targets of PA28 proteasomes may be 

identified and shown to play a critical role in signaling. 

 The rapid degradation of IκBα in NF-κB signaling plays a significant role in 

the conclusions of this dissertation, whereby the high IκB flux is mediated by the 

instability of free IκBα, and the instability of free IκBα is critical to UV-, ER stress-, 

and interferon mediated amplification of NF-κB.  If PA28 proteasomes are directly 

involved in free IκBα turnover, it will be of interest to investigate how the varied 

expression of PA28 proteasomes in different cell types affects NF-κB responsiveness.   

 This dissertation emphasizes the importance in understanding the mechanisms 

maintaining the homeostatic pathways of a network in order to understand how a 

signal in transmitted, and ultimately how a cell will behave.  As network of proteins in 

diseased cells likely have different steady-state rates due to genetic, stochastic, or 

environmental changes, signal transduction may be significantly different.  Thus, 

understanding how the alterations to the steady state may affect signal propagation 

may have large implications for therapeutic intervention. 
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Chapter 7: 

Materials and Methods 
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The following materials and methods were used throughout the work described 

here.  Materials and methods specific to each study are described at the end 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, 1%  penicillin and 

streptomycin, and 1% L-glutamine at 5% CO2, 37°C.  To derive bone marrow derived 

macrophages the bone marrow from the legs of wild-type, tnf-/-, ifnar-/-, or trif-/- 

mice was extracted, treated with red blood cell lysis buffer, then washed 3 times with 

DMEM containing 10% FCS.  Cells were counted with a hemacytometer and plated at 

1.5 x 106 cells per 10cm plate in DMEM supplemented with 20% FCS, 30% L929 

conditioned media, 1% penicillin/streptomycin, 1% L-Glutamine, and 0.5% sodium 

pyruvate.  Cells were culture in 37 °C incubator with 5% CO2 and experiments 

performed on days 7-8. To generate peritoneal macrophages, 2 mL of thioglycollate 

was injected into the peritoneum of wild-type mice, and 3.5 days later cells were 

extracted with PBS from the peritoneum.  Cells were treated with red blood cell lysis 

buffer (eBioscience) and washed 3 times with PBS, then plated in 10% FCS 

containing DMEM supplemented with 1% Penicillin and L-Glutamine. 

 

Electrophoretic Mobility Shift Assay (EMSA)  

 For EMSAs of nuclear extracts from MEFs: MEFs were scraped in ice cold 

Phosphate Buffered Saline (PBS) + 1mM EDTA and collected into a microcentrifuge 
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tube and pelleted at 2000xg.  Cells were resuspended in 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 NE Buffer 

[250mM Tris (pH 7.8), 60mM KCl, 1mM EDTA, 1mM DTT, 1mM PMSF], and lysed 

by 3 freeze-thaw cycles.  For EMSAs of nuclear extracts from macrophages: 

macrophages were washed with ice cold PBS, and Buffer A [ 10 mM HEPES (pH 

7.9), 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 4 

µg/mL leupeptin, 0.001 mM Pepstatin A, 0.01 TIU/mL aprontinin] added directly to 

the cells.  Cells were scraped into a microcentrifuge tube, incubated on ice, then 

brought up to 0.5% NP-40, vortex for lysis, and pelleted at 2000xg.  Supernatant (CE) 

removed and nuclear pellet resuspended in Buffer C [20 mM HEPES (pH 7.9), 420 

mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol, 1 mM DTT, 0.5 mM 

PMSF, 4 µg/mL leupeptin, 0.001 mM Pepstatin A, 0.01 TIU/mL aprontinin,], chilled 

on ice with vortexing, and cleared by 13000xg centrifugation.  Protein concentrations 

were normalized via Lowry or Bradford Assay.  For the NF-κB EMSA, 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 
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excess) was used to normalize for loading variability.  The same procedure was used 

for the ISGF3 EMSA with the following exceptions:  The reaction was carried out in a 

low salt binding buffer: 10mM Tris-Cl (pH 7.5), 10% glycerol, 1% NP-40, 1mM 

EDTA, 0.1µg/µl polydI:dC, and the P32-labeled oligo contained the sequence: 

GATCCTCGGGAAAGGGAAACCTAAACTGAAGCC 

 

In Vitro IKK Kinase Assay (IKK KA) 

 Cytoplasmic lysates were isolated from cells using the buffer [10mM HEPES-

KOH (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], (for the 

macrophages the following protease inhibitors were also added: 4 µg/mL leupeptin, 

0.001 mM Pepstatin A, 0.01 TIU/mL aprontinin), and were normalized via Lowry 

Assay.  Cytoplasmic extracts were precleared with Protein G agarose-conjugated 

beads (Amersham Biosciences) for 1hr at 4°C.  Precleared extracts 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 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 

resolved by 10% SDS-PAGE and was visualized and quantitated by PhosphorImager 

(Molecular Dynamics).  To normalize kinase activities, proteins from a portion of the 
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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 MEFs, BMDMs, or TEPMs using Trizol 

(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 and/or GAPDH housekeeping 

genes. 

 

Computational Simulations 

 Simulations were done in Matlab version 2007a (Mathworks) using the built-in 

ode15s solver at default settings.  Specific inputs and alterations to each model used 

are described in each chapter. 
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