
U N I V E R S I T Y  O F

LIVERPOOL

Stimulus-dependent dynamic regulation

of NF-kB Signalling

Thesis submitted in accordance with the requirements of the University of 

Liverpool for the degree of Doctor in Philosophy by

Kate Sillitoe

2008



“ Copyright © and Moral Rights for this thesis and any 
accompanying data (where applicable) are retained by the 

author and/or other copyright owners. A copy can be 
downloaded for personal non-commercial research or study, 

without prior permission or charge. This thesis and the 
accompanying data cannot be reproduced or quoted 
extensively from without first obtaining permission in 

writing from the copyright holder/s. The content of the 
thesis and accompanying research data (where applicable) 

must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the 
copyright holder/s. When referring to this thesis and any 

accompanying data, full bibliographic details must be given, 
e.g. Thesis: Author (Year of Submission) "Full thesis title", 
University of Liverpool, name of the University Faculty or 

School or Department, PhD Thesis, pagination.” 



Declaration

This thesis is the result of my own work, unless otherwise stated, and is based upon 

results from experiments performed as a PhD student between October 2004 and 

September 2007 in the department of Biological Sciences within the University of 
Liverpool.

Neither this thesis nor any part of it has been submitted in support of an application of 

another degree or qualification of this or any other University or other institute of 
learning.

Kate Sillitoe 

July 2008



Acknowledgements

Here we go with the list of thank yous then...........

I would like to thank my supervisors for their help over the course of my PhD, Prof. 
Mike White and Dr. John Unitt. It all worked out in the end! Thanks also to Dave 
Spiller who I must have asked the same microscope questions to on numerous 
occasions until some of the answers have finally stuck!

Thanks to everyone who has passed through Mike’s group over the past few years 
whilst I have been doing my PhD and those who are still here, (In alphabetical order 
so as not to upset anyone!) Antony, John, Louise (especially for our Saturdays with 
La Tasca dinners!), James, Claire, Cath, Caroline, Steph, Daniel, Dhanya, Rachel, 
Pawel, Sheila, Violaine, David and I apologise now for anyone I’ve forgotten. 
Additional thanks to the new members of Mike’s group for their good wishes over the 
final stages.

Thanks also go to Astrazeneca and the BBSRC for funding this research.

Mum and Dad, thank you for your encouragement and for doing my ironing!! Also 
thanks to Howard for never letting me forget that unfortunately, I am a science geek! 
Finally, thank you to Chris for helping me to keep a sense of perspective and for 
giving me a good excuse to have most weekends off.

Thanks again to you all

Kate



Stimulus-dependent dynamic regulation of NF-kB Signalling Kate Sillitoe

Abstract

The NF-kB transcription factor family plays key regulatory roles in a number of 

critical cellular processes such as inflammation, the cell cycle and apoptosis. It is 

becoming clear that there is an extremely complex system of spatial and temporal 

regulation of this pathway which we are still yet to fully understand.

Here it is illustrated how regulation of the nuclear translocation of the transcription 

factor N F - kB  (p65) is tightly controlled by a mechanism involving a number of other 

proteins in the N F -kB  signalling system. These control systems are differentially 

selected for use by the cell in order to allow stimulus-specific regulation of the 

nuclear translocation of the transcription factor. Single cell confocal microscopy 

analysis in particular has been used to examine the stimulus dependence of N F - k B  

transcription factor dynamics and to measure any signal-specific effects of other 

proteins on these dynamics. The responses of the classical Ik B s, a, p and s, the 

precursor proteins, p i00 and p i05 and the ubiquitin modifying enzyme A20 have 

been examined following stimulation with different inflammatory ligands as well as 

their potential regulatory effects on the translocation of p65. The effects of the other 

N F - k B  transcription factor proteins p50 and RelB on the temporal regulation of p65 

in response to different stimuli has also been considered.

We see here how differential selection or activation of regulatory proteins by 

different signals can be used by the cell as a way of generating different transcription 

factor dynamics. These dynamics may be a system by which at least in part the cell 

can generate different transcription profiles in order to respond in the manner required 
due to activation by a specific signal.
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Chapter 1 Introduction Kate Sillitoe

1.1 Overview of cellular signalling

In order for cells within an organism to sense and adapt to changes in their 

environment, complex signalling systems have evolved. Signalling occurs both 

intracellularly and between the cells of an organism. Cell to cell signalling often 

involves synthesis of molecules, which are released and induce intracellular signals 

within other cells of the organism. The transduction of an extracellular signal most 

frequently involves the binding of a molecule to its corresponding receptor on the cell 

surface that in turn causes the activation of an intracellular signalling cascade. Cells 

have the ability to respond to a wide ranging variety of signals (e.g. cytokines, 

chemokines, hormones, DNA damage) and the correct response can potentially be a 

matter of life or death for a cell. With this in mind, it is therefore unsurprising that the 

complex signalling cascades within mammalian (and other) cells are tightly regulated 

by an intricate network of proteins working both together and antagonistically to fine 

tune cellular responses. Some of the major events, which are particularly stringently 

controlled within cells by elaborate signalling networks, include the inflammatory 

response, the determination of cell fate and the cell cycle. Any lapse in the control of 

a response to events such as these can potentially lead to, chronic inflammatory 

diseases such as arthritis or uncontrolled replication resulting in cancer.

Many signalling networks maintain homeostasis within the cell by inducing 

transcription factor activation and consequent activation of new genes and generation 

of new proteins, which help in the response of the cell to a given signal. One 

signalling system which leads to transcription factor activation is the NF-kB 

signalling pathway where NF-xB-dependent transcription is induced in response to 

many signals in order to help maintain the cell cycle, regulate programmed cell death 

and also play a crucial role in a number of steps of the inflammatory response. The 

NF-kB family of transcription factors will be discussed further later in this chapter.

- 2 -
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1.2 The inflammatory response

One complex cellular event, which relies on cell signalling to initiate, sustain and 

terminate it, is the inflammatory response. The inflammatory response is a 

complicated immune response in which cells within an organism attempt to 

counteract the effects of, and remove invading pathogens, damaged cells and other 

irritants. The response is a normal and highly beneficial response of an organism as a 

defence mechanism to infection and is characterised by pain, redness, swelling and 
heat at the site of a response.

Tissue resident haematopoietic cells (e.g. mast cells or macrophages) or the stromal 

or epithelial cells of an infected tissue produce inflammatory signals (e.g. IL-8) to 

recruit neutrophils to the site of the infection. Subsequently other leukocytes 

including monocytes are recruited to the site and it is at this stage the key 

inflammatory symptoms become apparent (Baldwin, 2007). The inflammatory signals 

generated by the recruited immune cells now have the ability to activate NF-kB in 

many cell types including themselves and the response is propagated by transcription 

of more pro-inflammatory signals e.g. TNFa. Other transcription factors are also 

activated in this response and each can play a role in the progression and termination 

of the inflammatory response. Such a powerful physiological response can become 

harmful if its regulation is disturbed and chronic inflammatory disorders result when 
termination of the inflammatory response does not occur correctly.

1.3 Overview of the NF-kB signalling system

Since its first description in 1986 (Sen and Baltimore, 1986) the N F - kB  

transcription factor has been discovered to play active roles in most cell types and to 

have a number of important functions. It was originally so called as it was observed as 

an immunoglobulin enhancer-binding factor which binds the B site in the k  enhancer

-3 -
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in k producing B cells. We now know however that there are many more functions of 

NF-kB transcription factors than this single role. Critical functions of NF-kB include 

roles in the regulation of inflammation, development of the immune system, apoptosis 
and the cell cycle amongst others.

NF-kB is a transcription factor that exists as a dimer of proteins from the highly 

conserved Rel/NF-xfi protein family. The members of this transcription factor family 

are, p65 (RelA), RelB, c-Rel, pl00/p52 (processing to produce smaller protein) and 

pl05/p50 (Gilmore, 2006). These proteins can form homodimers or heterodimers, the 

majority of which are transcriptionally active, although some complexes (e.g. 

p50:p50) have repressor functions due to their ability to bind DNA and occupy kB 

sites but inability to activate transcription. NF-kB transcription factors are 

predominantly held inactive in the cytoplasm by their inhibitor proteins which mask 

their nuclear localisation sequence (NLS). Inhibitors of NF-kB are known as IkBs and 

there are many, the most well known of which is IkB<x. These inhibitory proteins 

sequester NF-kB in the cytoplasm, thus preventing NF-kB translocation to the nucleus 

until such time that a stimulus activates the pathway. When the signalling cascade is 

triggered by one of the many stimuli to which it is responsive then these inhibitory 

proteins are phosphorylated leading to their subsequent ubiquitination and 

degradation allowing activation of NF-kB dependent gene transcription by the newly 

released transcription factors. NF-kB is responsible for the transcription of many 

genes and can be activated by over 150 identified and varied stimuli including 

cytokines chemokines, bacterially derived factors and U.V. light (Beyaert, 2003; Pahl, 

1999). Different stimuli are often classified as activating one or other branch of the 

two primary pathways of NF-kB activation, the canonical and non-canonical 

pathways. These two directions through which NF-KB-dependent transcription can be 

activated differ due to involvement of different dimeric combinations of the family 

members and the two pathways can have many distinct and overlapping functions.

- 4 -
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1.4 Activation pathways of NF-kB

The NF-kB pathway is often separated into two key activation pathways (the 

canonical and non-canonical pathways) (Hoffmann and Baltimore, 2006), although it 

is also possible to classify three principal pathways of NF-kB activation, the 

canonical pathway, the non-canonical (also known as the alternative) pathway and the 

pi 05 pathway (Beinke and Ley, 2004), (Gilmore, 2006). Each pathway plays a 

different role in NF-kB signalling although their functions do overlap.

The canonical pathway is essential in inflammation, other immune responses and 

the promotion of cell survival. It is characterised as the pathway in which IkB oc is 

degraded to allow the release of p65/p50 or c-Rel/p50 heterodimers in response to 

activation by cytokines such as TNFa or IL-1 (Perkins, 2007). This pathway is 

therefore reliant on the IKK complex for its activation as Ik B oc degradation is 
dependent on it’s phosphorylation by IKK.

The non-canonical pathway is primarily involved in secondary lymphoid 

organogenesis, the maturation of B cells and adaptive humoral immunity. Unlike the 

canonical pathway, which is activated by an extensive group of agonists, only a 

limited number of agonists including LTp and BAFF have the ability to activate this 

pathway. The non-canonical pathway is dependent on NIK and IKKa and stimulates 

the processing of p i00 to p52 causing a subsequent movement of RelB/p52 

heterodimers into the nucleus (Hoffmann and Baltimore, 2006).

The third identified pathway of NF-kB activation is the p i05 pathway which has a 

specific role in the immune and inflammatory responses mediated by NF-kB (Beinke 

and Ley, 2004). Activation of this pathway by agonists such as TNFa, IL-1 and LPS 

causes the classical IKK complex to phosphorylate the PEST region of p i05 causing 

a consequent polyubiquitination of pi 05 and thus its inevitable degradation by the 26s 

proteasome. This degradation of p i05 releases homodimers of p50 which, following 

translocation into the nucleus can either positively or negatively regulate the 
expression of certain genes.
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Stimulus-e.g 
TNFot or LPS

B

Figure 1.1 Schematic representations of (A) the canonical and (B) non-canonical 
pathways of NF-kB activation. ((P)=phosphate)

- 6 -



Chapter 1 Introduction Kate Sillitoe

The canonical pathway is the best characterised of the three and is probably the 

principal activation pathway of NF-kB, although in response to most stimuli more 

than one of these pathways is likely to be activated. NF-kB is a highly complicated 

signalling system and this division of it into three distinct parts is somewhat arbitrary 

especially given the potential level of overlap between the three pathways.

1.5 NF-kB and inflammation

1.5.1 The role of NF-kB transcription factors in the inflammatory response

NF-kB is a key regulator in the inflammatory response. It plays crucial roles in the 

initiation (O'Neill, 2002) (e.g. by induction of pro-inflammatory cytokine 

transcription), perpetuation (through positive feed-back loops) and termination of the 

inflammatory response (often by inducing apoptosis) (Lawrence et al., 2001). NF-kB 

is in fact the most critical regulator of transcription in the inflammatory response, a 

status achieved due to it being involved in nearly every step of the initiation and 
progression of a response.

In the initial stages of an inflammatory response NF-kB induced cytokines help 

with the recruitment of effector cells. NF-kB also plays a role in the expression of 

adhesion molecules whose up-regulation assists in the extravasation of leukocytes 

from the circulation to the site of the infection and inflammatory response. The 

secondary recruitment of neutrophils also has an NF-kB dependent element as the 

survival of this cell type requires NF-kB activation (Cheah et al., 2005). The 

transcription of other key mediators of local inflammation are also dependent on NF- 

kB including prostaglandins, leukotrienes and matrix metalloproteases (Baldwin, 

2007). In addition to the roles in initiation and propagation of the response as 

discussed, we also see a role for this family of cell signalling proteins in the 

termination of this response. Termination of the response is particularly important as
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without it chronic inflammatory diseases such as arthritis may develop. Many 

pathways are involved in the termination of the inflammatory response but the roles 

of NF-kB in this process include tolerance following repeated exposure to LPS by 

induction of non-transcriptionally active p50 homodimers and suppression of pro- 

inflammatory genes by BCL-3. In addition Lawrence et al., have suggested that 

termination of the NF-kB p65 (or c-Rel) response can be brought about by 

degradation of promoter bound p65 (or c-Rel) mediated by IKKoc in response to LPS 

challenge (Lawrence et al., 2005). To understand more fully the way in which the 

NF-kB pathway functions in an inflammatory response would allow more effective 

drug targeting to treat chronic inflammatory conditions. Many of the anti

inflammatory drugs currently used for treatment of these conditions cause inhibition 

of NF-kB in a relatively non-specific manner. As the pathway has so many crucial 

physiological roles in addition to its role in the inflammatory response then these 

therapeutics have significant issues regarding their side effects and general safety in 
both the long and short terms.

1.5.2 The role of NF-kB signalling in specific inflammatory diseases

The role of NF-kB in some chronic inflammatory diseases has been intensively 

investigated. In particular rheumatoid arthritis and atherosclerosis have been 

extensively studied and have been shown to have NF-kB involvement in a number of 

pathogenic steps of the diseases where NF-kB stimulating factors are up-regulated. 

For example, in the case of rheumatoid arthritis, NF-kB is continuously activated by 

high levels of IL-6 (Miyazawa et al., 1998) and TNFa (Lehmann et al., 2000) which 

occur in this condition. These high cytokine levels occur due to production by 

activated macrophages that have invaded the synovium in the affected joint. The 

persistent activation of NF-kB prevents the termination of the inflammatory response 

thus contributing to the development of rheumatoid arthritis.
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Atherosclerosis, which often manifests as heart attack and stroke, is a multi-step 

chronic inflammatory disease where atherosclerotic lesions are formed over time 

under the control of cytokines, chemokines, growth factors and adhesion molecules. 

These mediators are involved in the recruitment and proliferation of immune cells, 

the proliferation of endothelial cells in the vessel walls and the migration of smooth 

muscle cells to the intima of the vessel. The role of NF-kB in the regulation of many 

of these key mediators suggested the involvement of NF-kB in the formation of 

atherosclerotic plaques. It is indeed the case that high levels of NF-kB activation 

have been measured within cells forming atherosclerotic lesions (Brand et a l, 1996).

1.5.3 Therapeutics targeted at the NF-kB pathway

The prevalence of chronic inflammatory disorders has made understanding them 

and ways to treat them an important area of research. In recent years a number of the 

pharmacological strategies designed to treat these diseases have targeted NF-kB. The 

concept behind these is to inhibit NF-kB activity in order to suppress chronic 

inflammation. The research in this area has identified a group of at least 785 agents 

both natural and chemical which have the ability to interfere with one or more steps 

of the NF-kB signalling pathway in order to regulate NF-kB activity (Gilmore and 

Herscovitch, 2006). Agents such as salicylates, thalidomide and gold can inhibit IKK 

activity, mesalamine inhibits phosphorylation of p65 and glucocorticoids and 

atorvastatin induce synthesis of IkBoc. Proteasome inhibitors can also be used in 

order to prevent degradation of IkBcx (and other IkBs) and thus maintain cytoplasmic 

sequestration of NF-kB. These agents have been tested in a variety of disease models 

such as rheumatoid arthritis, inflammatory bowel disease, psoriasis, multiple 

sclerosis, asthma and atherosclerosis (Lawrence et a l, 2001). Although there are a 

number of mechanisms which could be exploited to inhibit NF-kB activity, presently 

most success has been gained in targeting factors in the signalling pathway that in 

one way or another will keep NF-kB associated with IkB. This may occur by
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increased synthesis of IkB  or inhibited degradation of Ik B  by preventing its 

phosphorylation by directing drugs at the IKKs or by direct targeting of the 

proteasome. From the pharmacologically active drugs that have already been 

developed it appears that the IKKs may be the most important target for anti

inflammatory agents directed against NF-kB but targeting of the IKKs may 

inevitably lead to significant side effects.

1.6 The NF-KB/Rel family of proteins

1.6.1 Overview

p65

RelB

c-Rel

■-< 11 1 1Rel homolog) domain
Domain

Rei homology domain runsacm ation
Domain

k ,> n i n i i  diMt\  111 11M M U innw nwm in1i w i  iiui iHHi 'UN u o m a m
D o m a i n

551 amino acids

579 amino acids

619 amino acids

pl05

p50

plOO

p52

Ankryin Repeat domain 

.--------------- ^ -------------

Rel homology domain

Rel homology domain

Rel homology domain

■  ■ ■ ■ ■ ■ ■ ■ _ 969 amino acids

433 amino acids

933 amino acids

Rel homology domain
■ ■ ■ H M

454 amino acids

Figure 1.2 The structure of the NF-kB (Rel) protein family members. The
illustration above indicates the presence and location of Rel homology domains, 
ankryin repeats and transactivation domains.

The NF-kB family of proteins is a group of highly conserved, structurally related 

proteins. The identified members of the family to date are p65 (Rel A), Rel B, c-Rel, 

pl05/p50 (NF-kB 1) pl00/p52 (NF-kB2) in mammals with homologous proteins also
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found in other species including dorsal, dif (homologous to p65, RelB and c-Rel) and 

relish (long precursor molecule homologous to p i00 or p i05) in Drosophila. The 

evolutionary consented nature of the NF-kB pathway illustrates the critical role it 

plays in the cell as although somewhat differently regulated, many of the proteins 

across the entire signalling network can be seen to have homologues in Drosophila 
(Silverman and Maniatis, 2001).

Members of this protem family each have a Rel homology domain (RHD) which is 

a structurally conserved N-terminal region consisting of 300 amino acids. The RHD 

serves a number of purposes including mediating dimerisation, DNA-binding and 

interactions with members of the IkB family of proteins (Ghosh, 2007). An NLS is 

contained within the RHD sequence, which is recognised by nuclear import 

machinery. In addition, the family members also contain an ankryin repeat motif 

required for Rel protein interactions and a PEST sequence which is thought to be 

involved in protein degradation (Beg and Baldwin, 1993). p65, Rel B and c-Rel are 

all potentially transcriptionally active proteins following their production. pl05 (NF- 

kBI) and plOO (NF-kB2) however are produced as long precursor molecules that 

must be cleaved to give their smaller transcriptionally active forms of p50 and p52 

respectively, p i00 and p i05 (i.e. the precursor forms) are in fact often classed as 

members of the IkB family due to their ability to retain active NF-kB family members

in the cytoplasm by forming inactive complexes. Cleavage of the precursor proteins is 
a constitutive event.

The NF-kB family of proteins form both homodimers and heterodimers with 

some combinations occurring more often than others and some having a transcription 

repressor role rather than the more common transcription activator function. Some are 

also thought to exist as inactive complexes (Kunsch et al., 1992). The most common

(in many cell types) and best-characterized form of NF-kB is the p65/p50 
heterodimer.
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1.6.2 Dimérisation and DNA binding of NF-kB transcription factors

Figure 1.3 Dimeric combinations of NF-kB signalling proteins. This schematic 
illustrates the possible combinations of NF-kB subunits. X represents combinations 
unable to bind DNA or activate transcription. -  represents repeated combinations and 
hashed boxes represent dimers with the ability to bind DNA but not activate 
transcription. All other combinations have the capability to both bind DNA and 
activate transcription.

The ability of NF-kB transcription factors to form different dimeric combinations 

allows the 5 NF-kB transcription factors to form many different homo- or 

heterodimeric complexes. The two monomers which make up the transcription factor 

complex are each responsible for contact with half of the DNA binding site (kB site) 

and thus can only activate transcription in the dimeric form when full contact can 

occur (Kunsch et al., 1992). NF-kB transcription factors formed from any 

combination of the possible monomers bind a 10 base pair consensus sequence, 5 ’ 

GGGGYNNCCY 3 . The variant sequences of this consensus which can occur can be
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preferentially recognised and bound by different NF-kB dimers. This can potentially 

allow differential expression of gene subsets in response to different stimuli by 

activation of appropriate NF-kB dimeric complexes (Kunsch et al., 1992).

1.6.3 p65

p65, also known as RelA is the NF-kB transcription factor subunit about which 

most is known. This is in part due to its role in the most abundant and best-studied 

NF-kB transcription factor dimer, a complex of p65:p50. Depending on it’s 

phosphorylation state, p65 can act as a transcription activator by the recruitment of 

p300/CBP but can also recruit HDACs and thus repress transcription under certain 

conditions (Campbell and Perkins, 2004). The importance of p65 within the cell is 

illustrated in p65 ' mice. When the gene encoding the p65 protein is ‘knocked out’, 

this leads to embryonic lethality at 15-16 days of gestation, an event which occurs due 

to a massive degeneration of the liver by apoptosis (Beg et al., 1995; Gerondakis et 

al., 2006). Embryonic fibroblasts derived from p65'A mice are defective in the 

production of messenger RNAs for IkBcc and some other genes when induced by 

TNFa, however basal levels of these transcripts are unaltered. This indicates that the 

NF-kB p65 protein plays a critical role in the control of inducible transcription 

although perhaps not such a significant role in basal transcription. Other important 

observed defects in transgenic mice with this genotype include, impaired secondary 

lymphoid organ development, defects in the recruitment of leukocytes, T-cell- 

dependent responses and isotype switching to IgG3. It also causes phenotypic defects 

m epidermal homeostasis and spatial learning responses. The lethal effect of 

disruption of the gene encoding p65 and the numerous other defects caused illustrates 

its essential role within the cell and shows that despite the potential for functional 

redundancy in a large family of transcription factors such as this we can see that at 
least some of the roles of p65 are distinct and critical.
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p65 like many other NF-kB proteins is regulated by post-translational 

modifications. It can be amongst other things, phosphorylated and acetylated, 

modifications, which help to control its translocation and transcriptional activity. This 
will be discussed further in sections 1.6.8 and 1.6.9.

1.6.4 c-Rel

c-Rel is a proto-oncogene which like p65 and RelB contains a potent C-terminal 

transactivation domain. c-Rel plays an important role in immune function as is 

illustrated by the fact that the highest levels of c-Rel are present in lymphocytes, 

myelomonocytic cells and erythroid cells in foetal and adult haematopoietic organs 

(Gerondakis et al., 2006). Although at lower levels, c-Rel can still be found in many 

other cell types suggesting there is also likely to be additional, as yet undiscovered 
non-haematopoietic functions of this protein.

Disruption of the locus encoding the c-Rel protein is not an embryonic lethal 

mutation. This however is not to say that this deletion does not have significant 

effects on a number of cellular processes. c-Rel knock-out mice have proliferative and 

response defects in T-cells and B-cells and can be seen to produce lower amounts of a 

number of cytokines including, TNF-alpha, GM-CSF and IFN-y (Gerondakis et al., 

2006; Gerondakis et al., 1996; Kontgen et al., 1995) as well as defects in the survival 

of neurons. Like p65 and RelB, c-Rel undergoes post-translational phosphorylation 
which exerts control over its ability to activate transcription.

The avian oncogene v-Rel is the single gene product of the avian Rev-T retrovirus 

and is an extensively mutated version of c-Rel, which retains limited homology to c- 

Rel and the Drosophila protein dorsal. In addition to a number of internal mutations, 

v-Rel is missing 2 N-terminal amino acids and 118 C-terminal amino acids of c-Rel 
and instead has viral envelope derived amino acids in their place.
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1.6.5 pl05/p50

pi 05 is a large precursor protein which can be processed by limited proteolysis to 

give the NF-kB p50 subunit. The gene which encodes this protein is termed the nficbl 

gene which is the reason why we sometimes see pi 05 referred to as NF-kB 1. nftdbl'/' 

mice have multiple immune cell defects including enhanced proliferation of NK cells 

and defects in B (Sha et al., 1995) and T cells and macrophages (Gerondakis et al., 

2006). These phenotypic abnormalities are not however lethal to the mice.

The processing of pi 05 to p50 is a constitutive process which does not increase or 

decrease in response to stimulation (Lin et al., 1998). The exact mechanism for this 

constitutive proteolysis remains unclear as there are suggestions of limited proteolytic 

processing but also some evidence to suggest that endoproteolytic cleavage of the 

molecule occurs directed by the GRR and thus releasing p50 in this way. The 

mechanism of limited proteolytic processing occurs when ubiquitination of p i05 by 

an unidentified ubiquitin ligase promotes degradation of the C-terminal end of the 

protein. The GRR acts as a stop signal to prevent the proteolysis of the RHD and thus 

leave intact p50 molecules. The role of endoproteolytic cleavage in p i05 processing 

remains unclear as C-terminal fragments of pi 05 have yet to be detected in human 

cells. If this event does occur then it is thought that the proteasome may cleave the 

protein in a process promoted by the GRR leaving p50 and a C-terminal fragment that 

is degraded by the proteasome (Beinke and Ley, 2004). There is also evidence to 

suggest co-translational production of p50 (Lin et al., 1998) but this contrasts with 

work from a number of groups that has demonstrated a clear precursor-product 

relationship between pl05 and p50 (Moorthy et al., 2006). The exact physiological 

roles of each of these mechanisms still remains unclear and each may play a more or 
less important role under different cellular conditions.

Agonist stimulation leads to full degradation of p i05 (Heissmeyer et al., 1999) as 

opposed to the partial processing of the constitutive mechanism. Ligands such as LPS 

and TNFa cause phosphorylation of pi 05 by the IKK complex which is recruited by 

association with the death domain of p i05. This phosphorylation at serine 927 and
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serine 932 leads to the subsequent ubiquitination of pl05 at multiple lysine residues 

and ultimately its degradation (Cohen et a l, 2004). The degradation of P105 leads to 

the release of p50 homodimers which now translocate to the nucleus and can either 
repress transcription or, in tandem with BCL-3 or IkBÇ, activate it.

The p50 N F - kB  subunit is most often found in the ‘classical’ p65:p50 heterodimer. 

This subunit can be differentially used by the cell in response to specific conditions; it 

can activate transcription in transcriptionally active complexes with other N F - kB  

family members or repress transcription by forming transcriptionally inactive 

homodimers. The ability of the homodimers to associate with the nuclear IkBÇ and 

BCL-3 however can antagonise this repressor function. Transgenic knock-out mice 

lacking the p50 subunit of NF-kappa-B have multifocal defects in immune responses

(Sha et a l, 1995) illustrating again the important roles of these NF-kB proteins in 
organisms.

1.6.6 RelB

RelB is another N F -k B  subunit with a C-terminal transactivation domain and plays 

its major roles in the non-canonical or alternative pathway of activation. It’s primary 

roles appear to be in the development of secondary lymphoid organs and the function 

of certain types of immune cells. RelB is the only member of the N F -kB  transcription 

factor family that is unable to form homodimers. It can form transcriptionally active 

complexes and is thought to be used primarily in later occurring or sustained 

transcription rather than being involved in the more rapid primary responses of NF- 

kB . The non-canonical pathway activation of RelB appears to lack the strong negative 

feedback loops that act on other activated N F -k B  proteins such as p65. The apparent 

lack of a strong negative feedback regulation has been suggested at least in part to be 

due to the lack of affinity for RelB containing dimers by the classical Ik B s, a, p and e 

(Hoffmann and Baltimore, 2006) which appear to be able to exert strong dynamic
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control on the pathway. Instead Re IB often associates with pi 00 which in this 
situation can play an inhibitory role.

In RelB mice, there are a number of phenotypic defects, none of which are lethal 

at the embryonic stage. These defects include a complex inflammatory phenotype and 

haematopoietic abnormalities (Burkly et al., 1995; Weih et al., 1995), defects in 

secondary lymphoid structure and problems with a number of cell types of the 

immune system (Gerondakis et al., 2006). The mutant mice are of normal appearance 

at birth but show signs of illness within the first 2-6 weeks and many die prematurely. 

This emphasises the key role of RelB in the correct development of the immune

system. Like other NF-kB subunits RelB can also be phosphorylated in order to 
modulate its activity.

1.6.7 pl00/p52

The gene which encodes pl00/p52 is termed the nfkb2 gene and is the coding 

sequence for the precursor p i00 and the smaller product p52. nficb2 'A mice are viable 

but suffer defects in the development of secondary lymphoid organs and B cells and 

enhanced function of dendritic cells (Caamano et al., 1998; Gerondakis et al., 2006).

The main role of the functional precursor protein pi 00 is as the inhibitor of RelB in 

the alternative pathway of NF-kB activation. It can however form dimers with other 

NF-kB subunits. Like pl05, plOO is composed of an inhibitory ARD C-terminus but 

an amino-terminal end of in this case the NF-kB p52 subunit. There is potential for 

degradation of this protein due to the presence of a C-terminal destruction box which 

is IKK responsive (as in pi 05) and it is likely that a complete degradation of this large 

protein occurs following agonist stimulation. Processing of this protein is now 

thought to be a constitutive, co-translational mechanism which causes processing of 

the newly produced protein before the p i00 has time to fold. One piece of evidence 

for this hypothesis is that processing of p i00 requires new protein synthesis as is
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shown by a lack of processing in cells with cycloheximide treatment (Mordmuller et 

al, 2003). p 100 processing occurs by phosphorylation of a number of serine residues 

which marks the protein for ubiquitination and subsequent partial proteolysis by the 

26s proteasome. This proteolysis allows IKKa-dependent production of p52 from the 

larger precursor which can dimerise with, amongst others Re IB. Heterodimers of p52 

and RelB are particularly important in the regulation of chemokine genes during 

organisation of the secondary lymphoid organs. Processing of p i00 is a constitutive 

mechanism which is tightly controlled to limit the amount of p52 produced. In some 

transformed cells it has been found that there is elevated levels of p i00 processing 

although it is not fully clear what role this defect may play in the transformation.

The smaller p52 protein is able to form homodimers which suppress transcription 

like homodimers of p50 due their ability to occupy k B  sites and yet inability to 

activate transcription. Like p50, p52 homodimers can also associate with the nuclear 

IkB s , IkBÇ and BCL-3 which can alter their activity.

1.6.8 Phosphorylation of NF-kB transcription factors

An important method of regulation which exists with the NF-kB signalling system 

is the phosphorylation of rel proteins by a variety of kinases. These phosphorylations 

can affect factors such as the transcriptional activity or protein stability. Many 

phosphorylated residues have been characterised in p65 but less thus far within RelB 

or c-Rel and a number of different kinases including the IKKs have been shown to 

phosphorylate these proteins on specific residues (Topic reviewed in Perkins, 2006).

Phosphorylation of p65 occurs in the cytoplasm and nucleus on numerous residues 

induced by a variety of kinases. The majority of p65 phosphorylations serve to 

modulate the transcriptional activity of the protein. Serine phosphorylations at ser529 

and ser536 stimulate transactivation of p65 and the transcriptional activity of p65 can 

also be modulated by phosphorylation at serine residues 205, 276, 281, 311 and 468. 

Phosphorylation of p65 at threonine residues such as Thr505, 435 and others have
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been implicated in inhibiting p65 transactivation (Rocha et a l, 2005; Yeh et a l, 

2004). It is particularly interesting to note that Anrather et al (Anrather et al., 2005) 

found that phosphorylation at ser205 of p65 can exert stronger transactivation at some 

promoters compared to others. This shows how complex the functions of these 

phosphorylations are and how they may have different roles under different 
conditions and therefore may not be simple on/off switches.

We must also consider the kinases responsible for these phosphorylations, some are 

mediated by IKKp but many are not and IKKa, PKAc, MSK, PKCÇ, IKKe, GSK3p, 

CK2 and RSK1 have also been shown to phosphorylate p65 at specific residues 

(reviewed in (Perkins, 2006)). Much in this field still remains unclear and some 

phosphorylation sites of p65 are phosphorylated by kinases which are still unknown. 

It is also interesting to note that different kinases have been shown to phosphorylate 

the Rel proteins at the same residues in response to different stimuli. This suggests a 

potential mechanism for stimulus-dependent control of this system. An example of 

this is the phosphorylation of serine 276 of p65, which is phosphorylated in the 

cytoplasm by PKAc (protein kinase A) or in the nucleus by MSK 1/2 (mitogen and 

stress activated protein kinase 1 or 2) dependent on stimulation by LPS or mTNFa, 
respectively (Viatour et al, 2005).

Our knowledge of phosphorylation of RelB is limited although phosphorylation 

sites have been identified at serine 368 which plays a role in dimérisation and also at 

Thr84 and Ser552. The kinases responsible for these phosphorylations have yet to be 

identified. Phosphorylation of c-Rel at serine 267 (PKA), Ser454 (unknown kinase), 

Ser460 (unknown kinase) and serine 471 (possibly PKCÇ or NIK but remains unclear) 

can also help to modulate the transcriptional activity of this Rel protein.

It is highly likely that many more phosphorylation sites exist within RelB and c- 

Rel (and possibly p65) that may help to regulate their activity, but have yet to be 

identified. Although putative functions for many of these Rel protein 

phosphorylations have been suggested, it will be interesting to see as knowledge 

progresses, the effects of different combinations of these phosphorylations, as the
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complexity of the NF-kB system is unlikely to have simple individual functions for 
these phosphorylation events.

1.6.9 Other modifications of NF-kB transcription factors

Acetylation, nitrosylation, oxidation, ubiquitination and proline isomerisation are 

also used to fine tune the regulation of Rel transcription factors. p65 can undergo all 

of these modifications but as yet only phosphorylation of RelB and phosphorylation, 

oxidation and ubiquitination of c-Rel have been detected. Of all of these 

modifications, acetylation is one of the most important. In response to stimulation, 

e.g. TNFa, acetylation of p65 occurs due to the activity of the histone acetyl 

transferase (HAT) primarily at lysine residues, 218, 221 and 310 (Schmitz et a l, 

2004). This acetylation affects the ability of p65 to bind DNA and thus activate 

transcription and also its ability to associate with IicBa. The deacetylation of p65 by 

HDAC 3 reduces the potential of p65 to activate gene transcription. The post- 

translational modifications of Rel proteins also have effects on each other as it has 

been shown that phosphoiylation of p65 on serine 276 or 536 enhances acetylation of 

p65 on lysine 310. Reduced acetylation of this residue can lead to decreased 

expression of some NF-kB responsive genes (Chen et a l, 2005). Acetylation can also 

occur on a number of lysine residues of the NF-kB p50 subunit (Beyaert, 2003). 

Other modifications of Rel proteins can also play important roles in regulating these 

proteins as they can have effects on their degradation (ubiquitination of p65 or c-Rel) 

(Ryo et a l, 2003) or stabilisation and nuclear localisation (Pin-1 mediated proline 

isomerisation of p65) (Ryo et a l, 2003) amongst others. Many of the modifications of 

Rel proteins still have effects which are not fully clear and many of the enzymes 
involved in these modifications remain unidentified.
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1.7 IkBs- the inhibitors of NF-kB transcription factors

1.7.1 Overview
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Figure 1.4 Structure of the IkBs. The schematic illustrates the basic structure of the 
s. Ankryin repeats are shown as are glycine rich regions (GRR) and PEST regions 

(domains rich in proline (P), glutamate (E), serine (S) and threonine (T)).

The role of the IkB (inhibitor of NF-kB) protein family is to regulate the activity of 

NF-kB most often by sequestering the members of the transcription factor family in 

the cytoplasm. Currently there are at least 8 identified mammalian IkB family 

proteins. They are IkBcc, IkBP, IkBs, IkBy, IkB £  BCL-3 and the precursor proteins

P105 and plOO (Gilmore, 2006) . The IkB family all contain a region of ankyrin 

repeats which is essential for them to be able to interact with members of the Rel/NF-

kB  family. Homologous proteins exist in other organisms such as the Drosophila 

protein cactus which is homologous to the m a m m a lian Ik B s .

The principal mechanism by which NF-kB is regulated is by control of the location 

of NF-kB transcription factors within the cell. IkB can affect the localisation of NF-
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kB  by binding to it and in doing so masking the nuclear localisation sequence of the 

transcription factor, thus sequestering it in the cytoplasm. Ik B  proteins bind to the Rel 

homology domains of N F -kB  which prevents D N A  binding by the transcription factor 

withm the nucleus. Degradation of the IkB s and consequent activation of N F -kB  is 

stimulated by phosphorylation of IkB s . The degradation of IkB s is dependent on the 

phosphorylation of the molecule on highly conserved serine residues in the N -  

terminal regulatory region of the proteins. This phosphorylation marks the protein for 

constitutive (Yaron et al., 1998) ubiquitination an E3 ubiquitin ligase and results in 

degradation of the protein by the 26S proteasome. An active N F -kB  dimeric complex 

is free to translocate to the nucleus in order to stimulate N F -kB -dependent genes 

(Baeuerle and Henkel, 1994; Siebenlist et al., 1994).

Originally it was thought that the presence of more than one of these Ik B  molecules 

was indicative that they would each associate with a different subset of N F -k B  

molecules in order to allow the pathway to follow different courses (Inoue et al., 

1992). However the discovery that IkB oc and Ik B P  in fact interact with all of the same 

rel subunits suggested this was not the case. There are however other differences 

between the IkB s , which allows some divergence within the pathway. For example, 

the activation of IicBa and IkB P  occurs at different times as they respond differently 

to different inducers of N F -kB . Some inducers will elicit a rapid and transient 

response by activation of hcBa only, but others will induce a more lasting response 

by activation of both IicBa- and Ik B P - containing complexes (Thompson et al., 

1995). The duration of the response mediated by each of these proteins is different 

because activation of N F -kB  will cause transcription of Ik B oc but IkB P  levels are 

unable to rise again until attenuation of the N F - kB  activation signal occurs. Other 

IkB s such as BCL-3 and IkB<  ̂ are found in the nucleus and appear to play a role in 

transcription activation rather than suppression (Bates and Miyamoto, 2004).
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1.7.2 IkBoc

The most well known member of the IkB  family is Ik B oc which was the first to be 

identified and characterised (Beg and Baldwin, 1993) and much of the research into 

IkB  signalling has involved this protein (Thompson et al., 1995). IkB  a  strongly binds 

to and inhibits p65- and c-Rel-containing dimeric complexes although it can bind

other combinations but is less efficient at sequestering some such as homodimers of 
p50.

Ik B oc i s  phosphorylated by the IKK complex on serine residues 32 and 36 within 

its N-terminal region following cellular stimulation. This phosphorylation marks the 

protein for ubiquitination by an E3 ubiquitin ligase called (3TrCP on lysine residues 

21 and 22 of the protein. Ik B oc is then degraded by the 20S proteasome and NF-kB 

transcription factors can now be released to translocate to the nucleus. The system 

ensures optimum responsiveness to an incoming signal by the IKK complex showing

a preference for phosphorylating IkB oc which is complexed with N F -k B  (Beyaert, 
2003).

In unstimulated conditions IkB a  shuttles constitutively to the nucleus where it can 

prevent DNA binding by NF-kB dimers and return them to the cytoplasm. NF-kB- 

IkB complexes cannot translocate into the nucleus as a whole but instead the two 

molecules must dissociate and undergo separate nuclear import (Birbach et al., 2002)

before re-complexing in order for hcBa to be able to prevent DNA binding (Carlotti et 
al., 2000).

IkB oc is also subject to other post-translational modifications such as sumoylation 

which stabilises Ik B cc by preventing ubiquitination at Lys 21 (Perkins, 2006). This 

modification is inhibited by phosphorylation of Ik B oc at serines 32 and 36. 

Modification of IicBa by sumoylation, although antagonistic to the induction of NF- 

kB , i s  found only at very low levels within cells and as such is not thought to play a 

major role in antagonising the process. It has instead been suggested that the major 

role of this modification may instead be in the nuclear shuttling of Ik B  a  as shuttling
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occurs to return nuclear NF-kB to the cytoplasm and sumoylation requires frequent 
nuclear localisation (Perkins, 2006).

Disruption of the locus encoding IkB oc has a number of effects leading to death 

within 10 days following birth. The defects observed in knockout mice include severe 

inflammatory dermatitis and an amplification in the granulocytic compartment, B cell 

proliferation is increased in this genotype but conversely T cell proliferation is 
reduced (Beg et al., 1995; Gerondakis et al., 2006).

IkB oc is one o f  the first proteins to be made following an N F -kB  response. Its 

transcription is NF-KB-dependent and new Ik B  is synthesized to replace that which 

has been degraded. The new Ik B oc can return N F -k B  transcription factors to the 

cytoplasm and as such help to terminate the N F -k B  response. This is a very strong

and robust negative feedback loop, which is important in regulation of NF-kB 
activity.

1.7.3 IkBP

Like IkB cc, IkB P  has been subject to significant investigation over the past decade 

and primarily inhibits p65- and c-Rel-containing dimers although not exclusively. 

IkB P  is phosphorylated on N-terminal serines, (serine residues 19 and 23) (Weil et 

al., 1997). Like IkB oc this leads to the ubiquitination and degradation of IkB P  and 

N F -kB  release. IkB P  is thought not to undergo constitutive nuclear-cytoplasmic 

shuttling unlike Ik B gc. It is thought that in basal conditions Ik B P  masks the NLS of 

both components of the dimeric transcription factor to which it is bound thus 

preventing any nuclear translocation. This contrasts with IkB oc where only one NLS 

of the dimeric transcription factor is thought to be masked (Malek et al., 2001). There 

may be some redundancy within the system as we can see that Ik B P  is capable at least 

in part of replacing IkB cc in a functional manner. If the gene encoding IkB P  is placed
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under the control of the IkBa promoter then NF-kB regulation is comparable to that 
in wild type mice (Cheng et al., 1998).

Unlike Ik B oc and many of the other IkB s , the transcription of IkB  p is not N F -k B  

dependent (Griffin and Moynagh, 2006) and as such illustrates how the Ik B s do not 

all either act or are regulated in the same manner. Ik B P  does not therefore play a role 

as one of the negative feedback loops within the system. Despite transcription of 

IkBP not being dependent on p65, p65 still plays an important role in its regulation as 

p65 stabilises Ik B P  protein (Hertlein et al., 2005).

1.7.4 IkBe

IkB s  unlike IkB oc and Ik B P , is more selective in its inhibition as it is able to inhibit 

only p65:p65 and p65:c-rel complexes (Whiteside et al., 1997). It has been found not 

to associate with p50 or p52 at all. Like the other small/ canonical IkB s , this Ik B  is 

phosphorylated (serine residues 18 and 22) and ubiquitinated before proteasomal 

degradation. Like IkB ci, its transcription is NF-KB-dependent and this IkB  plays a role 

as a negative feedback loop which helps to regulate N F - kB  responses. IkB s  however 

has delayed transcription relative to IkB cx (Kearns et al., 2006) and thus a slower 

effect on suppressing the response which is one example of how the down-regulation 

of N F - kB  responses is a multi-step process in which a number of proteins play key 
roles.

Mice with an Ik B s  ' genotype show increased expression of some cytokines and 

certain IgG isotypes although the immune system in these mice is largely functional 
(Gerondakis et al., 2006; Memet et al., 1999).
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1.7.5 iKBy/ (pl05)

IkB? is an IkB family member about which very little is known and its exact role is 

yet to be discovered. It is a C-terminal portion of p i05 and has been seen only in 

lymphoid cells (Inoue et al., 1992). IkBy appears to inhibit only p50 and p52 

homodimers (Liou et al., 1992). There are at least two isoforms of IkB y generated by 

alternative splicing, one of which, p70 has to date been detected only in murine cells.

1.7.6 BCL-3

BCL-3 has the same substrate specificity as LcBy although the opposite effect is 

caused when the homodimers are bound. BCL-3 is a nuclear IkB  which unlike the 

majority of Ik B s acts as a transcriptional co-activator rather than functioning as an 

inhibitor retaining N F -kB  in the cytoplasm (Bates and Miyamoto, 2004). Like other 

IkB  proteins BCL-3 has an A R D  of seven ankryin repeats, however unlike many 

other Ik B  proteins it does not have a consensus site for phosphorylation by the IKKs 

or a destruction box at its N-terminal end. BCL-3 preferentially binds p50 and p52 

homodimers and is thought to antagonise the inhibitory activity of these homodimers 

at the promoters of their target genes. Like other Ik B s , BCL-3 is phosphorylated 

(serines 394 and 398), subsequently ubiquitinated and degraded (Viatour et al., 2004). 

This degradation of BCL-3 will therefore lead to the down-regulation of expression of 
BCL-3-dependent genes.

BCL-3 knock-out mice have phenotypic defects in splenic architecture and defects 
in Thl and 2 differentiation (Franzoso et al., 1997; Gerondakis et al., 2006).
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1 . 7 . 7  I k B 5

IkB £  is an IkB  that also plays a nuclear role within the cell and exhibits a preference 

for homodimers of the p50 subunit. IkB^ is a protein of unusual sequence but of all of 

the other IkB s shares the most homology with IkB s . Like BCL-3, this nuclear IkB  

functions as a co-activator for transcription (Bates and Miyamoto, 2004). IkB£ is used 

in the system as a co-activator to increase the transcription of a particular subset of 

late genes. Most interesting about this IkB  appears to be that it’s role in transcription 

of a particular subset of genes is stimulus-dependent, only activated in response to 

LPS or other bacterial products. IkB^ has been found to be indispensable for the 

expression of a subset of genes including IL-6 following the activation of TLR/IL-1R 

signalling pathways (Yamamoto et al., 2004). This is illustrated in the study by the 

fact that cells deficient in IkB^ have impaired production of IL-6 following 

stimulation with TLR ligands such as LPS and MALP-2 or IL-1. The transcription of 

this particular gene is not impaired following stimulation of Ik B C 7' M E F s in response 

to TNFa however, suggesting that the role of IkB^ in this case is stimulus-dependent. 

This suggests the possibility that stimuli may induce different effects within cells by 

differential use of the IkB  family members. The other notable fact about this protein 

is that like some of the other members of the IkB  family its own expression is N F -kB  

regulated (Oonuma et al., 2007).

1.7.8 Other inhibitory proteins in the NF-kB system

As well as the IkBs, a number of other negative regulators of the NF-kB system are 

under NF-kB control. A number of these negative feedback loops that help to control 

and terminate an NF-kB response are discussed below.
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1.7.8.1 A20

A20 is a zinc finger protein whose transcription is induced by NF-kB and that plays 

a role in the down-regulation of NF-KB-dependent gene transcription and termination 

of the response. A20 functions as an enzyme with the ability to both de-ubiquitinate 

and ubiquitinate target proteins (Wertz et al., 2004). There are a number of proteins 

within the NF-kB system whose activity is regulated by ubiquitination and therefore 

the regulation of (and by) ubiquitination is an important method of control in the 

pathway. The mechanism by which A20 acts to inhibit NF-kB signalling has been a 

question which has given rise to different answers. It is generally thought to act 

upstream of IKK and has been shown amongst other activities to inhibit TRAFs 

which play roles in NF-kB signalling induced by a number of different stimuli 

(Zetoune et al., 2001). More recently A20 has been shown to target RIP, a protein 

which interacts with TNFR1 and mediates signalling to IKK, for proteasomal 

degradation. RIP is targeted for degradation by its sequential de-ubiquitination and 

ubiquitination by A20 (Wertz et al., 2004). It has also been shown that A20 interacts 

with TRAF2 and IKKy although the functional role of these interactions remains 
unclear (Song et al., 1996; Zhang et al., 2000).

The discoveries of ABIN (1 and 2) which interact with A20 and other A20-related 

proteins such as Cezanne (Evans et al., 2001), illustrate that A20-related signalling is 

complex and highly regulated in itself as well as playing a part in regulating NF-kB 

activity. The critical role of A20 in immune function through its effects on NF-kB can 

be seen in A207' mice. MEFs derived from mice of this genotype, are hypersensitive 

to LPS and TNFa and there is a failure to terminate inflammation. Apoptosis also 

occurs in response to TNFa in A207- MEFs. In these cells the phenotype seems to 

arise due to a continual degradation of IkB caused by persistent IKK activity (Lee et 
al., 2000).
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1.7.8.2 Sink

Sink is another protein in the NF-kB signalling system which exerts negative 

feedback on the response and ensures that it is kept under control and terminated 

when required. Sink is an NF-KB-inducible protein which has been shown to bind to 

the p65 subunit of NF-kB. In doing so Sink inhibits PKA (protein kinase A)-mediated 

phosphorylation of p65 which has the effect of inhibiting NF-kB-dependent 

transcription but not the translocation of p65 to the nucleus or its ability to bind DNA 
(Wu et al., 2003).

1.7.8.3 CYLD

Another negative feedback control pathway acting on N F - k B  signalling involves 

the protein CYLD which is the tumour suppressor protein in which mutations lead to 

the disease familial cylindramatosis. CYLD exerts inhibition on the activation of NF- 

kB by de-ubiquitinating and thus inactivating TRAF2 and TRAF6 thus disrupting 

signalling to NF-kB from some TNFR family members (CD40, XEDAR and EDAR) 
(Trompouki et al., 2003).

The intricate cross-regulation of the NF-kB signalling system is illustrated by the 

finding that CYLD also has the ability to bind and deubiquitinate BCL-3. De- 

ubiquitination of BCL-3 prevents its nuclear accumulation and thus will reduce its 

ability to induce transcription. This will also increase the effect of p50 and p52 

homodimer suppression of transcription as the antagonism exerted on this event by 
BCL-3 will be partially removed (Massoumi et al., 2006).
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The number of proteins which play endogenous roles in inhibiting an NF-kB 

response in order to keep it under control and eventually terminate it demonstrates 

how important this regulation is to a cell (or organism). There are both temporal and 

spatial differences in the actions of these proteins in order to sustain targeting of the 

pathway over time. With so many proteins involved we would expect certain levels of 

redundancy within the system and yet as we can see from ‘knock-out’ mice 

experiments, many of these proteins are key for survival and their loss cannot be 

compensated for. This suggests a system of regulation where many proteins may take 

part, but all (or most) are essential for correct cellular functions. This critical balance 

of control of NF-kB can also explain why what may appear to be small defects in the 

regulation of this system can have such severe pathological consequences.

1.7.9 Summary of NF-kB inhibition

1.8 The IKK signalsome- composition and role

IKKa Kinase n W W M p H
domain LZ m .ii NBD■ MH i___ d 745 amino acids

IKKP Kinase
domain ! / HLH I 756 amino acids

Figure 1.5 Structure of IKKs (IkB Kinases) which make up the IKK complex, 
IKKa (IKK1), IKKP (IKK2) and IKKy (NEMO). (LZ represents a leucine zipper 
motif, HLH a helix loop helix domain, CCland 2 represent coiled coil regions, ZF is a 
zinc finger domain and NBD is a NEMO binding domain.)
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The IKK complex is a major convergence point of the N F -kB  pathway where 

stimulation of a number of receptors by many stimuli leads to its activation. The IKK 

(IkB  kinase) signalsome consists of at least three proteins (probably more than one 

copy of each) that combine to form a 700 to 900 kDa complex. These components 

are, IKKa (IKK1), IKKp (IKK2) and IKKy (NEMO (N F -k B  essential modulator), 

IKKAP or Fip-3). Of these constituent proteins, IKKa and IKKp are similar in 

sequence (52% amino acid sequence homology) (Karin, 1999) and function in that 

they are both serine/threonine kinases, which contain an N-terminal kinase domain, a 

leucine zipper domain and a C-terminal helix loop helix domain. NEMO is the 

structural and regulatory member of the signalsome that has N- and C-terminal 

coiled-coil domains, a leucine zipper and a C-terminal zinc-finger like domain but no 

catalytic domain. Without NEMO, activation of N F -kB  by the complex is completely 

abolished therefore indicating that this non-catalytic subunit is essential for the 

overall catalytic ability of the complex (Yamaoka et al., 1998). Proteins homologous 

to IKKct/p (DmIKKP), IKKy (DmlKKy) and IKKs (DmIKKs) are also found in the 

N F -k B  signalling system of Drosophila (Liang et al., 2004).

IKKa and IKKp are the catalytic subunits of the IKK complex and can form 

complexes as homodimers or heterodimers through interactions between their leucine 

zipper domains (Zandi et al., 1997). This dimerisation is a pre-requisite for the kinase 

activity of these proteins (Mercurio et al., 1997; Woronicz et al., 1997; Zandi et al., 

1998) and heterodimeric complexes of the two have been shown to have higher 

catalytic efficiency than their homo-dimeric counterparts (Huynh et al., 2000). IKKa 

homodimers are activated as part of the signalling process of the alternative (non- 

canonical) pathway of NF-kB. The heterodimeric form of IKKa and IKKP 

complexed with IKKy subunits is primarily activated as part of the canonical NF-kB 
pathway.

1.8.1 Structure of the IKK complex
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Activation of IKKa and IKK(3 can be achieved by a number of external stimuli, 

which promote phosphorylation of two conserved serine residues located within the 

activation loop of the kinase domains of the proteins (Seri 76 and Seri 80 IKKa and 

Seri 77 and Seri 81 of IKKP) (Perkins, 2006). This phosphorylation can be mediated 

by upstream kinases or can occur by trans-autophosphorylation between the IKK 

proteins. IKKy is also phosphorylated on serine and threonine residues which cause 

activation. It has been proven that it is phosphorylation that is the mechanism by 

which IKKs are activated as the addition of phosphatases to purified IKKs causes a 

significant decrease in this activation (DiDonato et al., 1997). Mutation studies where 

the conserved serine residues have been replaced by alanines have also been shown to 

prevent activation of the kinases. Phosphorylation in other regions of the protein can 

conversely be seen to negatively regulate activity. There are a number of serine 

residues in the sequence of IKKp that lie between the helix loop helix domain and the 

C-terminus of the protein. These residues are phosphorylated by an 

autophosphorylation process of IKKp that leads to a significant decrease in kinase 

activity. This auto-regulatory mechanism of IKKp and resulting transient activity of 

IKK helps to terminate a response when external stimuli have been removed (Hacker 
and Karin, 2006).

1.8.2 Activation of the IKK complex

1.8.3 Role of the IKK Complex

One important role of IKK is the phosphorylation of Ik B  molecules. This is a 

critical step in N F -kB  regulation as it is a controlled step in the degradation of Ik B  

and release of N F -kB  dimers to translocate to the nucleus. Following this regulated 

phosphorylation, the ubiquitination of IkB  is a constitutive process which will lead to 

its degradation (Yaron et al., 1998). IKKa and IKKp both phosphorylate hcBa on Ser
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32 and Ser 36 and IkBP on Ser 19 and Ser 23 but not with the same efficiency. IKK.ct 

is much less efficient at IkB  phosphorylation. It has been shown in knockout studies 

that it is unable to compensate for the loss of IKKp (DiDonato et al., 1997; Zandi et 

al., 1998). The phosphorylation efficiency of both kinases is also greater for IkB oc 

than for Ik B P . IKKa and IKKp also have the ability to phosphorylate the other 

members of the IkB  family and alternative substrates including p65, although they do 

show different specificities for the different family members. The role of these IKKs 

in phosphorylation of the IkB s is extremely important because this phosphorylation 

leads to the degradation of the IkB s by marking them for ubiquitination and 

consequently causing the activation of N F -k B  due to the release of N F -k B  

transcription factors which can then translocate to the nucleus.

Mice in which IKK complex subunits have been ‘knocked-ouf are not viable 

following birth, illustrating their critical role in NF-kB signalling and early organism 

development and viability. IKKa, p or y knockouts die soon after birth, day 13 or day 

10-11 of gestation, respectively. The lethality of the lack of IKKa is due to skeletal 

and epidermal defects as well as a reduced number of mature B cells and a high level 

of NF-kB in macrophages of IKKa'7' mice (Hu et al., 1999). With an IKKp'7' 

genotype there is apoptotic destruction of the liver induced by TNFa, similar to that 

seen in p65 7 mice (Li et al., 1999). Hepatocyte apoptosis is also induced in mice 

deficient in IKKy (Kim et al., 2003).

1.8.4 Post-translational modifications of IKKs

IKK activation like many other steps in the NF-kB s ig n a ll ing  cascade can be 

regulated by post-translational modifications. Phosphorylation of all three proteins on 

a number of different residues is involved in their activation, or sometimes inhibition, 

dependent on the specific residues phosphorylated. Ubiquitination is an important 

process used in the regulation of IKKp and particularly IKKy and is used in the
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activation of these proteins. Other modifications which the IKK proteins undergo 

include sumoylation of IKKy and s-nitrosylation of IKKP which activates or inhibits 

these proteins respectively (Perkins, 2006). Once again these modifications indicate 

the complex levels of regulation that act on the system to tightly control its activity by 

a combination of events which can be both antagonistic and synergistic.

Although IKK activation is generally required for N F -kB  activation, there are some 

exceptions where N F -k B  can be activated without IKK involvement. Anoxia causes 

tyrosine phosphorylation of Ik B cx causing it to pull away from N F -kB  (Beraud et al., 

1999) and UV exposure which still relies on Ik B  degradation but not by IKK-induced 

N-terminal phosphorylation of IkB  (Bender et al., 1998).

1.8.5 Other IKKs

In addition to the three IKKs which form the IKK signalsome another IKK, IKKe 

(IKKi) (Shimada et al., 1999) has also been found to be another kinase with the 

ability to phosphorylate Ik B  a. Alone it phosphorylates serine residue 36 of Ik B  a  

(Peters et al., 2000) but is able to complex with another unidentified kinase (not 

IKKa or IKKP) to cause phosphorylation of both of the critical N-terminal residues 

which lead to IkB  a  degradation. As the most newly discovered member of the IKK 

family of proteins, it is still unclear as to what the exact physiological functions of 
IKKs are.
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1.9 Upstream events leading to IKK activation

1.9.1 The IKK activating kinases

As well as the auto-phosphorylation of IKKs induced by the oligomerisation of the 

IKK complex mediated by upstream factors such as TRAF2 and RIP (TNFR 

signalling), a number of IKK activating kinases have been identified including NIK 

(NF-kB interacting kinase), MEKK1 (and 2/3), TAK1 and PKC£ (protein kinase C Q. 

These proteins can phosphorylate IKKs in order to activate them in response to a 

number of agonists although they may not all act to phosphorylate the same sites. 

Significant activation of the NF-kB pathway by IL-1 or TNFa occurs through the 

MAP3 kinase, TAK1, which phosphorylates the IKKs (Takaesu et al., 2003) and 

over-expression of NIK kinase can induce processing of a p i00 precursor and so 

activate it in a process that is dependent on IKKa (Senftleben et al., 2001; Xiao et 

al., 2001). IKK-activating kinases can interact directly or indirectly with cell surface 

receptors to mediate external signals. The exact mechanisms by which the IKKs are 

activated by different kinases and whether different kinases phosphorylate different 

IKKs still remains unclear. Further research upstream of IKK will help to elucidate 

the mechanisms by which the IKKs are activated in response to different stimuli and 

how this might give rise to different downstream cellular responses.

1.9.2 Convergence of signals on IKK

The pathway induced from IKK downstream is similar for most stimuli but 

upstream of this intersection at IKK, there is a divergent set of pathways that lead to 

the activation of IKK by many receptors responsive to a broad range of stimuli.
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1.9.2.1 Activation of NF-kB by TNFa stimulation

The primary receptor for TNFa is the 55kDa membrane protein TNFR1 which 

trimerises as a result of binding TNFa (trimer) thus causing clustering of the 

intracellular death domains of the receptors. This clustering allows the binding of the 

adaptor protein TRADD (TNT receptor associated death domain) to the receptor. 

TRADD has the ability to recruit TRAF2, TRAF5 and RIP1 (receptor interacting 

protein) to the activated receptor (Hsu et al., 1996). RIP-1 is subsequently 

ubiquitinated in a process requiring TRAF2 which it is thought to help form a stable 

complex between RIP1, TRAF 2 and the IKK complex although this is still unclear. 

TRAF 2 also has the ability to recruit the IKK complex and this event triggers the 

binding of RIP 1 to IKKy and the subsequent activation of the IKK complex. TAK 1, 

Akt and many other enzymes have also been implicated in this activation of the IKK 
complex (Perkins, 2006).
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Figure 1.6 The convergence of signalling cascades induced by LPS (TLR4) and 
TNFa (TNFR1) on the IKK complex

1.9.2.2 Activation of NF-kB by LPS stimulation

The toll-like receptor family currently comprises of 10 human and 12 murine 

receptors. These receptors recognise a wide array of pathogen-associated molecular 

patterns (PAMPs) and are found either on the outer cellular membrane or in the case 

of some TLRs, the endosomal membrane. Activation of any of these TLRs causes 

activation of NF-kB (and other signalling pathways) (Kawai and Akira, 2007). The 

most widely studied of these TLRs is TLR4 which recognises LPS expressed on the 

cell walls of gram negative bacteria and can therefore allow the cell to generate an 

immune response to combat invading pathogens. When LPS binds to TLR4, the 

adaptor protein MyD88 associates with the activated receptor. This adaptor protein 

binds the kinases IRAK4 and IRAKI, which in turn recruit TRAF 6 to the receptor-
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associated complex. Following the recruitment of TRAF6, the receptor associated 

complex is released and can activate downstream kinases including the IKK 

signalsome. The IKK complex is activated by recruitment of TAB2/3-TAK1 

complexes by ubiquitinated TRAF 6 and IKKy (Takeda and Akira, 2004).

The MyD88 dependent pathway from receptor to IKK complex is used by other toll 

like receptors including TLR 1, 2, 5, 6, 7, 8 and 9 and is the primary pathway used by 

these receptors. TLR 4 also has the ability to recruit the adaptor protein TRIF (TIR- 

domain containing adaptor protein inducing IFN-p) via TRAM (TRIF-related adaptor 

molecule) to propagate signalling from TLR4 in a MyD88 independent manner.

1.9.2.3 Summary of signalling to IKK

When looking at different agonists activating the NF-kB pathway the most obvious 

difference in the way in which they activate the system is by binding to different 

receptors. We can however see here that the signalling cascades activated by the 

receptors are often different but converge on the IKK complex. The clear difference 

in the case of TLRs and TNFR1 appears to be selection of TRAFs used in activation 

of IKK. The activation profile of IKK by different proteins activated by different 

stimuli may be one way in which the cell can distinguish between stimuli in order to 
give stimulus-specific, NF-kB responses.

1.10 Propagation of an NF-kB response

1.10.1 Oscillations and dynamics of NF-kB

In section 1.9 we considered how external signals activate NF-kB by activation of 

the IKK complex. Here we will now discuss how these responses are propagated in
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order for suitable NF-KB-dependent transcription to occur and also how they are 

terminated when the requirement for an NF-kB response is over. The activation of the 

NF-kB signalling system can maintain transcription of certain genes over many hours 

in order to generate correct cellular responses. How this response is propagated from 

the initial stimulation and how it is eventually terminated are both critical factors in 

the way in which this system works. The maintenance of NF-kB activation is 

important for the cell to respond fully to challenge but it is perhaps even more crucial 

that this response is eventually terminated in order to prevent situations of chronic 

inflammation or resistance to apoptosis (found in some cancer cells with constitutive 

high levels of NF-kB activity).

p65 has long been the most intensely studied member of the NF-kB transcription 

factor family. Previously, the general view was taken to be that this protein 

translocated to the nucleus where it performed its role as an activator of gene 

transcription and then returned to the cytoplasm to wait for another event that 

activated the pathway. Therefore in this model the ultimate regulatory mechanism of 

this transcription factor was its localisation. However with further research this 

process appears not to be so simple. In 2002 Hoffmann et al, (Hoffmann et al., 2002) 

published data (EMSAs) suggesting that p65 DNA binding oscillates in IkB|3 and 

IkBe knock-out MEFs stimulated with TNFa. They were also able to model this data 

to suggest that an oscillatory pattern in p65 translocation occurred repeatedly over a 

similar time-scale. Using single cell imaging techniques Nelson et al, analysed the 

movement of a p65-dsRedXP fusion protein in live SK-N-AS cells over a time course 

of 10 hours following TNFa stimulation (Nelson et al., 2004). These experiments 

showed that p65 underwent nuclear-cytoplasmic oscillations in these cells (a human 

neuroblastoma cell line) in response to TNFa stimulation. The oscillations in 

localisation occurred with a period of approximately 100 minutes and their amplitude 

decreased over time. The experiment was also performed in HeLa cells, where it was 

found that the amplitude of oscillations of p65 was more damped over time in 

comparison to that seen in SK-N-AS cells. This process has also been modelled for
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both cell lines so that the computer-generated model can predict these differences 
between p65 dynamics in the two systems.

The differences in the dynamics of p65 in these two cell lines may occur due to 

different rates of transcription of the inhibitor protein hcBa. This is because the 

delayed negative feedback loop of NF-KB-dependent IicBa transcription drives the 

oscillations in p65 translocation (Nelson et al., 2004). More recently, Kearns et al., 

have proposed that another negative feedback loop through IkBs can damp these IicBa 

driven oscillations in p65 translocation. They showed that IkBs is transcribed 

approximately 40 min. after IkBci following TNFa stimulation (Kearns et al., 2006). 

The oscillations in p65 dynamics suggested a mechanism by which transcription may 

be maintained over time by replacement of p65 in the nucleus with ‘new’ p65 

modified in the cytoplasm to be transcriptionally active with the ‘old’ p65 returned to 

the cytoplasm by IkB where it can be re-activated.

Nelson et al., also showed that oscillations of p65 translocation could potentially 

influence the dynamics of NF-KB-dependent gene expression. Using the same two 

cell lines transfected with an NF-kB (5xkB site) promoter driven firefly luciferase 

construct, NF-KB-dependent transcription in the two cell lines following TNFa 

stimulation was measured. SK-N-AS cells exhibited stable luminescence over a 

period of more than 25 hours. HeLa cells however showed a transient peak of 

luciferase activity 10 hours after the addition of TNFa, which decayed 20 hours into 

the experiment. This fits with the p65 translocation data to suggest that the longer 

lasting oscillatory pattern of p65 dynamics seen in SK-N-AS sustains NF-kB- 

dependent transcription over a longer period than the rather short-lived oscillatory 

dynamics seen in HeLa cells, where transcription from the reporter construct is not 
maintained.

As well as the NF-kB signal being propagated and maintained by continued 

oscillations of p65 it may also be the case that some NF-kB family members such as 

RelB may be activated later, thus creating a multi-stage response which will 

consequently lengthen the NF-kB response. It remains unclear exactly which or how 

many other NF-kB transcription factors may exhibit oscillatory nuclear/cytoplasmic

-40-



Chapter 1 Introduction Kate Sillitoe

translocation behaviour and if oscillatory behaviour may be modified in different 
conditions.

1.11 Other signalling systems with oscillatory dynamics

It is important to note that NF-kB is not the only transcription factor activation 

pathway within which oscillations exist, other transcription factors such as p53 have 

been seen to oscillate by Lahav et al (Lahav et al., 2004) who saw that p53-CFP 

oscillated between the nucleus and cytoplasm following gamma irradiation. The other 

obvious parallel to which we are drawn is the regulation of transcription factor 

activation by oscillations of calcium as seen by Dolmetsch et al (Dolmetsch et al., 

1997). Other biological systems in which oscillatory behaviour also exists are the cell 

cycle, the vertebrate segmentation clock and the sinu-atrial node. The existence of a 

number of examples of oscillatory regulatory events reinforces the hypothesis that 

temporal control of responses may be critical in many biological signalling systems.

1.12 Termination of the NF-kB response

The eventual termination of the NF-kB response is vital for the continued health of 

cells and consequently organisms as there are pathological consequences if the 

response continues un-regulated. There are a number of ways in which the response is 

brought to an end but the majority of the burden falls on the NF-kB system itself 

which limits the response through the use of a number of negative feedback loops and 

other events such as post-translational modifications of NF-kB subunits.

There are a number of proteins that act as negative feedback regulators of NF-kB. 

IkBcc, IkBs, A20, SINK and CYLD are all NF-kB inducible genes, activated during 

an NF-kB response which help to terminate the process by a number of mechanisms
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such as sequestering NF-kB transcription factors in the cytoplasm or de- 

ubiquitination of TRAFs thus disrupting IKK activity. The fact that NF-kB causes 

transcription of many of it’s own inhibitors is a way in which the response can be kept 

under tight control especially given that not all of these protein are transcribed at the 

same time and therefore this allows these regulatory proteins to act at different points 

within the pathway and at different times to bring the response to a timely end due to 

their collective efforts. IicBa and IkBc are degraded on stimulation releasing NF-kB 

dimers but are quickly re-synthesised in order for NF-kB transcription to be limited 

by returning NF-kB transcription factors to the cytoplasm. SINK binds to p65 

preventing PKA mediated phosphorylation of the transcription factor (Wu et al., 

2003), which can affect its DNA binding affinity and therefore inhibit continued 

transcription. A20 and CYLD exert negative influence further upstream with A20 

causing degradation of RIP and therefore down-regulating IKK activity and CYLD 

can also decrease IKK activity by de-ubiquitination of specific TRAFs in response to 

certain stimuli (Trompouki et al., 2003; Wertz et al., 2004). These examples of some 

of the negative feedback loops that act on the NF-kB system show how resolution of 

the response is targeted at no single element or step within the pathway and also 

provides a way in which genes transcribed at different times can have sequential and 

overlapping effects to bring about a full termination of the response.

In addition to being returned to the cytoplasm by newly produced IkB (a  or s) p65 

nuclear degradation is increased by phosphorylation on serine 536 by IKKa 

(Lawrence et al., 2005) also helping to terminate the transcriptional response. 

Ubiquitination and subsequent degradation of promoter bound p65 also occurs 

(Saccani et al., 2004) but it remains unclear whether this requires a phosphorylation 

event to precede it. This ubiquitination can be mediated by SOCS-1 in a Pin-1 

dependent mechanism (Ryo et al., 2003). Acetylation of p65 at lysine residues (122 

and 123) also assists in the termination of the response by decreasing the DNA 

binding affinity of p65 (Kieman et al., 2003). Another example of the direct targeting 

of an NF-kB transcription factor in order to terminate the response is in the case of c- 

Rel where again ubiquitination of this protein brings about its degradation as do
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specific phosphorylations of RelB under certain conditions (Perkins, 2006).0ther 

modifications which have the ability to inhibit NF-kB may also play their part e.g. S- 

nitrosylation and oxidation of a number of different subunits (Perkins, 2006).

The number of mechanisms which act to orchestrate the termination of the response 

is staggering and illustrates the importance to the cell of keeping this system under 

control. No single event will terminate this pathway and this intricate network of 

control must instead be in place to bring a response to a suitable and timely end. This 

complex regulatory system will also serve to ensure that an NF-kB response is not 

terminated too early before the necessary cellular responses to stimulation have 
occurred.

1.13 Aims of the project

The aim of this research was to determine whether the dynamic and temporal 

control of NF-kB is different in response to different inflammatory stimuli and if this 

might be a way in which a cell can respond specifically to a given stimulus by sensing 

differences in p65 translocation behaviour. Research within this laboratory discussed 

earlier illustrated how p65 translocation is oscillatory over time in single cells in 

response to TNFoc but differs in different cell lines. These differences gave rise to 

different transcription profiles from an NF-kB-dependent luciferase reporter 

suggesting that this oscillatory translocation dynamic may act a type of code by which 

the cell determines how it will respond at the transcriptional level (Nelson et al., 
2004).

In this project the aim was to see whether different oscillatory dynamics of p65 

translocation in single cells in response to a number of inflammatory stimuli (LPS, 

TNFa, MALP-2 and Pam3CSK4) might control differential gene expression. It was 

also determined whether the timing of the initial responses varied with different 

agonists. The effect of co-expression of Ik B oc was also considered to investigate its
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effect on p65 dynamics in response to these stimuli. Many signals converge on IKK 

leading to IkBcc degradation. Therefore, the kinetics of IkBoc degradation were 

measured to see whether IkBoc was degraded to a greater extent or faster in response 

to some stimuli compared to others.

In addition, the role of other NF-kB family members (pi 05, p50, pi 00 and Re IB) 

and IkBs (IkB(3 and IkBs) were investigated for the effect they might have on p65 

dynamics to see whether any of these effects might be stimulus-dependent when 

assessed using LPS or TNFa stimulated wtMEFs. The dynamics of the other family 

members were also measured in order to observe any stimulus-dependent effects on 

their own translocation dynamics. Generating information about the effect of proteins 

on p65 dynamics and in parallel measuring their own dynamics has allowed us to 

hypothesise about the mechanisms which may underpin some of these processes. The 

effect of A20 was also assessed for its potential role in the regulation of p65 dynamics 

as a negative regulator of the pathway from outside the NF-kB and IkB families.

By using two or more stimuli in this work it helped to discover the factors in the 

pathway which had an effect on p65 dynamics regardless of the stimulus but also 

where differences arose in these dynamics under certain conditions it gave us insight 

into what these effects might be and allowed us to hypothesise as to the mechanisms 

by which these signal- dependent differences might arise.

Ultimately the goal of this work was to help provide some insight into the complex 

regulation of the NF-kB pathway. The NF-kB signalling pathway is under the 

regulation of a number of proteins and protein modifications which act both within its 

own system and from outside. The level of control on this system is complex, 

highlighting how a signalling pathway with many critical roles must be kept tightly 

regulated.
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2.1 Reagents

All reagents were purchased from Sigma except for mTNFa (Calbiochem), LPS 

serotype R515, Pan^CSKiTHCl and MALP-2 (Apotech) unless otherwise stated.

2.2 Cell culture

2.2.1 Day to day maintenance of cells in culture

Mouse Embryonic Fibroblasts, a kind gift from R.Hay, were cultured in DMEM 

containing 4500mg/l glucose, 584mg/l glutamine, and 110mg/l pyruvate (Gibco, 

UK) and supplemented with 10% (v/v) FCS. HEKs (human embryonic kidney 

cells) stably expressing hrTLR2 or hrTLR4 were maintained in DMEM containing 

4500mg/l glucose, 584mg/l glutamine, and 110mg/l pyruvate and supplemented 

with 10% (v/v) FCS, lx  penicillin, lx streptomycin (Gibco, UK) and lOpg/ml 

puromycin. The puromycin exerts a selection pressure to maintain cells expressing 

the toll-like receptors. These cells were a kind gift from S. Edwards. All cell types 

were maintained at 37°C and 5%/95% CO2/ air in an humidified atmosphere. Cells 

were routinely passaged every 2-3 days.

2.2.2. Storage of mammalian cells in liquid nitrogen

2.2.2.1 Freezing down cells

All cell lines were cryopreserved at a concentration of approximately lxlO6 

cells/ml in 10% (v/v) DMSO and 90% (v/v) FCS. After suspension in this freezing 

medium, cells were put into an isopropanol containing cell freezing box (Nalgene, 

USA.) and stored at -80°C overnight to allow cells to freeze slowly before vials 

were transferred to liquid nitrogen storage.
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2 .2 .22  Thawing cells

Cells were thawed in a water bath at 37°C. They were then diluted into suitable 

culture medium and centrifuged at lOOOrpm for 5 min in an Eppendorf 5804 

centrifuge. Supernatant was discarded to allow removal of DMSO and cells were 

re-suspended in appropriate media for normal cell culture and transferred to a 

tissue culture flask. Cells were then placed in the incubator at 37°C and 5%/95% 

C 02/ air in an humidified atmosphere.

2.3 Analysis of endogenous protein levels

2.3.1 Western blotting

MEFs were seeded at 300,000 per dish and stimulated with 0.5pg/ml LPS or 

lOng/ml mTNFa over time-courses. All time points in each experiment. Cells 

were lysed simultaneously in 200pl of a lysis buffer consisting of 40mM Tris-HCl, 

pH6.8, 1% (w/v) SDS, l%(v/v) glycerol, 1% (v/v) p-mercaptoethanol and 0.01% 

(w/v) bromophenol blue with scraping. Samples were boiled for 10 min to reduce 

viscosity and 15pi of each was loaded onto a 10% (w/v) SDS-PAGE gel. 

Electrophoresis and blotting was carried out using the Bio-Rad Mini-Protean III 

apparatus (Bio-Rad, UK) according to the manufacturer’s instructions. Detection 

of the proteins investigated was carried out using the appropriate primary and 

HRP-conjugated secondary antibodies as per manufacturer’s instructions (Cell 

Signaling, USA, Upstate, USA). Nitrocellulose membranes were incubated in 

ECL reagent, (lOOmM Tris HC1 pH8.5, 0.001% (v/v) H20 2, 1.25mM luminol, 

0.2mM para-coumaric acid made up to 10ml per membrane with H20) for 1 min. 

Membranes were then exposed to photographic film (Pierce CL-Xposure, 

England) to visualize protein bands on the membranes or analysed using a G-box 

(Syngene) with a CCD camera.
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Protein antibody is Raised Manufacturer Catalogue Dilution

raised to. in no. used

p65 Rabbit Cell signaling 3034 1 ini 000

Phospho p65 (ser 536) Rabbit Cell signaling 3031 1 in i000

IkBœ Rabbit Cell signaling 9242 1 ini 000

Phospho IkBoi (Ser 32) Rabbit Cell signaling 9241 1 in i000

iKßß Rabbit Cell signaling 9248 1 in 1000

P100/p52 Rabbit Cell signaling 4882 1 in 1000

P105/p50 Rabbit Abeam 7971-1 1 in 500

IkBe Mouse Santa cruz 7156 1 in 1000

Cyclophilin A Rabbit Upstate 07313 1 in 2000

Table 2.1. This table illustrates the antibodies used in this study and the 
concentration at which they were used.

2.3.2 ELIS As

PathScan ELISA kits from Cell Signaling (USA) were used to assay protein levels 

of p65 phosphorylated on serine 536 and IicBa phosphorylated on serine 32. These 

kits were used as per manufacturer’s instructions. The absorbance of samples in 96 

well plates was measured at a wavelength of 450nm on a Multiskan EX (Thermo 

Electron Corporation).

2.4 RTPCR- Reverse Transcriptase Polymerase Chain Reaction

2.4.1 mRNA extraction and preparation

MEFs were seeded at a density of 300,000 per 60mm dish in 5ml media and 

stimulated over a time-course. Plates were lysed simultaneously in 600pi buffer
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RLT containing (3-mercaptoethanol from the Qiagen RNeasy kit (Qiagen, 

Germany). Plates were immediately wrapped in parafilm and stored at -80°C.

Following removal from -80°C, plates were scraped on ice and their contents 

transferred to 1.5ml micro-centrifuge tubes. RNA was extracted using the Qiagen 

RNeasy mini kit as per manufacturer’s instructions and its concentration measured 

using an UV-1601 visible spectrophotometer (Shimadzu, Japan). The absorbances 

at A,260nm and the ratio of the absorbance at X 260nm to that at X 280nm were 

measured and the RNA concentration calculated using the equation illustrated 

below.

Absorbance26o x dilution factor x 40 ( extinction co-efficient) = [RNA] jug/ml

2.4.2 Reverse Transcription- cDNA production from mRNA

2pg of RNA for each sample diluted to give 11 pi in RNase free water was 

combined with 5xM-MLV buffer (Promega, USA), 2.5mM dNTPs (Bioline, 

England) and lpl random primers (Promega, USA) in a 0.2ml PCR tube and 

heated to 70°C for 10 min in a PX2 thermal cycler (Thermo-Electron Corporation, 

USA). Tubes were then removed from the machine onto ice where 20 units of 

RNaisin Ribonuclease inhibitor (Promega, USA) and 200 units of M-MLV reverse 

transcriptase (Promega, USA) were added.

Following these additions tubes were returned to the PCR machine where they 

went through a protocol of,

10 min @ 25°C 

60 min @ 42°C 

2 min @ 90°C

cDNA samples resulting from this process were stored at -20°C.
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2.4.3 PCR amplification of specific cDNAs

cDNA produced in the previous reaction was amplified using primers specific 

for the cDNA of the protein of interest allowing a semi-quantitative PCR analysis 

over a time-course of stimulation. RTPCR primers were designed by input of CDS 

sequences from PubMed into Primer 3 ('http://frodo.wi.mt.edu/cgi- 

bin/primer3/primer3 www.cgi). Primer 3 designs appropriate primer sequences to 

amplify an approximately 200bp fragment of the cDNA of interest. 

Oligonucleotide primers were then purchased from Invitrogen, UK. Cyclophilin A 

primer sequences are shown in table 2.2. TLR Primer sequences used were as used 

by Kurt Jones et al., (Kurt-Jones et al., 2004).

Protein Forward primer Reverse primer

Cyclophilin A TT AC AGG AC ATT GCG AGC AG AAG ACT G AAT GGCT GG AT GG

Table 2.2. This table illustrates the sequence of the murine cyclophilin A 
primers used in this study.

For the PCR reaction, 5 pi of each DNA sample was mixed with 2pmole of each 

primer (forward and reverse ), lOx NH4 reaction buffer, 80 pM dNTPs, 2mM 

MgCl2 and 1 unit Biotaq DNA polymerase (Bioline, England) and H20  in order to 

make a 25 pi reaction. The PCR was then carried out in a PX2 thermal cycler 

(Thermo-Electron Corporation, USA) using the following protocol:

94°C 2 min

Melting 94°C

Annealing 57°C 30 s 

DNA Synthesis 72°C

'3 0  s

► n cycles 

30 s

72°C 5 min

Annealing temperatures and number of cycles were optimised when required for 

specific sets of primers.
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Following completion, samples were loaded with 6x Orange G loading dye onto 

a 1.5% (w/v) agarose gel containing 1 pi/10ml SYBRsafe (Invitrogen, England) 

against a lkb+ DNA ladder (Invitrogen, UK). Bands were visualised using 

illumination by U.V. light.

2.5 Transfection of cells

2.5.1 Transfection of MEFs

MEFs were transfected with 2pg DNA and 4 pi FuGene 6 per 35 mm dish as 

previously optimised in the laboratory, other directions were as described in the 

manufacturer’s protocol. These conditions were scaled up or down for dishes of 

larger or smaller area.

2.5.2 Transfection of HEKs

HEKS were transfected using 0.5pg DNA and lpl FuGene 6 per 35mm dish, other 

directions were as described in the manufacturer’s protocol. These conditions were 

scaled up or down for dishes of larger or smaller area.

2.6 Luciferase reporter assay

The promoter sequences of proteins of interest were inserted upstream of a 

luciferase gene to form an expression construct to allow assessment of their 

response to ligands or inhibitors. This allowed collection of data to indirectly 

quantify the level of transcription of a gene of interest.

24 well plates of cells were transfected with the desired luciferase reporter and. 

24h following transfection, appropriate stimulation was administered depending 

on the particular experiment.(Each condition was repeated in triplicate on the same 

plate in each replicate.) The media was removed and cells were washed with D-
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PBS. Cells were then lysed in 250pl lysis buffer (25mM Tris phosphate pH 7.75, 

15% (v/v) glycerol, 0.1 mM EDTA, 1% (v/v) Triton X, 0.4% (w/v) BSA (w/v) 

0.04% DTT (w/v) 8mM MgCl2) (White et al., 1990) and left to shake for 10 min 

to ensure complete lysis. ATP (final concentration 1.25mM) was then added to 

each well. 100pi from the contents of each well was transferred in duplicate into a 

white 96 well plate (Greiner, UK). The plate was then read using a Lumistar plate 

reader (BMG Labtechnologies, UK) after automated luciferin addition (lOOpl of 

ImM luciferin per well).

2.7 Maxiprep amplification of plasmid DNA

2.7.1 Transformation of E.coli DH5a

Competent E.coli DH5a cells were thawed slowly on ice before lOOpl were 

transferred to pre-chilled 15ml thin-walled polypropylene tubes and incubated on 

ice with lpg plasmid DNA for 30- 60 min. The tubes were then transferred to a 

water bath at 42°C for 60 s to heat shock the cells. Following heat shock, the cells 

were immediately returned to ice for 2 min then 900pl LB broth (25g Merck LB- 

bouillon (Miller) per litre of ddH20 Containing 20mM sterile filtered glucose was 

added. The cells in media were then placed in a shaking incubator at 37°C for lh  

before pelleting at lOOOg at 4°C in an MSE mistral 2000R centrifuge. Re

suspension in lOOpl LB broth allowed plating onto selective LB agar plates 

(containing lOOpg/ml ampicillin or kanamycin). Plates were then incubated 

overnight at 37°C.

2.7.2 Growing suspension cultures from bacterial colonies on agar plates

Single colonies from plates of transformed cells were suspended in 5ml selective 

LB broth in 15ml thin-walled polypropylene tubes. After approximately 6-8h 

shaking at 37°C, 5ml cultures were transferred to 250ml selective LB broth in
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2.5L conical flasks. The tops of flasks were plugged with cotton wool. These large 

cultures were then grown overnight at 37°C in a shaking incubator.

2.7.3 Maxiprep

250ml cultures were treated as per manufacturer’s instructions using the 

QIAfilter plasmid maxi kit (Qiagen, Germany). Quantification of DNA purified 

using the kit was carried out using an UV-1601 UV-visible spectrophotometer 

(Shimadzu, Japan) and the following equation:

Absorbance260nm x dilution factor x 50 (extinction co-efficient) — [DNA]/ug/ml

The ratio of absorbance at X 260nm to that at X 280nm is also measured to ensure 

purity of DNA was sufficient, the optimum being around 1.8. All plasmid 

preparations were then diluted to lpg/pl stocks in Tris HC1 pH6.8.

2.7.4 Quality of DNA

As well as checking the purity of the DNA preparations, the DNA quality was 

also assessed. An appropriate test digest was carried out to ensure DNA was 

correct and the expected type. Uncut DNA was also run to ensure that the newly 

prepared DNA was not nicked and contained a high proportion of covalently 

closed circular DNA. Undigested/digested plasmid DNAs were visualised using 

agarose gel electrophoresis (0.8%-l% (w/v) agarose gel)

2.7.5 Agarose gel electrophoresis

DNA fragments (or whole plasmids) were visualised (and if needed separated) 

using agarose gel electrophoresis at an appropriate agarose concentration for the 

size range of the firagment(s). The agarose was added to a suitable volume of 

lxTAE ( for 50x TAE, 24.2% (w/v) Tris-base, 17.5% (v/v) glacial acetic acid and 

0.05M EDTA), and heated to boiling in a microwave oven and allowed to cool but
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not to set. lfj.1 SYBRsafe (Invitrogen, UK) /10ml gel was added and the gel poured 

into an appropriate gel tray with suitable well combs.

Once the gel was set, samples were loaded with Orange G loading dye and 

electrophoresed at an appropriate voltage (approximately 80-110V). Gels were 

then visualised using ultra-violet (U.V.) light (302nm) and a Kodak Digital 

Science Electrophoresis Documentation and Analysis System 120 (Kodak, UK) or 

a Syngene G-Box with CCD camera and an ethidium bromide filter.

2.7.6 DNA Sequencing

The GATC sequencing service (Germany) was used to sequence plasmid DNA. 

Appropriate primers were designed for each plasmid and purchased from 

Invitrogen. Samples were then sent in accordance with GATC guidelines.

2.8 Clonase Reaction for expression vector generation

The Gateway Technology (Invitrogen, UK) was used to generate the EGFP- 

IkB(3 and EGFP-IkBs constructs used in the research. Entry vectors for IxBp and 

s (STOP) were generated in the lab by A. Adamson. These were then used to 

make EGFP fusions of these two proteins using the LR clonase reaction 

(according to manufacturer’s instructions) in which a EGFP destination vector in 

the correct reading frame was added to a reaction mix with the entry vector and 

LR clonase enzyme. This enzyme allowed the DNA in the entry vector flanked by 

attL sites to be transferred into the EGFP destination vector generating an 

expression clone. At the same time a ccdB gene is transferred from the destination 

vector to the entry vector causing the generation of a by-product which is selected 

against because when the DNA is transformed into DH5a the product of this gene, 

a DNA gyrase inhibitor, prevents the growth of this E.coli strain which is not 

resistant to it. The DNA produced from the clonase reaction was transformed into 

DH5a E.coli cells and colonies were selected on kanamycin plates. DNA was 

amplified using the Qiagen maxiprep kit (see section 2.7) and test digests and 

sequencing were then used to verify correct sequences.

- 5 4 -



Chapter 2 Materials and Methods Kate Sillitoe

2.9 Confocal microscopy analysis of the dynamics of fluorescent 

fusions of NF-kB proteins.

75,000 MEF cells were seeded in 35mm glass bottomed dishes (Iwaki, Japan) 

for transfection the following day with the required fluorescent fusion protein 

expressing construct (s). Transfection was carried out as described in section 2.5 

and cells were left for 24h before imaging.

Confocal microscopy was carried out in a Zeiss S humidified C 02 incubator 

(37°C, 5%/95% CO2/ air) using a Zeiss LSM 510 Axiovert 100M microscope with 

a 40x U N A  oil Plan-neo FLUAR or a plan-apochromat 63x 1.4NA oil objective 

unless otherwise stated. dsRedXP tagged proteins (p65-dsRedXP) were visualized 

by excitation with a green helium neon laser (543nm) and emitted light was then 

reflected off a 545nm dichroic mirror and collected through a 560nm long-pass 

filter. EGFP tagged protein fusions were visualised by excitation with a 488nM 

argon ion laser and subsequent reflection of emitted light through a 505-550bp 

filter (EGFP, IicBa-EGFP, EGFP-IicBp, EGFP-IkBs, EGFP-p50, EGFP-plOO, 

RelB-EGFP). ECFP tagged proteins (ECFP-pl05-EYFT) were excited using a 

458nm line from an Argon ion laser, emitted light reflected off a 490nm dichroic 

mirror and through a 480nm/520nm bandpass filter .Visualisation of EYFP tagged 

proteins (ECFP-pl05-EYFP) was by excitation with the 514nm line of the argon 

ion laser and emission was detected through a 490nm dichroic mirror and a 

520/550 bandpass filter. Data capture and extraction was performed using version

3.2 of the LSM510 software (Zeiss, Germany). All confocal microscopy results 

illustrated in this work were obtained from single cells collected in at least 3 

separate experiments unless otherwise stated.

2.10 Data analysis for confocal microscopy experiments

Image series from laser scanning microscopy experiments were analysed using 

regions of interest (R.O.I.s) in the nucleus and the cytoplasm of single cells. The 

mean intensity of the fluorescence in each of these regions was calculated for a
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given cell and was used to calculate either the degradation relative to time 0 or the 

nuclear to cytoplasmic ratio (N:C) of a given fluorescently tagged protein.

A number of values have been used to characterise translocation dynamics. The 

time of the peak or peak maximum is defined as the time of maximum N:C. 

Amplitude is defined as the value of N:C and period or peak to peak times 

represent the time between the maxima of adjacent peaks of nuclear translocation. 

Successive oscillations in p65 or p50 nuclear localisation were assessed by eye 

and a selection of experiments were independently assessed by others in order to 

check that similar conclusions were made.

2.11 Live cell luminescence microscopy

75,000 MEF cells were seeded in 35mm glass bottomed dishes (Iwaki, Japan) 

for transfection the following day with the required luciferase expressing reporter 

plasmid. Transfection was carried out as described in section 2.5 and cells were 

left for 24h. 6h before starting imaging, ImM luciferin (Biosynth AG, 

Switzerland) was added to each plate. Cells were imaged in a humidified C 02 

incubator (37°C, 5%/95% C 02/air) using a Hamamatsu (Japan) Orca II camera 

attached to a Zeiss (Germany) Axiovert S I00 microscope with a 10 x 0.5NA 

FLUAR objective. Images were taken at 30 min intervals. AQM advance 6 

(Kinetic Imaging, UK) was used for data capture and analysis of the mean 

intensity of cells.

2.12 Statistical analysis of data

Where stated data were subjected to statistical analysis using students t-test or 

ANOVA with a Tukey means comparison. Significance was classified using a 3- 

star rating where * represents p<0.05, ** represents p<0.01 and *** represents 

pO.001.
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3.1 Introduction

p65 (also called RelA), the most extensively studied member of the NF-kB 

signalling system is a ubiquitous transcription factor involved in gene expression from 

many different promoters. Although it is subject to numerous post-translational 

modifications which affect its ability to initiate transcription, the most simple and 

effective method of inhibiting this protein has been proposed to be its localisation to 

the cytoplasm by IkBs. IkBcc is the best characterised of the IkBs that retain p65 in 

the cytoplasm and the degradation of IkBoc has also been closely studied. A wide 

range of stimuli have been found to induce degradation of IkBoc and as a result to 

release p65-containing transcription factor dimers. The mechanisms behind the 

induction of stimulus-specific transcription profiles by activation of the NF-kB 

pathway remain unclear.

In the work described in this chapter, the dynamics of p65 nuclear translocation were 

investigated in response to a variety of inflammatory stimuli in order to see whether 

p65 responds with different dynamics to different stimuli, which may impact on the 

resulting transcriptional profile in a cellular NF-kB response. The discovery by 

Nelson et al. that different p65-dsRedXP oscillatory translocation dynamics 

correlated with different transcriptional profiles from an NF-kB-dependent luciferase 

reporter in different cell lines following TNFa stimulation (Nelson et al., 2004) 

suggested that it may be important to consider whether different signalling dynamics 

are observed in response to different stimuli.

Here we consider p65 translocation dynamics in wtMEFs using a fluorescent p65 

fusion protein (p65-dsRedXP) following stimulation with mTNFa, Pam3CSK4, 

MALP-2 and two isolates of LPS from E.coli serotypes R515 and 0111:B4. Dynamic 

analysis of p65-dsRedXP translocation was carried out using live single cell confocal 

microscopy over a number of hours. In similar experiments, degradation of an IkBoc- 

EGFP protein was measured and compared in response to the five stimuli. The effect 

of IkBoc-EGFP co-expression on p65-dsRedXP translocation dynamics has also been
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assessed to determine whether there are any differential stimulus-dependent effects of 

this increase in hcBa concentration. In addition, transcription from a number of 

luciferase reporter constructs has been measured to see whether differences are 

observed in NF-KB-dependent transcription profiles in response to the inflammatory 

stimuli used and whether this might correlate with different dynamics of p65 

translocation. LPS 0111 :B4 and mTNFa induced transcriptional responses from a 

generic NF-KB-dependent luciferase reporter were also assessed at the single cell 

level.
Currently the majority of data regarding p65 translocation induction by different 

stimuli that have been published have been derived from population data for instance 

from EMSAs which measure DNA bound p65 or from single cell experiments in 

fixed cells over limited time points. No data have previously been published regarding 

the translocation dynamics induced by some of the inflammatory stimuli used in this 

study and even where data are available it is now important to consider the responses 

at the single cell level and the potential effects of co-transfection of IkBci-EGFP. The 

behaviour of p65 in single cells in response to different inflammatory stimuli is 

therefore of particular interest and its study may help the understanding of differential 

cellular responses to these ligands.

3.1.1 Hypothesis
The hypothesis behind the work in this chapter is to examine whether the 

translocation dynamics of the transcription factor NF-kB p65 are stimulus-dependent.

3.1.2 Aims

• To analyse the translocation dynamics of p65 using live, single cell 

microscopy following stimulation with a number of inflammatory stimuli.

• To observe whether differential dynamics correlate with transcription profiles;

• To investigate whether potential differences in dynamics occur as a result of 

differential regulation by IkBol
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3.2 Rationale for choice of cell line in this research

wtMEFs were used in this experimental study for a number of reasons. A strain of 

wtMEFs (from R. Hay, Dundee) was assessed by RT-PCR for toll-like receptor 

(TLR) expression and was found to express all of TLR1-9 as was also seen by Kurt- 

Jones et al. (Kurt-Jones et al., 2004) in another wtMEF isolate. This was important 

due to the intention to use inflammatory stimuli in the project as all of TLR1-9 have 

been shown to have the ability to activate NF-kB following stimulation with their 

appropriate ligand allowing us flexibility in our choice of agonists. TLR ligands 

initiate inflammatory responses as they are usually pathogen derived products which 

the cell can detect using its range of TLRs in order to mount an appropriate response 

to invading organisms.

Another reason for the choice of these cells was that p65 and Re IB knock-out MEFs 

were available within the lab for comparison and could be used to assist in defining 

these responses. While these cells were not ideal for time-lapse imaging experiments, 

it was found that it was possible to image them and to analyse the resulting data from 

the live single cell microscopy experiments.

3.3 The advantages of single cell data over population data

Much of the research in this chapter and indeed the rest of this thesis has used data 

from analysis of protein dynamics in single live cells using confocal microscopy. 

Many experimental techniques rely on collecting data from a population of cells at the 

same time giving an indication of the average response from this population. With 

this averaging of responses we cannot be sure if this analysis is representative of the 

majority of the population or a result of averaging data with responses, which vary 

over a large range. One clear example of the effect that averaging can have is 

illustrated in the study by Welsh et al. (Welsh et al., 2004) where they showed that in 

individual fibroblasts, circadian oscillations were self-sustained and that damping of
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these oscillations at the population level occurs due to a loss of synchrony between 

cells over time. The data shown in Figure 3.1 illustrates two single cells that 

underwent fluorescent p65 re-localisation to the cytoplasm at differing times.

^  81 105 Time in minutes

Figure 3.1 Asynchrony in the localisation response of p65-dsRedXP in single 
cells. The images were obtained using confocal laser scanning microscopy and show 
the heterogeneity of a response in two wtMEF cells transfected with p65-dsRedXP 
responding to LPS stimulation. Scale bar represents approximately 50pm.

We observe heterogeneity between responses within a population due to the 

stochastic nature of gene transcription and the differences this generates (Hayot and 

Jayaprakash, 2006; Lipniacki et al., 2006). The stochasticity of gene transcription 

arises due to the inherent randomness of cellular events such as transcription and 

translation and also due to extrinsic noise generated by fluctuations in the cellular 

compartmentalisation of regulatory proteins and polymerases (Longo and Hasty,

2006; Swam et al., 2002). We are therefore able to gain a more detailed insight into 

the response using single cell analysis compared to data from whole populations.

3.4 p65-dsRedXP translocation in mTNFa stimulated wtMEFs

3.4.1 Analysis of p65 dynamics in TNFa stimulated single cells

If we first consider the available data about p65 dynamics in mTNFa stimulated 

wtMEFs, then there is single cell microscopy analysis of p65 dynamics in response to 

TNFa stimulation published by our laboratory in the human cell lines SK-N-AS and
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HeLa (Nelson et al., 2004; Nelson et al., 2002) and a rat cell line GH3 (Friedrichsen 

et al., 2006). In these cells an oscillatory pattern of N: C localisation of p65-dsRedXP 

was observed which was sustained over different periods of time. wtMEFs have been 

used in this study in which the p65 dynamics may not be the same, as we have 

previously observed cell type-specific differences in these dynamics. Hoffmann et al 

(Hoffmann et al., 2002) have suggested that oscillatory p65 localisation is severely 

damped and that oscillations are not sustained in TNFa stimulated wtMEFs. It was 

therefore interesting to observe whether data obtained at the single cell level showed 

the same pattern as the data from average cell EMSAs used by Hoffmann et al which 

could not take into account or observe cell to cell heterogeneity.

wtMEFs transfected with a p65-dsRedXP expression vector under the control of a 

CMV promoter were imaged over a number of hours using confocal microscopy. The 

cells were maintained at 5%/95% C02/air and 37°C in an humidified atmosphere on 

the microscope in order to image the changes in localisation of the fluorescent fusion 
protein in response to a given stimulus in live cells.

When cells are transfected with fluorescent fusions using transient transfection, 

single cells within the population express the fusion over a range of levels. In the case 

of p65, Carlotti et al described how IL-ip induced dynamics of translocation of an 

EGFP-p65 fusion were dependent on its expression level and how the nuclear import 

of this protein is saturable (Carlotti et al., 1999). Also in our studies it was observed 

that where p65 fusions were highly over-expressed, then much of the protein was 

nuclear under basal conditions. This knowledge coupled with the desire to 

experimentally perturb the endogenous system as little as possible led us to select 

cells with only the lowest detectable levels of expression of the fluorescent fusion 

proteins. A further necessary constraint is that the dynamic range over which the 

fluorescence can be quantified (LSM 510 software, Zeiss) is limited, meaning that 

expression levels must be kept within this range for accurate analysis.
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Figure 3.2 Characterising the nuclear translocation dynamics of p65-dsRedXP in 
response to mTNFa stimulation in wtMEFs. wtMEFs were transfected with a DNA 
construct expressing p65-dsRedXP under the control of a CMV promoter. Single cells 
were imaged using laser scanning confocal microscopy at five minute intervals over a 
period of 400 minutes and analysed using the LSM 510 software. (A) 
Nuclear/cytoplasmic localisation traces of p65-dsRedXP from single cells that are 
representative of the population. (B) Successive peaks in p65-dsRedXP nuclear 
localisation were assessed by eye and the number of cells calculated that showed 
nuclear entry peaks 1, 2, 3 or 4. (C) Illustrates the mean times taken between the 
maxima of adjacent peaks of p65-dsRedXP nuclear translocation. (D) The mean 
maximum nuclear/cytoplasmic ratio (amplitude) was calculated for each of peaks 1-4 
of nuclear translocation. (Error bars represent S.D. in C-D). (E) Images of a 
representative cell expressing p65-dsRedXP over time following mTNFa stimulation. 
For B-D, n= 35 at time 0. Scale bar represents approximately 50pm.

In the individual cellular responses of p65-dsRedXP (Figure 3.2), with TNFa 

stimulation there was an initial transient peak of p65-dsredXP nuclear localisation 

followed by subsequent lower amplitude nuclear localisations later in the time course.
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These data illustrate how p65-dsRedXP continued to undergo oscillatory 

nuclear/cytoplasmic localisation following mTNFoc stimulation with a peak of 

translocation occurring approximately every 80 min following the initial movement. 

This analysis also shows how this oscillatory pattern of localisation occurred in a 

large proportion of the population (Figure 3.2 part B). In addition the data in Figure 

3.2 part (B) illustrate how oscillatory behaviour occurred in many of the cells 

analysed across all three repeats of the experiment despite the fact that the exact 

proportion of cells displaying this phenomenon varied between the different replicate 

experiments. It is also interesting to note how the variability in the period of the 

oscillations (Figure 3.2 (C)) increased over time with the first nuclear translocation of 

p65-dsRedXP occurring at a similar time across the single cell population but later the 

differences in timing of subsequent peaks varied over a larger range, suggesting 
increasing asynchrony of the response between cells.

The amplitude of the first peak of nuclear translocation varied greatly and it is 

important to consider whether this could be due to different cellular expression levels 

of the fluorescent fusion, as p65 expression level-dependent dynamics have 

previously been shown in IL-1(3 stimulated cells by Carlotti et al. (Carlotti et al., 
1999) as mentioned previously.

A B

Figure 3.3 Analysing the effect of expression level on p65-dsRedXP translocation 
dynamics. (A) Comparison of the time of the first peak of p65-dsRedXP translocation 
with the cytoplasmic intensity of p65-dsRedXP at time 0. (B) Comparison of the 
amplitude of the first peak of p65-dsRedXP translocation with the cytoplasmic 
intensity of p65-dsRedXP at time 0.
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The data illustrated in Figure 3.3 shows how the level of variation seen in the timing 

of the first peak of translocation or the amplitude of the initial peak of p65-dsRedXP 

nuclear translocation did not appear to be due to different expression levels of the 

fluorescent fusion protein. Instead, no significant correlation between p65-dsRedXP 

expression level and either the timing or amplitude of an mTNFa stimulated p65- 

dsRedXP translocation response was observed. This suggests that the variation in the 

data had a biological cause and was not due to an experimental factor linked to the 

levels of p65-dsRedXP. It is likely that inherent stochasticity in the system is the 

cause of these single cell differences due to variations in the levels of MBa and other 
proteins that may affect p65 dynamics.

3.4.2 Cell type specific differences in the dynamics of TNFa-induced p65 
translocation

The observation of nuclear/cytoplasmic oscillations of p65-dsRedXP translocation 

in response to TNFa has previously been noted in the neuroblastoma cell line SK-N- 

AS and HeLa cells by Nelson et al. (Nelson et al., 2004) and here is illustrated in 

wtMEFs. Interestingly, the timing of translocation of p65 observed in experiments 

with mTNFa stimulated wtMEFs was slightly different to those observed previously 

in the human SK-N-AS and HeLa cell lines. The previous measurement of p65 

translocation in SK-N-AS and HeLa cells showed the time of translocation peak 1 to 

occur at approximately 45 and 26 min respectively,. Here we observe a first peak of 

translocation which occurs at around 25 min following mTNFa stimulation in the 

wtMEFs. It is interesting to consider whether we would expect to see these 

differences if the pathway from TNFR1 to p65 translocation is the same in these cells 

and this poses the question as to which cell type specific variables might be 

responsible for these differences. One such variable could be that the number of TNF 

receptors expressed on the cell surface is likely to vary with different cell types or 

perhaps it may be due to cell type specific differences in the levels of expression of 

IicBa. The hypothesis that timing (or other characteristics) of the NF-kB translocation
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response may be in part cell type specific is re-enforced by data generated using a 

mathematical model by Kearns et al. (Kearns et al., 2006) who showed very similar 

timing of peaks of p65 nuclear entry in MEFS deficient in IkBJ3 and IkBs as have 

been observed here in wild type MEFs. As well as the timing of the initial peak, 

oscillatory nuclear/cytoplasmic translocation of p65 also appears to have a cell type 

specific element where damping of subsequent oscillations in cellular localisation 

occurs at greater extents in some cell types compared to others. When we characterise 

mTNFa induced p65 translocation dynamics in wtMEFs then we observe that the 

time between peaks of nuclear translocation appear to occur with a frequency of 

approximately 80 min which is noticeably shorter than the 100 min oscillatory period 

observed in SK-N-AS and HeLa cells. An oscillatory p65 translocation dynamic in 

which peaks of translocation were approximately 90 min apart was measured in a rat 

cell line GH3 (Friedrichsen et al., 2006). We also see in SK-N-AS cells that the 

period between subsequent peaks of nuclear translocation is largest between peaks 1 

and 2 with the period decreasing after this. In the wtMEFs we see a more even 

spacing of the repeated translocations and this may suggest a faster system reset in 

MEFs following the initial translocation compared to SK-N-AS cells. These data may 

suggest that wtMEFs replenish the IkBcx pool more rapidly following stimulation and 

therefore are able to initiate a second translocation more quickly than in SK-N-AS 

cells where if IkBcc re-synthesis is slower, then the subsequent round of IKK induced 

degradation of IicBa and p65 translocation will be delayed.

The amplitude of p65 translocation in wtMEFs stimulated with mTNFa also appears 

to be different particularly in comparison with SK-N-AS cells. The measured average 

amplitude of the nuclear/cytoplasmic ratio of the first p65 translocation in the single 

cells was approximately 3.8 in wtMEFs and 4.1 in HeLa cells but was much greater 

(approximately 8) in SK-N-AS cells. Although a greater proportion of nuclear p65 

will enhance the potential for NF-kB dependent transcription, it might be expected 

that only a relatively small amount of nuclear p65-dsRedXP will be enough to 

saturate NF-kB dependent transcription and as such further nuclear p65 may have
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little further effect on this transcription. A higher level of nuclear p65 may take longer 

to return to the cytoplasm as the amount of newly synthesised IicBa will be limited 

and if the p65 nuclear pool is in excess of the IkBoc level, then it would take longer to 

remove the p65 from the nucleus than if there were less nuclear p65. This may also 

explain the longer refractory period between the first and second translocation peaks 

in SK-N-AS cells compared to wtMEFs as Moss et al. (Moss et al., 2008) described 

how following initial stimulation, cells were not responsive (defined by ability to 

degrade IkBoc) for a period in which one of the critical events is the nuclear export of 

p65:lKBa complexes. According to this mechanism, SK-N-AS cells would take 

longer to respond a second time as it will take a long time to remove all of the p65 

from the nucleus whereas in wtMEFs where less p65 is nuclear, the time taken to 

return p65:IicBa to the cytoplasm should be much shorter allowing for a faster reset 

of the system. This however still does not explain how or why the high level of 

nuclear translocation in SK-N-AS cells compared to wtMEFs occurs initially.

How (and more interestingly) why these differences in p65 translocation behaviour 

occur in different cell types remains to be seen. Consideration of the response of 

different cell types and where these differences occur may help to dissect the NF-kB 

pathway to potentially identify differentially regulated control points within the 

system.

3.5 p65-dsRedXP translocation in LPS-stimulated wtMEFs

3.5.1 Single cell analysis of LPS-induced p65 translocation

To determine whether p65-dsRedXP nuclear translocation dynamics vary in 

response to different stimuli, the response was also analysed following stimulation of 

wtMEFs with LPS (E.coli strain 0111 :B4).

67



Chapter 3 Stimulus-dependent dynamics o f  p65 translocation Kate Sillitoe

The data that are currently available regarding LPS-stimulated p65 translocation has 

been limited. For example, Blaecke et al (Blaecke et al., 2002) showed nuclear 

translocation of endogenous NF-kB following 30 min of LPS stimulation in fixed 

cells and Yip et al (Yip et al., 2004) imaged EGFP-p65 translocation in real time 

using confocal microscopy, but only over a time course of 36 min (since the 

microscope they used had a heated stage, but did not have an incubator in which to 

maintain the humidity and C02 concentration required to sustain cells over a longer 

period for investigation). The facilities within the Centre for Cell Imaging provide the 

capability to collect detailed dynamic data over long time periods in live single cells 

in order to look at LPS-induced p65 dynamics in a much more comprehensive manner 
than in previous studies.

In a recent study, p65 dynamics have been investigated in response to stimulation 

with LPS by Covert et al (Covert et al., 2005) using EMSAs. However, the potential 

for stochastic variation and resulting heterogeneity of response between cells raises 

the possibility that the profile of the response at the single cell level may be different 

from the average profile that they observed. This seemed to be an important 

consideration to be taken into account given the previously observed conflicts in the 

comparison of single cell p65 translocation data with average cell data following 

TNFa treatment (Hoffmann et al., 2002; Nelson et al., 2004).
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Figure 3.4 Single cell observations of p65-dsRedXP translocation in response to 
LPS. (A) Dynamics of representative single cells were analysed from confocal 
microscopy experiments where p65-dsRedXP was expressed in wtMEFs and cells 
were stimulated with LPS from E.coli strain 0111.B4. (B) The number of cells that 
showed continuing peaks of nuclear translocation is illustrated and the graph also 
shows how the variation of these results across the 4 experimental repeats. (C) The 
image time series show a representative cell from these experiments. Scale bar 
represents approximately 50pm.

In single cell analysis of LPS-induced p65 translocation, we observed an initial 

translocation of p65-dsRedXP to the nucleus that peaked at around 50 min (when 

displayed as the average of the single cell data (Figure 3.4)). Although not very 

strong, multiple nuclear entries of p65-dsRedXP were observed in the single cell 

microscopy analysis in some of the wtMEF cells (e.g. turquoise line Figure 3.4 part 

(A)) in response to LPS 0111 :B4. However, it was difficult to characterise these peaks 

further due to the small numbers of oscillating cells. (These data were studied further 

when we compared the dynamics of p65 translocation with different stimuli, section 

3.8). These observations are in contrast to the data published by Covert et al (Covert 

et al., 2005) who suggested that in response to LPS in wtMEFs, p65 is ‘stably 

activated’ and that two phases of p65 nuclear/cytoplasmic translocation either in 

direct response to LPS or induced by secondary TNF, cancel each other out leading to
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an overall sustained nuclear localisation of p65. Our data suggest that at the single cell 

level the initial p65-dsRedXP nuclear localisation is transient and that in some cells 

further oscillations in p65-dsRedXP translocation can be seen. This is in contrast to 

Covert et al who suggested that these overall oscillations might be blocked by the out 

of phase oscillations of p65 activated by two different pathways. A study described 

above from Yip et al. (Yip et al., 2004) suggested in agreement with the present study 

that p65 rapidly returns to the cytoplasm after an initial phase of nuclear translocation 

in single cells stimulated with LPS.

The different dynamics of p65 obtained by Covert et al may be due to differences in 

IkBci degradation kinetics in experiments carried out in the two laboratories either 

due to the particular LPS preparation used, or perhaps to the specific isolate of MEFs 

used by each group. The degradation of IkBoc measured by Covert et al showed the 

disappearance of hcBa following LPS stimulation, which did not significantly re

appear by 180 min, the last time point of the experiment (Covert et al., 2005). In 

contrast western blots carried out using our isolate of MEFs stimulated with LPS 

showed a degradation of IkBoc at about 30 min, followed by considerable re-synthesis 

at 45 min. This is consistent with IkBoc degradation in other cell types measured in 

response to LPS by other groups who also see rapid re-synthesis of IkBoc following 

LPS induced degradation (Figure 3.5). The profile of IkBoc degradation observed by 

Covert et al was consistent within their own results, in that no re-synthesis of IkBoc 

would be expected to result in limited removal of p65 from the nucleus and therefore 

could lead to the observed stable response. The present data are perhaps more 
consistent with the majority of the literature.
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Figure 3.5 LPS induced IkBoc degradation and re-synthesis. Western blot analysis 
of IkBoc degradation in response to LPS from a number of sources and in different 
cell lines as labelled. (A) produced as part of this project, (B) Taken from (Covert et 
al., 2005) Figure 1 Part B, (C) Taken from (Zen et al., 1998) Figure 3 part A and (D) 
Taken from (Velasco et al., 1997) Figure 1 part B.

3.6 Investigating the stimulus dependence of p65 translocation dynamics

In comparisons of the dynamics of p65-dsRedXP measured in wtMEFs in response 

to LPS and mTNFa, it was seen (Figure 3.6) that an average of all of the single cell 

responses of p65-dsRedXP (analysed using single live cell confocal microscopy) 

showed only a single phase of translocation of p65-dsRedXP in response to LPS or 

mTNFa. There was however a clear delay before p65-dsRedXP translocation was 

induced with LPS compared to mTNFa (blue zone fig 3.6 (B)). However, it was 

shown previously (Figure 3.2) that TNFa (in particular) induced sustained N/C 

translocations in p65-dsRedXP. The asynchronicity of these responses between 

individual cells causes them to be lost when the data are averaged as the peaks and 

troughs in p65 translocation in the asynchronous cellular responses average out. The 

level of heterogeneity within the population is clearly shown by the large error bars 

(standard deviation).
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Figure 3.6 Quantitative analysis of combined single cell p65-dsRedXP 
translocation responses following stimulation with (A) TNFa or (B) LPS from 
E.coli serotype 0111:B4. wtMEFs were transfected with a p65-dsRedXP construct 
under the control of a CMV-promoter. 24 h post-transfection cells were imaged and 
the nuclear translocation of p65 analysed in response to the two stimuli using the 
LSM 510 software to estimate the mean intensity of the fluorescent fusion protein in 
the nucleus and cytoplasm. The results obtained from a number of single cells (n= 35 
(mTNFa) or 29 (LPS) in total from three replicate experiments of each condition) 
were then averaged and error bars represent 1 standard deviation from the mean. (The 
TNFa-stimulated cells represented in this Figure are from the same data as in Figure 
3.2 and the LPS-stimulated cells are the same data used in Figure 3.3)

This averaging is useful in showing the size of the variation within the population 

i.e. it can be seen that with LPS there appears to be a larger range over which the 

amplitude of p65 translocation occurred compared to the slightly more homogenous 

appearance of the responses following mTNFa stimulation. One highly speculative 

explanation of these data might be that cells within a population might respond more 

homogenously to TNFa, an agonist which they themselves can generate. However, a 

population response to an external stimulus such as the gram negative bacterial 

product LPS might be more heterogeneous in order that at least part of the population 

would respond correctly.
Following these experiments our study was expanded to consider a larger collection 

of ligands, in order to further investigate the stimulus-dependence of p65 dynamics.
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The responses to LPS and mTNFa were compared in more detail with each other and 

with responses to a range of other stimuli (section 3.8).

3.7 The lag in LPS-induced p65 translocation dynamics

The delay observed before the p65-dsRedXP response following LPS stimulation 

poses interesting questions about what signalling events may occur during, and may 

control, this lag period. A key question is whether these different dynamics are 

functionally important in allowing the cell to alter its transcription profile according 

to stimulus. It might logically be expected that the delay in p65 translocation might be 

controlled by a delay in IkBcx degradation. Therefore it was investigated whether 

degradation of IxBa was lost if stimulus was removed during this lag period. These 

experiments were carried out by immuno-blot analysis of the endogenous MBa 

protein (Figure 3.7). Cells were stimulated with a 5 min pulse of LPS, which was then 

washed off. Cells were lysed at intervals following washing and media replacement. 

In a preliminary test experiment, this western blot analysis implied that removal of the 

stimulus during the lag period prevented full activation of the pathway by LPS as very 

little degradation of IkB<x was observed. The same 5 min LPS pulse protocol was used 

in confocal microscopy experiments using wtMEFs transfected with p65-dsRedXP. 

These experiments however were not successful as following the wash steps to 

remove the LPS, the cells adopted round and spherical shapes and did not remain flat 

to the dish and therefore became impossible to image accurately. It was therefore 

impossible to determine whether LPS removal during the lag period prevented p65- 

dsRedXP translocation in these cells, potentially by preventing degradation of IicBa 

and therefore the release of p65. Consequently these experiments were not pursued 

and therefore this is also why the western blot analysis was only carried out once and 

therefore represents only preliminary data.
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Figure 3.7 Immunoblot analysis of IkBcc degradation following a 5 min pulse of 
LPS stimulation. IkBcx levels were assessed at time intervals following 5 min of 
stimulation with LPS. All time points represented time in min after time 0 therefore 
the 2 and 4 min time points were stimulated for only 2 and 4 min before lysis 
respectively, and therefore do not represent time following LPS removal. All samples 
were lysed simultaneously.

5 min pulses of stimulation have previously been investigated for their effects on 

NF-kB activation. Nelson et al showed how a 5 min pulse of TNFa induced a single 

transient peak of p65 translocation in SK-N-AS and HeLa cells and successive 

oscillations in p65 translocation were generally not seen (Nelson et al., 2004). This 

implies that 5 min of TNFa stimulation may activate the NF-kB signalling cascade to 

a point further downstream than 5 min of LPS. This is most likely due to the timing of 

activation of the IKK complex. Further research would be required to elucidate the 

mechanism underlying this delay (although it may simply take longer for a signal to 

travel between TLR4 and IKK than from TNFR1 to IKK).
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3.8 The response of p65 to inflammatory stimuli.

3.8.1 Comparison of inflammatory agonist stimulated p65 dynamics

Other inflammatory stimuli were now also considered for their effects on the 

translocation dynamics of the p65 transcription factor in live cell confocal imaging 

experiments. In addition to LPS from E.coli strain 0111 :B4 (LPS 0111 :B4) and 

mTNFa, Pam3CSK43HCl (a tri-acylated lipopeptide analogous to the 

immunologically active N-terminus of bacterial lipoprotein), MALP-2 (macrophage 

activating lipopeptide-2) and LPS from E.coli serotype R515 were also used. 

Pam3CSK43HCl is a ligand which activates TLR1 :TLR2 heterodimers and MALP-2 

is a TLR-6 agonist in TLR2:TLR6 heterodimers. Unlike for TNFa and LPS discussed 

earlier, there has been no single cell data published regarding the translocation of p65 

in response to MALP-2 or Pam3CSK4 in either fixed or live cells. Evidence to 

illustrate that NF-kB is activated in response to these TLR agonists has generally 

relied on the measurement of induction of NF-kB dependent genes (Garcia et al., 

1998) or ChIP of NF-kB at specific promoters (Sohn et a l, 2007).

There are a number of differences between the two LPS preparations used in these 

experiments. The LPS from E.coli strain 0111:B4 is a smooth variant of LPS and is 

not highly purified which means that it is likely to contain a mixture of LPS (TLR4 

ligand) and some other bacterial products such as lipoproteins (TLR2 ligands). In 

contrast the LPS derived from E.coli serotype R515 is a rough form of LPS and this 

particular preparation was purified to a TLR4 grade and so should contain minimal 

amounts of contaminant TLR2 ligands. p65-dsRedXP was expressed in wtMEFs 

under the control of a CMV promoter and cells were stimulated with each of these 

inflammatory ligands at saturating doses. Translocation of p65-dsRedXP was 

measured in single cells using live cell confocal microscopy and the differences in 

response to these different stimuli analysed.

75



N/
C 

ra
tio

 o
f p

65
-d

sR
ed

XP

Chapter 3 Stimulus-dependent dynamics o f  p65 translocation Kate Sillitoe

A B

Figure 3.8 Average p65 translocation responses from single cells in response to 
inflammatory stimuli. (A) Represents the first 120 min of the p65 response. (B) 
represents the same data over only the first 30 min to illustrate the different response 
times more clearly. Measurements were made using confocal laser scanning 
microscopy over a time course following stimulation with 0.5pg/ml LPS 0111:B4, 
lOng/ml mTNFoc, 30ng/ml PamjCSK^HCl, 30ng/ml MALP-2 or 0.5pg/ml LPS 
serotype R515. (n= 35 (36), 25 (29),27 (36), 25 (32) and 29 (33) for cells stimulated 
with mTNFa, LPS 0111:B4, Pam3CSK4.3HCl, MALP-2 and LPS R515 respectively,. 
(Numbers in brackets represent total cells analysed but less are actually used in 
calculations as some are classed as non-responders or are unclear and difficult to 
characterise accurately or the analysis is too short due to cell movement out of the 
field, cell division or cell death.)

These experiments showed how the timing of initial p65 translocation varied in response 

to different stimuli and this is often due to different lengths of time between the time of 

stimulation and the start of a translocation response. Some stimuli caused the p65-dsRedXP 

to respond almost immediately but for others there was a delay of up to 20 min before the 

start of p65-dsredXP movement to the nucleus. By simply averaging the single cell 

responses (Figure 3.8) it was possible to show differences in the timing of p65 dynamics in 

response to different stimuli. It was also important to characterise these responses further in 

order to give a clearer picture of the heterogeneity between cells.
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Figure 3.9 Quantitative analysis of the dynamics of p65-dsRedXP translocation 
in response to inflammatory stimuli. (A) Peak times of p65-dsRedXP repeated 
translocations. (B) The time between peaks of p65-dsRedXP translocation. (C) 
Amplitude of p65-dsRedXP peaks of nuclear/cytoplasmic translocation. All error bars 
represent standard deviation. (D) the % of cells which show a peak of nuclear 
translocation (only responding cells were considered in this calculation.) (n= 35 (36),
25 (29),27 (36), 25 (32) and 29 (33) for cells stimulated with mTNFa, LPS 0111:B4, 
Pam3CSK4.3HCl, MALP-2 and LPS R515 respectively,. Numbers in brackets 
represent total cells analysed but less are actually used in calculations as some are 
classed as non-responders or are unclear and difficult to characterise accurately or the 
analysis is too short due to cell movement out of the field, cell division or cell death.)

Further characterisation of these p65 responses to different stimuli (Figure 3.9) shows that 

these inflammatory ligands gave rise to both differences in the initial translocation timing 

and the timing and number of secondary peaks of translocation of the p65-dsredXP 

fluorescent fusion protein. The first peak of translocation of p65-dsRedXP occurred at 

different times with the different stimuli. For example the first peak of translocation was 

statistically significantly delayed (p=<0.001) with LPS 0111:B4 stimulation compared to
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stimulation with all of the other ligands (as tested by ANOVA and Tukey means 

comparison). All of the stimuli except for MALP-2 also gave rise to a first peak of 

translocation that occurred significantly slower than that induced by mTNFa (ANOVA and 

Tukey means comparison). The most striking difference in timing of this first peak of 

translocation occurred between stimulation with LPS 0111:B4 and mTNFa (means, 56.5 

and 24.4 min respectively,) with LPS 0111 :B4-induced p65 translocation taking over twice 

the length of time to reach an initial peak as that induced by mTNFa. The other 3 stimuli 

(Pam3CSK4 3HC1, MALP-2 and LPS R515) had initial translocation peak times that were 

not significantly different to one another, despite all being activators of different upstream 

receptors (ANOVA and Tukey means comparison).

One explanation for the timing of an initial translocation of p65-dsRedXP varying in 

response to different stimuli is that many are activating different receptors and the 

subsequent signalling cascades to IKK may vary. However, if this was simply the case we 

might expect that two very similar stimuli (the two preparations of LPS used) should 

activate the same receptor to give similar results. We would also expect that agonists of 

different receptors might give rise to different p65 dynamics and yet LPS R515, a TLR4 

agonist, MALP-2, a TLR6 agonist and PamCSK, a TLR1:TLR2 heterodimer agonist all 

induced p65 translocation with comparable kinetics. This suggests that although activation 

of different receptors may play some role in regulating the timing of a p65 response, it is 

also highly likely that there are additional downstream elements that also have a role to 

play and may be differentially activated by different stimuli.

3.8.2 Comparing the oscillatory period of p65 translocation with different stimuli

As well as the timing of the initial response it is also interesting to consider the time 

between peaks of nuclear translocation as the hypothesis has been proposed that the timing 

of oscillations may determine transcriptional output (Nelson et al., 2004). Varying the 

number and frequency of these oscillations may lead to different transcriptional profiles.

If we consider the differences in the peak 1- peak 2 timings of p65-dsredXP translocation 

(figure 3.9) in response to the range of inflammatory stimuli used, then we can see that
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there is little difference observed with different stimuli. Although more data would be 

needed to provide conclusive results (due to a continued reduction in the number of cells 

showing subsequent peaks), the lack of difference observed in peakl-peak2 times with 

most stimuli suggested that it may be more likely that the timing of the initial peak of 

translocation may play a key role in determining the stimulus specific transcription profile.

3.8.3 Amplitude of p65 translocation in response to inflammatory stimuli

The other interesting point to note from these results is that they suggest that there is no 

statistically significant difference in the amplitude of the p65 response with different 

inflammatory stimuli, despite other differences in the response. This suggests that the 

amplitude of a p65 translocation response is not stimulus-dependent and therefore may not 

be used by the cell as a part of its downstream signalling strategy to recognise different 

stimuli and to induce specific transcription profiles or other cellular responses. As there 

were differences observed in the TNFa induced p65 translocation amplitude in different 

cell types (section 3.4.2), then it may be the case that the amplitude of p65 translocation is 

primarily a cell type specific variable. This may be due to different efficiencies of nuclear 

import : export rates in different cell types or different levels of IkBoc expression. It may 

also be down to differences in the proportional volumes of the nuclear and cytoplasmic 
compartments in different cell types.

3.8.4 Comparing oscillatory behaviour of p65-dsRedXP induced by different stimuli

One of the most striking results in these data comparing the characteristics of a p65 

translocation in response to inflammatory stimuli is that that the maintenance of an 

oscillatory p65 translocation response appears to be highly stimulus-dependent with over 

70% of cells treated with TNFa displaying a second nuclear translocation and over 50% a 

third however both LPS (0111 :B4 and R515)-stimulated populations of cells gave rise to 

20% or less cells showing a second nuclear translocation with less than 15% a third 

(Figure 3.9 D). Oscillations in the localisation of p65 occur in only around 40% of cells
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stimulated with MALP-2 or PamCSK if we define oscillatory behaviour as cells displaying 

at least a second peak of translocation. As the amplitude of secondary nuclear 

translocations of p65-dsRedXP is often low, where these data may suggest that there are no 

further oscillations in some cells, it cannot be ruled out that they may not still occur at a 

level below that which is detectable by the assay.

3.8.5 The different effects of LPS from E.coli strain 0111:B4 v LPS from E.coli strain 

R515 on the timing of p65 translocation

When we consider the two types of LPS used, the timing of the initial p65 translocation 

response to these stimuli is very highly significantly different with the peak of translocation 

induced by LPS 0111 :B4 being delayed by around 20 min compared to the response to LPS 

R515 (p=0.00010). As it is likely that the TLR4 grade LPS R515 predominantly activates / 

TLR4, then we can assume the response to this ligand is as a result of TLR4 activation and 

the subsequent signalling pathway to the IKK signalsome level, where all of the signals 

used in this research will converge. LPS 0111 :B4 should also predominantly activate TLR4 

as LPS is a TLR4 ligand. The significant difference in the initial peak of translocation of 

p65-dsRedXP between the two isolates of LPS might be attributed to a number of factors. 

Firstly, the cell may be able to detect subtle differences in LPS structure from different 

strains of bacteria (one is rough and one smooth, which may generate a different response). 

Secondly, the response seen following LPS 0111:B4 stimulation may be a response to a 

combination of TLR4 agonist (LPS) and contaminants, with the ability to activate TLR2. 

Thirdly even the TLR4 grade LPS R515 might have TLR2 activating contaminants and the 

different ratios of the two agonists in the two LPS preparations might cause differential 

activation. The most likely of these suggestions seems to be the activation of TLR4 (LPS 

R515) versus the activation of TLR2 and TLR4 (LPS 0111:B4) together.

This hypothesis was tested in part by the use of HEK cells expressing only TLR2 or TLR4 

to assess the selectivity of these ligands. The NF-kB responsive NF-luciferase reporter 

vector was transfected into these cells and they were then stimulated and assessed for 

luciferase activity 4 h later in a population cell assay.
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I 1 unstimulated

TLR 2 TLR 4

T L R  expressed

Figure 3.10 TLR specificity of different E.coli LPS preparations. The responsiveness of 
HEK cells stably expressing TLR2 or TLR4 to LPS 0111 :B4 and LPS serotype R515 were 
assessed using an NF-kB dependent luciferase reporter. Cells were treated with 0.5pg of 
one of the LPS preparations for 4 h prior to lysis and reading by a plate luminometer. (MD- 
2 was also added to these cells prior to stimulation, as it is a cofactor required for TLR4 
activation that is missing in these HEKs.) Triplicates of each condition were made and each 
sample was read in duplicate.

The test experiment (Figure 3.10) showed that the LPS 0111:B4 preparation was in fact 

so contaminated with TLR2 agonists (lipoproteins) that it’s potential for activating the 

TLR2 expressing HEKs was marginally greater than that for the TLR4 expressing HEKs 

although it was still capable of activating NF-dependent transcription through TLR4. The 

different basal activities of the NF-kB pathway in these two stable cell lines made it 

difficult to determine a precise conclusion. However, if the data are simply assessed by the 

occurrence of a rise in activity following stimulation, then this suggests that the TLR4 

grade LPS serotype R515 was able to selectively activate TLR4 and showed very little if 

any, activation of TLR2 by impurities. Conversely the LPS 0111:B4 preparation was 

clearly a mixture of TLR2 and 4 agonists, which could explain the differences seen in p65 

dynamics when using these two ligands. (Although only one experiment of three parallel 

replicates is illustrated in Figure 3.10, repetition of this experiment three times gave a 

similar pattern of results, although in the repeat experiments, a less strong activation of 

TLR4 over basal levels was seen. It is likely that this is due to the experimental system 

used, as the very high basal levels of NF-kB activity in the TLR4 expressing HEK cells 

meant there was less capacity for further activation of the system.) It is interesting to note 

that the simultaneous activation of TLR2 and TLR4 did not appear to enhance the NF-kB

81



Chapter 3 Stimulus-dependent dynamics o f  p65 translocation Kate Sillitoe

response. Instead, parallel TLR2 activation appeared to delay TLR4 mediated N F - kB  

translocation, which was surprising given that under real microbial attack cells would likely 

be exposed to TLR2 and 4 and probably other TLR ligands simultaneously. Antagonism 

between TLR2 and 4 agonists has however previously been noted by Hajishengallis and 

colleagues (Hajishengallis et al., 2002). It must also be considered that these data gives us 

only an estimate of potential differential activation of murine TLRs (in the MEFs) by these 

LPS preparations as the HEKs used express human TLRs and some LPSs are known to 

exhibit species differences in their ability to activate TLRs.
It should be noted that other than LPS 0111.B4, all of the TLR ligands gave similar 

responses. Only the TLR ligand that activated two separate TLRs (LPS 0111 :B4) showed 

different response dynamics. This may be a mechanism by which cells could respond 

differently to different microbial stimuli by responding according to activation of different 

combinations of TLRs. It has been described that the cell can adjust its response if TLRs 

are activated in succession, as there is evidence that shows heterotolerance between TLR2 

and TLR4 following an initial response (Dobrovolskaia et al., 2003).

3.9 Analysis of the possible function of oscillations in p65 translocation

3.9.1 Correlating gene expression with p65 dynamics

Previous research in this laboratory has suggested that continued oscillations in p65 

nuclear localisation might in certain circumstances be required to maintain transcription. 

An oscillatory (SK-N-AS) and less oscillatory (HeLa) cell line were analysed to investigate 

the relative transcriptional activity from an NF-luciferase reporter construct in response to 

TNFa (Nelson et al., 2004). These experiments showed that transcription from the 

luciferase reporter in response to TNFa persisted longer in the oscillatory SK-N-AS cells 

but was terminated more quickly in HeLa cells, in which fewer cycles of oscillations in p65 

localisation were observed. This led to the hypothesis that oscillations in p65 translocation 

may be important in sustaining transcription over long periods. Oscillations in p65
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localisation may be necessary in order to allow p65 transcription factor which has been ‘de

activated’ in the nucleus to be ‘re-activated’ in the cytoplasm for example by 

phosphorylation at specific residues. Subsequently the p65 can return to the nucleus in an 

activated state where it may be able to ensure continued transcription.

Therefore, the next aim was to investigate the transcription profile induced from the same 

construct in response to mTNFa (which induces the strongest and most sustained 

oscillations of all stimuli tested) and to LPS 0111:B4 (induces weakest oscillatory 

behaviour). It was investigated in a population assay whether transcription from the NF 

promoter (5xkB site)-luciferase construct was more sustained in response to mTNFa when 

compared to LPS 0111 :B4 (Figure 3.11). Luciferase expression induced by mTNFa 

reached a plateau at around 10 h following stimulation. In response to LPS, luciferase 

expression returned towards the original levels from around 6 h onwards. The data shown 

also considered the effect of cell density on transcription. With either stimulus, the timing 

of luciferase expression from the NF-luc vector appeared to be unaffected by cell density. 

This experiment was only carried out once, in triplicate for each treatment and with each 

sample read in duplicate.

A B

Figure 3.11 Analysis of the stimulus-dependence of NF-kB promoter-driven luciferase 
expression. wtMEFs were transfected with a 5xkB site luciferase reporter in a 24 well 
plate in 1ml of medium. 24 h post-transfection, a time-course of stimulation of between 0 
and 10 h with (A)10ng/ml mTNFa or (B) 0.5pg LPS 0111 :B4 was carried out. Cells from 
all stimulation timepoints were simultaneously lysed and the luciferase activity was 
measured using a plate luminometer and normalised to that in unstimulated cells. The 
numbers in the key represent the number of wtMEFs plated per well.
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These data support the hypothesis that continued oscillations in p65 translocation help to 

maintain N F -kB -dependent transcription. Where we observed minimal continued p65 

oscillations following LPS stimulation, we saw more rapid termination of transcription. 

However, continued TNFa-induced p65 oscillations appeared to be associated with more 

prolonged transcription kinetics.

Next, the same experiment was repeated using luminescence imaging in order to analyse 

the transcription kinetics at single cell resolution (Figure 3.12). These data showed that 

higher levels of luciferase expression from the NF-luc reporter were elicited in response to 

mTNFa. Over 12h, LPS-induced transcription appeared to be comparably low and 

remained so. However with mTNFa stimulation, transcription appeared to be more 

sustained and was still rising or remained high in many cells at the 12h time point. These 

data support our previous hypothesis (Nelson et al., 2004) that sustained transcription may 

require continued oscillations in p65 nucleo-cytoplasmic localisation to ‘refresh’ the active 

p65 nuclear pool and allow continued gene activation.

Figure 3.12 Single cell transcription analysis from NF-luc in response to (A) mTNFa
and (B) LPS 0111 :B4. Cells were transfected with NF-luc 24 h prior to the experiment. 
Luciferin was added to the cells 3 h before imaging. The luciferase activity from NF-luc 
was then measured at 30 min intervals following stimulation. Cells were maintained 
throughout the experiment at 37°C, 5% C02 and in an humidified atmosphere. The data 
shown are derived from 3 separate experiments for each condition (n= 28 for mTNFa and 
n=33 for LPS stimulated cells).
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Transcription from promoters other than the generic 5x kB site promoter was also 

measured in response to all five of the inflammatory stimuli used in the p65 translocation 

experiments. The other reporters used were IkBci, IP-10 and RANTES promoter sequences 

driving firefly luciferase expression (Figure 3.13).

Time in hours Time in hours

----------LP S B 4:0111 --------- TNF .......Pam CSK
--------- M ALP-2 ---------- LPS R515

Figure 3.13 Stimulus dependent transcription of NF-kB regulated genes. Cells 
stimulated with the five inflammatory agonists used were assessed for the luciferase 
activity induced from transfected NF-luc. IkB oc-Iuc . IP-10-luc and RANTES-luc 
reporter constructs following a time course of stimulation. Cells within an experiment 
were lysed simultaneously and activity was measured using a plate luminometer. The 
results are preliminary, representing only one repeat of each experiment. Each 
experiment was carried out with 3 simultaneous replicates and with 2 readings of each 
sample.

Interestingly, although NF-xB-dependent transcription overall is more sustained 

with mTNFa as indicated by the NF-luc reporter, this was not the case with the three 

other reporter constructs used. There are at least three reasons which might explain
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these differences. Firstly, this may simply reflect the true differential regulation of the 

selected genes by mTNFa. On the other hand this could also be due to the promoter 

sequences in the luciferase reporters not being in their exact endogenous locations. In 

addition, some of the promoter sequences used, for example, Ik B oc were not full 

length and this may have led to transcription that may not be comparable to the 

physiological situation as it could be that regulatory sequences may be missing. 

RANTES is described as a late gene that shows a transcription increase using RTPCR 

at around 4h with TNFa stimulation (Tian et al., 2005). The RANTES-luc reporter 

construct however shows activation of transcription within 2h, which may be due to 

different chromatin accessibility in this transient transfection assay. The complex 

endogenous regulation of gene expression may keep some promoters inaccessible 

until the correct time and this would not be accounted for in these experiments. The 

stronger activation of some of these promoters compared to others by some stimuli 

suggests some differential activation of these luciferase reporter constructs. More 

dynamic data from single cell luminescence experiments might be required to more 

accurately compare differences between the kinetics of gene expression induced by 

the different stimuli. It would be useful to try to repeat this experiment in cells stably 

expressing these promoters driving reporter expression, integrated into the genome. 

Alternatively this experiment could be performed using qPCR to measure the level of 

transcription of the endogenous genes. From these data it is difficult to correlate 

activity from these promoter constructs with the dynamics of p65 translocation. 

However, it remains unclear whether this is due to flaws in the experimental 

technique or whether the dynamics of p65 translocation are not well correlated with 

the transcription of these genes as other mechanisms such as phosphorylation are also 

likely to play a role. It may also be that p65 dynamics play a role in regulating 

transcription for only a subset of genes.

8 6



Chapter 3 Stimulus-dependent dynamics o f  p65 translocation Kate Sillitoe

3.10 Dynamic analysis of IkBcx degradation following treatment of cells with 

inflammatory stimuli

The next aim was to consider whether the differences observed in p65-dsRedXP 

translocation dynamics in response to the five stimuli were due to differences in their 

ability or efficiency to degrade Ik B oc and thus release p65 to translocate to the 

nucleus. Data were collected from single cells co-expressing p65-dsRedXP and IicBa- 

EGFP using confocal live cell microscopy.

Dynamic analysis of TNFa-induced IkB cc degradation was carried out previously 

by this laboratory. In HeLa cells expressing p65 and IkB oc fusion proteins, Ik B oc- 

EGFP was degraded more quickly than when expressed alone (Nelson et al., 2002). In 

these experiments, p65-dsRed was also shown to translocate more slowly following 

TNFa stimulation in HeLa cells, when co-expressed with Ik B oc-E G F P . In the present 

study p65-dsRedXP (an improved version of dsRed with a faster fluorophore 

formation time) and IkB oc-E G F P  proteins were co-expressed in wtMEFs to 

investigate whether we observe the same responses of the two proteins in this cell 

type.
IkB oc degradation kinetics in response to LPS were previously measured by Velasco 

et al who imaged endogenous IkB oc levels in fixed peritoneal macrophages at 0, 30 

min 1 h and 4 h following stimulation (Velasco et al., 1997) or in other groups by 

western blot analysis (Figure 3.5). Here Ik B cc degradation induced by LPS was 

investigated in more detail using live single cell confocal microscopy to give a more 

dynamic, quantitative analysis of this degradation.

There are no single cell data published regarding IkB oc degradation in response to 

MALP-2 or PamCSK and searches of ‘Pubmed’ have found no published population 

IkB oc degradation data in response to these stimuli although there are limited data 

available concerning this degradation in response to other stimuli which may activate 

the same receptors. One example of this was the report of the activation of TLR2 by 

Gp96 inducing IkB oc degradation in a study by Vabulas et al. (Vabulas et al., 2002).
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The exogenous expression of Ik B cc alone was not investigated in this study, only its 

co-expression with p65-dsRedXP. The reason for this was that when Ik B oc-E G F P  is 

over-expressed alone in cells, it causes apoptosis but when co-expressed with p65- 

dsRedXP, these apoptotic effects are counteracted. The effect of increased Ik B cc 

concentration on TNFa, LPS, PamCSK and MALP-2-induced p65 dynamics could 

provide novel insight into differences in p65 translocation and any stimulus- 

dependent effects of IkB oc on p65 translocation.

A
150

100

50

0

LPSB 4  TNFalpha PamCSK MALP-2 LPSR515

Stimulus Stimulus

Figure 3.14 Characterising IkBoc degradation in response to inflammatory 
stimuli. (A) The time taken for 50% degradation of Ik B cc in response to a range of 
stimuli. Data were taken from single MEF cells transfected with p65-dsRedXP and 
IkB oc-E G F P . Measurements were made using confocal laser scanning microscopy 
over a time course following stimulation with 0.5pg/ml LPS 0111:B4, lOng/ml 
mTNFoc, 30ng/ml Pam3CSK4.3HCl, 30ng/ml MALP-2 or 0.5pg/ml LPS serotype 
R515. In the box and whisker plots above, x represents the minimum or maximum 
value of the dataset, the box represents the 25th to 75th percentiles, the square 
represents the mean of the data, the line represents the median, and error bars 
represent S.D. (B) from the same dataset, the minimum level (% relative to time 0) of 
IkB cx which was observed in each single cell was calculated and the data averaged.
Error Bars represent S.D. (n= 33, 33, 37, 28 and 34 for cells stimulated with mTNFa,
LPS 0111:B4, Pam3CSK4.3HCl, MALP-2 and LPS R515 respectively.)

The results obtained from these experiments (Figure 3.14) indicated some differences in 

both the time taken by different stimuli to degrade the level of IkBch-EGFP at time 0 by
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50% and also the relative level to which each stimulus reduced the IkB oc level. The time 

taken by different stimuli to degrade IkB oc-E G F P  to 50% of the original level were 

statistically indistinguishable, with the exception of Pam3CSK4 3HC1, where the time taken 

to degrade the IicBa-EGFP was significantly longer (p=<0.001) than with all of the other 

stimuli tested (ANOVA and Tukey means comparison). The level to which the Ik B oc- 

EGFP was reduced was again indistinguishable with the different stimuli, except for 

Pam3CSK4 3HC1, where the level of Ik B oc-E G F P  degradation achieved was significantly 

(p=<0.01) less than that when LPS 0111:B4 or LPS R515 were used as the stimulus 

(ANOVA and Tukey means comparison). The variation in levels of Ik B o, degradation was 

very large for all the stimuli used. This could be as a result of different levels of exogenous 

IkB oc-E G F P  expression. Interestingly there was lower variation across the population in the 

time taken for the IkB oc to be reduced by 50% in response to LPS 011LB4, perhaps 

implying a strong and consistent response to this stimulus. These results suggested that the 

kinetics of degradation of Ik B oc may not be highly dependent on the particular agonist used 

as in most cases the degradation kinetics were similar.

As it might be expected that the more MBa-EGFP there was within the cell, the longer it 

would take for this protein to be degraded to 50% of its original level, a key issue was to 

understand the effect that the initial expression level of the fluorescent fusion protein had 

on degradation rates in response to the range of stimuli used. The data from experiments 

with each stimulus were analysed to compare the initial cytoplasmic intensity of IkB ci- 

EGFP with the 50% degradation time of IicBa-EGFP for each cell, (Figure 3.15).
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A

T im e  of 5 0 %  IkappaB alpha-EG FP degradation

LPS (0111 :B4) 
R=0.27965 
p=0.11499

Tim e of 5 0 %  IkappaB alpha-EGFP degradation

Pam3CSK4 
R=0.12088 
p=0.46354

B

mTNF a  
R=0.65839
p=<0.0001

E

LPS (R515) 
R=-0.19592 
p=0.28254

c

R=0.34687
p=0.0763

Figure 3.15 Investigating the relationship between the expression level of IicBa- 
EGFP and the degradation time. The graphs illustrate the relationship between the 
level of average cytoplasmic initial fluorescence intensity of ItdBa-EGFP and the time 
taken to degrade the IkBcx-EGFP to 50% of the original level in each single cell. The 
relationship is compared in response to (A) LPS 0111:B4, (B) mTNFa, (C) MALP-2, 
(D) Pam3CSK4 and (E) LPS R515. The correlation co-efficient (R) and the probability 
that R is 0 (P value) are indicated for each condition. (In order to allow for more 
accurate linear regression, 1 outlier was removed from (C) and from (E) and 2 from 
(B))

For the majority of the agonists used (excluding mTNFa) no significant correlation 

between the initial amount of hcBa-EGFP expressed and the time to 50% degradation 

of IxBa-EGFP was found in cells expressing both p65-dsRedXP and IxBa-EGFP. 

This suggests that in response to these stimuli the capacity for IxBa degradation was 

not saturated by the extra exogenous IicBa fusion protein and that the system could 

rapidly degrade the IxBa-EGFP whatever the expression level. There was however 

significant correlation between the expression level of IicBa-EGFP and the time taken 

by mTNFa to induce 50% degradation. Although the effect of expression level
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observed in response to mTNFa may be a result, at least in part, of the experimental 

conditions, this cannot simply be the case as it did not happen in response to all 

ligands, suggesting there must also be a real biological effect. This could potentially 

suggest that there is a limit in the capacity of the mTNFa-induced NF-kB response to 

degrade IicBa-EGFP.

In conclusion, the initial amount of IxBa in a cell may not correlate with the time 

taken for its degradation in response to many stimuli. This could be important due to 

the impact IkBcc can have on the nuclear localisation of NF-kB transcription factors 

and this may therefore be a way in which this localisation could be regulated 

differently in response to different stimuli.

3.11 Translocation of p65-dsRedXP with IkBcx-EGFP co-expression

Nelson et al. (Nelson et al., 2002) showed that co-expression of p65-dsRedXP and 

IkBoc-EGFP delayed p65 translocation with TNFa stimulation in HeLa cells. It was 

of interest to investigate whether this effect of IkBoc on p65 dynamics was a stimulus- 

dependent effect or whether it occurred as a result of the co-expression of the two 

proteins and would occur regardless of the stimulus used. The next aim was therefore 

to analyse the p65-dsRedXP dynamics in the dual expression experiments (p65- 

dsRedXP and IkBoc-EGFP) with the different stimuli. This would elucidate the effect 

of this co-expression on the translocation kinetics of p65-dsRedXP in these cells.
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A B

Stim ulus

Figure 3.15 Comparing p65 translocation when co-expressed with IicBa-EGFP 
or expressed alone. (A) Time of the initial peak of p65 translocation in each 
condition and with each stimulus. (B) Comparison of the number of oscillating cells 
defined as the % of the population displaying a second peak of translocation. (n= 33 
(35), 33 (33), 37 (43), 28 (29) and 34 (36) for cells stimulated with mTNFa, LPS 
0111 :B4, Pam3CSK4.3HCl, MALP-2 and LPS R515 respectively,. Error bars 
represent S.D.(Numbers in brackets represent total cells analysed but less were 
actually used in calculations as some were classed as non-responders or were unclear 
and difficult to characterise accurately or the analysis was too short due to cell 
movement out of the field, cell division or cell death.) (* represents significance at the 
<0.05 level, ** represents significance at the <0.01 level and *** represents 
significance at the <0.001 level as determined using t-test analysis.)

These data suggest that in response to different stimuli, an increased level of IkB oc 

expression introduced by transfection of Ik B oc-E G F P  can have different effects on the 

translocation dynamics of p65-dsRedXP (Figure 3.15). It might be expected that 

increasing the amount of Ik B cx within the system would delay translocation of p65 to 

the nucleus, as there is more inhibitor to sequester it in the cytoplasm. This was 

indeed the case with TNFa (p=0.01272) as had previously been observed by Nelson 

et al. (Nelson et al., 2002) and also with Pam3CSK4.3HCl-stimulated cells 

(p=0.00903) where statistically significant delays were seen in the peak of the first 

translocation of p65-dsRedXP to the nucleus. However in MALP-2 and LPS R515 

stimulated cells, there was no significant difference in the p65 translocation time 

despite the increase in Ik B oc. Interestingly and perhaps unexpectedly, in response to 

LPS 0111:B4 the increased levels of Ik B cc actually gave rise to a significant shorter
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time of p65-dsRedXP initial translocation (p=<0.001). These data therefore suggest 

that the role of IkB oc in regulating p65 dynamics is at least in part stimulus-dependent 

and may also not be simply due to IkB cx degradation. The increase in the speed of 

nuclear localisation of p65 in LPS stimulated cells where Ik B cx is co-expressed was 

particularly surprising. This suggests that the role of Ik B<x in the regulation of p65 

translocation dynamics is not just a simple dissociation reaction, but instead there may 

be more complex control of this event. The observation that the increase in IxBa 

concentration had no significant effect on the dynamics of p65-dsRedXP translocation 

following MALP-2 or LPS R515 stimulation also suggests that perhaps IicBa plays a 

less important regulatory role in response to some stimuli than others. If IicBa played 

a significant role in regulating p65 dynamics in response to these stimuli then it might 

be expected that this effect would be reinforced with an increase in its concentration. 

As IicBa-EGFP is still degraded in response to MALP-2 and LPS R515, it could still 

be hypothesised that it has a role to play, but this may suggest an ability of these 

stimuli to somehow release p65 more efficiently from IkB ci than some of the other 

stimuli tested. The different effect of IicBa-EGFP co-expression on p65-dsRedXP 

translocation dynamics in response to the two different types of LPS is also 

interesting, as it suggests that the earlier nuclear translocation in response to LPS 

0111:B4 may be mediated by TLR2 activation as LPS R515 has little ability to 

activate this receptor and this is the primary difference in the action of these two 

otherwise very similar stimuli.

We can also see that the increase in IkB oc appeared to have the ability to suppress 

subsequent peaks of p65 translocation as the % of ‘oscillating’ cells in response to 

TNFa was reduced by over half with the increase in IicBa-EGFP. However, in 

response to the other stimuli, this effect is not seen, there may a very small decrease 

in oscillators with MALP-2 and PamCSK but this effect is negligible. In response to 

LPS (both) on the other hand there appeared to be a small increase in oscillating cells 

associated with an increase in IkB oc levels, but these differences were not conclusive.
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Figure 3.17 Amplitude and Peak 1 to Peak 2 times of p65-dsRedXP translocation 
with and without IkBch-EGFP co-expression following mTNFa stimulation. (A)
The time in min. of the period between the maximum p65-dsRedXP translocation of 
translocation peak 1 and of translocation peak 2 with or without IkB oi-E G F P . (B) The 
amplitude of the N :C  ratio of p65-dsRedXP when expressed alone or with IkB cx- 
EGFP. Error bars represent standard deviation. (* represents significance at the <0.05 
level, ** represents significance at the <0.01 level and *** represents significance at 
the <0.001 level as determined using t-test analysis.)

The next aim was to compare the effect of IicBa-EGFP co-expression on two more 

of the dynamic characteristics of p65-dsredXP translocation (Figure 3.17). In 

response to LPS 0111:B4, LPS R515, MALP-2 and PamCSK there was no significant 

effect of the increased levels of IicBa-EGFP on either the amplitude of the first peak 

of translocation or the time between peak 1 and peak 2 (not shown). In response to 

mTNFa this was not the case (Figure 3.17) as significant increases were observed in 

both the amplitude of the N:C ratio of p65-dsRedXP translocation (p=0.01893) and in 

the time between peaks 1 and 2 of translocation (p=0.00002). This again suggested 

that IicBa might have a more important and different role to play in the regulation of 

p65 translocation dynamics in response to mTNFa, than for any of the other 

inflammatory stimuli tested. We can hypothesise that if IkBa plays a more significant 

role in the regulation of p65 dynamics in response to mTNFa, that other factors, such 

as the other IkB s, might play more important roles in regulation of p65 dynamics 

following stimulation with some of the other inflammatory stimuli.
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3.12 Analysis of endogenous NF-kB activation induced by 0111:B4LPS and 

mTNFa

Degradation of Ik B cc and phosphorylation of IkB oc (serine 32) and p65 (serine 536) 

have been measured in many studies, in many cell types in response to LPS and 

TNFa (Perkins, 2006). Different cell types, different preparations of LPS and to some 

extent TNFa, require that in order to correlate these modifications with other aspects 

of this research, it was important to carry out these experiments under our own 

conditions.

Endogenous degradation of hcBa was measured in response to LPS 0111 :B4 and 

TNFa in order to see whether the delay was observed in the initial degradation with 

LPS compared to TNFa at the endogenous level that was seen in the single cell 

experiments. This also allowed assessment of whether IicBa degradation was 

comparable between western blot analysis and imaging of IicBa-EGFP with different 

stimuli.

95



Chapter 3 Stimulus-dependent dynamics o f  p65 translocation Kate Sillitoe

B

0 4.4 8.8 17.4 Time in minutes

0 10 20 25 Time in minutes

Figure 3.18 Single cell IicBa-EGFP degradation in response to LPS and TNF. (A)
illustrates the mean of all of the single cell responses for each condition for the 
purpose of comparison with endogenous population data. These data is from the same 
dataset as that in Figure 3.16 (B) is an image time-series of a representative cell in 
which IkBoc-EGFP is degraded in response to mTNFa. (C) is an image time-series of 
a representative cell in which IkBcc-EGFP is degraded in response to B4:0111 LPS. 
Scale bar represents approximately 50pm.

If we average the degradation of IkBoc-EGFP from the single cells in imaging 

experiments (Figure 3.18) we observe that after approximately 4.5 min of stimulation 

then no IkBoc-EGFP has been degraded in response to LPS but around 7% of the 

original level of IkBcc-EGFP has already disappeared in mTNFa stimulated cells. 

This delay in degradation is still apparent until around 10-11 min following 

stimulation where the IicBa-EGFP level has been reduced to 82% of the original level
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in LPS treated cells but to around 67% in cells stimulated with mTNFa. Beyond this 

point however the degradation of IkBoc-EGFP by LPS was more rapid and 

degradation of IkBcx-EGFP reached 50% of the original level in LPS-stimulated cells 

at a similar time to that seen in TNFa-stimulated cells.

0 2 4 6 10 15 30 4 5 6 0

Time in minutes

Figure 3.19 Analysis of TNFa and LPS-induced phosphorylation and 
degradation of endogenous IkB<x. wtMEFs were stimulated with LPS or TNFa over 
the time-course as indicated. Samples at all time points were simultaneously lysed for 
use in western blot experiments. Protein lysates were probed for total MBa or MBa 
phosphorylated on serine 32. The blots illustrate total IkB a  levels over time in (A) 
mTNFa-stimulated and (C) LPS-stimulated cells or levels of phosphorylated (Ser32) 
MBa in response to (B) mTNFa stimulation or (D) LPS stimulation. The 
quantification of each blot is derived from the image shown and each example is 
representative of 3 similar repeats. (E) and (F) compare the level of phosphorylated 
IkB  to the level of total IkB  in response to TNFa or LPS, respectively.
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The degradation of endogenous IicBa shown in the western blots (Figure 3.19) was 

more rapid than for IkB cc-E G F P  in the imaging experiments (Figure 3.18), although 

this is more noticeable with TNFa stimulation than with LPS. This is most likely 

because in the imaging experiments the increased levels of IicBa simply take longer to 

degrade with mTNFa although it is degraded at the same rate as endogenous IkB cx. 

This effect is not so apparent with LPS where the timing of degradation is much more 

comparable between the two experimental techniques. The delayed degradation of 

IkB ci in response to LPS compared to mTNFa is also still apparent with endogenous 

analysis. We can see by measuring phosphorylation of endogenous IicBa at serine 32 

that the delay in degradation of IkB o. with LPS stimulation is matched by a delay in 

the phosphorylation of bcBa at this residue (Figure 3.19). This somewhat fits with 

data from Werner et al who showed a delay in IKK activity with LPS compared to 

TNFa. In their study, they showed that maximal IKK activity is induced in wtMEFs 

by 10 min. of lng/ml TNFa treatment and yet a maximal IKK response only occurred 

after around 60 min. following 0.1pg/ml LPS stimulation (Werner et al., 2005). In 

these experiments Werner et al. used a 45 min. pulse of stimulation which may give 

rise to some differences when comparing results. However, the concept that IKK is 

activated more rapidly with TNFa than LPS can still be used as a hypothesis. If there 

is a delay in the system between TLR4 (TLR2) and IKK compared to TNFR1 to IKK 

then a delay in phosphorylation of IxBa by IKK and a consequent delay in IxBa 

degradation could be predicted. This might also predict a delay in IKK-dependent 

phosphorylation of p65, which might delay p65 translocation.

In addition to the western blot analysis performed, the phosphorylation of IxBa at 

serine residue 32 was also measured over a longer time course by ELISA (Figure 

3.20A). In addition to the timing differences (e.g. the initial delay with LPS compared 

to TNFa), the increase in phosphorylation induced by mTNFa was greater and more 

sustained than that with LPS treatment. This was consistent with the occurrence of 

continued oscillations of p65 as these would require a continued degradation of some 

of the IicBa pool in order to maintain p65 translocation. The phosphorylation of IxBa
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in response to LPS had diminished significantly by 3h, which is consistent with the 

observation of fewer continued p65 oscillations induced by this stimulus. It can be 

presumed that the inhibition by IkB cx after this time interval was too great and that 

this prevented further rounds of p65 translocation. These data are also consistent with 

a situation of more sustained IKK activity following treatment with mTNFa than that 

following treatment with LPS.

0 5 10 15 20 30 45 60 75 90 105 120 135 150 165 180

Figure 3.20 Phosphorylation induced by mTNFa and LPS at (A) serine 32 of 
IicBa, (B) serine 536 of p65 analysed by ELISA. Phosphorylation of these residues 
can in part be used as a measure of activation of the NF-kB pathway. Data represents 
the mean of three separate replicates of all conditions (two duplicates per repeat) and 
error bars illustrate s.e.m.
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The differences in the length of time over which phosphorylation of Ik B oc was 

observed to occur poses interesting questions about the down-regulation of IKK by 

these two stimuli and how this may occur by two different mechanisms. There are a 

number of steps in which there could be differences in the down-regulation of IKK 

activity following LPS or TNFa stimulation. The transcription profile induced by 

each stimulus is different and may lead to the expression of different proteins or 

different levels of proteins which may act at IKK or upstream of IKK to shut down 

the system. One such protein may be A20, which can act directly at the IKK complex 

or indirectly via TRAF2 and RIP to inhibit the complex’s kinase activity (Zetoune et 

al, 2001). It may also be that case that the response may be switched off at the 

receptor level by modification or other inhibition of adaptor proteins or by receptor 

internalisation. The two stimuli may also have different effects on protein 

phosphatase-mediated IKK dephosphorylation or inhibitory IKK auto

phosphorylation (Hacker and Karin, 2006). More research would be required to 

elucidate which if any of these mechanisms might play a role in IKK down-regulation 

following activation by these two stimuli.

The phosphorylation status of the p65 in LPS and mTNFa stimulated cells was 

measured at serine 536 which is an IKK target phosphorylation site known to be 

important for p65 transactivation. The levels of p65 Ser536 phosphorylation measured 

were higher and more sustained in response to mTNFa compared to LPS (Figure 

3.20B). The levels of phosphorylation also rose and fell over time giving a hint of 

oscillations in this phosphorylation as suggested by Nelson et al (Nelson et a l, 2004). 

The differential maintenance of these phosphorylation events in response to LPS or 

TNF by control of the oscillatory behaviour of p65 in response could be one key 

factor in determining stimulus specific cellular responses.
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3.13 Summary of results

3.13.1 p65 translocation dynamics are stimulus dependent

S tim u lu s M e a n  tim e  o f 
p e a k  1

M e a n  a m p litu d e  
o f  p e a k  1

M ean p e rio d  
b e tw e e n  p e a k  1 

a n d  2

T N F a 24.4 3.1 74.6

L P S  (fro m  
E .c o li  se ro ty p e  

0 1 1 1 :B 4 )
56.4 4.2 124.9

P a m C S K 35.4 3.3 89.3

M A L P -2 34.5 4.6 85.4

L P S  (fro m  
E .c o li  se ro ty p e  

R 5 1 5)
37.0 4.6 91.6

Table 3.1 Summary of the stimulus dependent response of p65-dsRedXP to 
inflammatory stimuli. All numbers represent mean time in minutes. Red numbers 
indicate the highest value obtained for a given characteristic and blue numbers the 
lowest.

One key observation was that different kinetics of p65-dsRedXP translocation 

occurred in response to different inflammatory stimuli. p65 translocation in response 

to LPS 0111 :B4 was the slowest of the stimuli tested in terms of time of first 

translocation and the time taken between subsequent peaks. The amplitudes of a p65- 

dsRedXP translocation response however were not significantly different in response 

to different stimuli suggesting that this might be a cell type specific variable. 

Oscillations in p65 translocation were signal dependent as were the number of 

oscillating cells (where the oscillating phenotype is defined as two or more significant 

observable peaks). TNFa induced oscillations in p65 translocation in over 70% of 

p65-RedXP transfected cells measured whereas LPS 0111 :B4 gave rise to oscillations 

of p65 translocation in only 20% of cells. Other stimuli gave values somewhere 

between these.
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It seems likely that the observed oscillations in the nuclear/cytoplasmic localisation 

of p65-dsRedXP were not artefacts of the experiment due to p65 over-expression. 

These oscillations were induced more strongly in response to some stimuli rather than 

others and therefore over-expression of p65-dsredXP did not appear to be sufficient to 

induce this oscillatory behaviour. If this were an over-expression artefact then this 

might be expected to be exhibited regardless of the stimulus. Also at the endogenous 

level it has been shown in TNFa stimulated SK-N-AS cells that p65 binds to 

promoters such as the IicBa promoter and then is released and later binds again i.e. 

the promoter binding dynamics also exhibit oscillatory behaviour, as measured using 

ChIP (L. Ashall, unpublished results). Biphasic promoter binding has also been 

described at NF-kB dependent promoters by both p65 and c-Rel by Bosisio et al. 

(Bosisio et al., 2006).

The stimulus dependence of p65 dynamics may be a way in which cells can 

differentiate between different stimuli in order to generate stimulus specific cellular 

responses. The fact that dynamics are different also suggests that the cell may exert 

temporal regulation on p65 localisation in order to generate these different dynamics. 

If we consider the potential mechanisms behind stimulus dependent p65-dsRedXP 

translocation dynamics then we can hypothesise that the delayed translocation of p65- 

dsRedXP in response to LPS 0111 :B4 occurs as a result of slower activation of IKK. 

It may also be the case that MALP-2, PamCSK, and LPS R515 activate IKK with 

intermediate speed and TNFa activates it very rapidly. It could also be suggested that 

other factors could affect the timing of translocation of p65 such as post-translational 

modifications. Some of these modifications may be stimulus-dependent or may be 

mediated by different enzymes in response to different stimuli. A third potential 

mechanism for differential regulation of p65 translocation may be the selection of 

IkB s to different extents by different ligands allowing for variation in the p65 
response.
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3.13.2 Different inflammatory stimuli lead to similar IicBa-EGFP degradation 

kinetics yet different IkBa-dependent p65 translocation dynamics

In p65-dsRedXP, Ik B oc-E G F P  dual transfected cells, the time taken to reduce the 

IkB oc level by 50% is generally similar with different stimuli as is the minimum level 

to which the ItcBa level is reduced (however PamCSK does degrade IicBa more 

slowly and to a lesser degree than the other four stimuli).

The increase in the Ik B oi level however had very different effects on p65-dsRedXP 

dynamics in response to different stimuli as the increase could be seen to, reduce 

initial translocation time, increase initial translocation time or have little effect on 

initial translocation time suggesting different regulatory roles for IkB oc with regards 

to p65-dsRedXP translocation in response to different stimuli. This also suggests that 

IkB oc may play a more important role in N F -k B  signalling induced by some stimuli 

compared to others. The increase in IkB cx can also reduce the probability of 

oscillations in TNFa stimulated cells, although it does not clearly affect the 

occurrence of this event in response to other stimuli.

The negative feedback loop of IkB oc is thought to play a key role in driving p65 

N/C oscillations and this is one reason why its degradation and effect on p65 

dynamics was measured in this study. Oscillations are driven by a cycle of IkB oc 

degradation, Ik B cc re-synthesis and IkB cx returning p65 to the cytoplasm. Following 

p65 nuclear entry there is a delay in the system before hcBa re-synthesis and 

subsequent association with p65 can return the transcription factor to the cytoplasm. 

The continued cellular stimulation and sustained IKK activity then leads to a second 

wave of IicBa degradation and the process starts again. Although not considered here, 

it has been suggested that Ik B s  plays a role in dampening the oscillations in p65 

translocation mediated by Ik B cc (Kearns et a l, 2006). P. Paszek (unpublished data) 

has proposed that the asynchrony observed in single cell p65-dsRedXP translocation 

dynamics occurs due to two staggered feedback loops with the Ik B s  negative 

feedback loop having delayed activation relative to Ik B oc and that the IkB s
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transcription may increase stochastic noise and resulting cell-to-cell asynchrony 

compared to the situation if there was no IkB s  feedback loop. In averaged data it 

would appear that as the two loops work in antiphase they might cancel each other out 

thus preventing oscillations but the stochasticity at the single cell level instead gives 

this system the ability to drive oscillations. This is therefore a complex system where 

we can hypothesise that if the IkB  levels are too high, or too low, the cycles of Ik B  

feedback can be weighted at one point, which will reduce the propensity for 

oscillations due to this disruption of the system. The potential for differential 

activation of N F - kB  by selective use of IkB  s following different stimuli is one way in 

which stimulus differences in p65 dynamics may occur. This will be investigated 
further in the work described in the next chapter.

3.13.3 The potential function of p65 oscillations

Cells in which sustained oscillations in p65 translocation were observed (TNFa 

stimulated) also showed transcription from an NF-kB dependent reporter construct 

that was sustained over 10 h. Conversely cells exhibiting less oscillatory behaviour 

(LPS stimulated) showed less sustained transcription from the reporter construct. This 

supports the previous hypothesis by Nelson et a l that sustained oscillations in p65 

nuclear/cytoplasmic localisation may be required for transcription to persist (Nelson 
et al., 2004).

3.13.4 Analysis of Endogenous NF-kB activation in response to inflammatory 
stimuli

Endogenous phosphorylation of IkB oc (serine 32) and p65 (serine 536) was 

maintained over a longer period in response to mTNFa when compared to LPS. 

Continued phosphorylation of Ik B oc leading to its continued degradation is one factor 

which aids p65 oscillations due to the Ik B oc negative feedback loop. However, what
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causes this apparent maintenance of IKK activity and consequent continued 

phosphorylation of Ik B cc following TNFa stimulation remains unclear. The 

phosphorylation of serine 536 may also play a role in oscillations, as p65 may need to 

keep returning to the cytoplasm to maintain phosphorylation on serine 536 and other 

residues to maintain its transcription activity. The fact that in response to TNFa or 

LPS, phosphorylation of p65 serine 536 is induced to different extents and that 

ultimately we observe oscillatory or less oscillatory conditions, may suggest that this 

may be a factor which in part regulates or is regulated by the oscillatory phenotype.

3.14 Key conclusions

• NF-kB p65 dynamics can be stimulus- dependent.

•  Different p65 dynamics correlate with differential NF-kB-dependent 
transcription.

•  Regulation of p65 translocation dynamics by increased levels of IicBa is 
different depending on the stimulus applied.

•  The capacity of the system to degrade increasing levels of IicBa can be 
stimulus-dependent.

3.15 The significance of this research

This insight into the dynamics of p65 translocation seen in this part of the research 

project helped us to understand some of the differences that may occur in response to 

different stimuli. We could observe that the dynamics of p65 translocation in response 

to different stimuli could vary. This is interesting, as all of the stimuli used would 

elicit an inflammatory response through activation, primarily, of the canonical NF-kB 

pathway and therefore we might expect them to do this by way of comparable NF-kB 

activation. MALP-2, PamCSK and LPS R515 did indeed give very similar dynamics
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of p65 translocation and yet LPS 0111:B4 gave rise to much delayed dynamics and 

TNFa to rapid oscillatory dynamics. These data could help us to understand how 

temporal control within the system as well as a mechanism of continued 

translocations, or more rapid translocation termination, might be key control systems 

used by the cell to sense a particular stimulus in order to respond accordingly. This 

may also help to explain how stimuli, which activate the same transcription factor, 

can ultimately give rise to different transcriptional outputs from a cell.

As well as the insight these new data gives us into the NF-kB signalling system, it 

also adds to the body of evidence that temporal control may be critical in many 

biological systems. Lahav et al. (Lahav et al., 2004) illustrated how p53 nuclear 

oscillations were dependent on irradiation dose and therefore also suggested a link 

between stimulus and transcription factor dynamics. It is interesting to note however 

that oscillations in p53 do not appear to be damped in the same way as p65 

oscillations, which may illustrate how different biological systems can use similar but 

different methods of control. Dolmetsch et al have also shown how differences in 

amplitude and duration of calcium signalling patterns can induce transcription of 

different genes (Dolmetsch et al., 1997). Therefore, it might be the case that NF-kB 

transcription factor dynamics could be a signal for differential transcription.
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4.1 Introduction

In the work described in the previous chapter, differences were observed in the 

translocation dynamics of p65-dsRedXP when co-expressed with IkBoi-EGFP in 

response to different stimuli. These data suggested that differential effects on p65 

dynamics by different stimuli might be mediated through signal dependent regulation 

of IkBcx and therefore potentially other IkBs within the NF-kB system. This finding in 

addition to the knowledge that the response of at least one other IkB, the nuclear IkB, 

IkBC, is stimulus-dependent (Yamamoto et al., 2004) led us to ask whether LPS and 

TNFa could generate different kinetics of prototypical IkB (a,(S,s) degradation and/or 

different dynamics of p65 translocation in the presence of increased levels of these 

IkBs.

Previously the roles of the ‘prototypical’ IkBs have been seen as being somewhat 

different to each other but to also have significant functional overlaps. IkBoc is the 

primary response IkB, which is degraded rapidly following stimulation and is also re

synthesised very quickly to negatively regulate the response (or potentially to 

maintain and potentiate oscillations). IkB(I is degraded more slowly than IkBoc and 

has previously been observed not to degrade at all in some cell types in response to 

certain stimuli (Velasco et al., 1997). IkBs has been shown to be degraded and re

synthesised (Kearns et al., 2006) with delayed kinetics compared with IkBoc and 

therefore like hcBa represents another negative feedback loop which has been 

proposed to occur in antiphase to IkBoc. As well as differences in their degradation 

there are also differences observed in the ability of these ‘typical’ IkBs to shuttle 

between the nucleus and cytoplasm to retrieve NF-kB transcription factors from the 

nucleus. The other important difference to highlight when comparing these three IkBs 

is that the transcription of IkB(x and s is NF-kB dependent and is strongly up- 

regulated in response to inflammatory stimuli, but despite the ability of p65 to bind to 

a kB site in the IkB(3 promoter, the p65 in this case is inefficient at recruiting RNA 

polymerase II and transcription factor IIH (TFIIH) to the promoter. Therefore, there is
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no strong up-regulation of IkB|3 in response to this binding of p65 (Griffin and 

Moynagh, 2006). Despite these differences, all three of these IkBs sequester NF-kB 

transcription factors in the cytoplasm and are subject to IKK-mediated 

phosphorylation, leading to their subsequent ubiquitination and degradation in 

response to stimulus. This illustrates the apparent similarities in their processing and 

functions. Differences in the dynamics of IkB degradation or nucleo-cytoplasmic 

shuttling could lead to stimulus-dependent effects both in the regulation of their own 

genes and also in their ability to regulate p65 translocation dynamics (or that of other 

NF-kB signalling proteins).

In the work described in this chapter, single cell confocal microscopy was used to 

investigate the dynamics of p65-dsRedXP nuclear translocation in response to LPS 

from E.coli serotype B4:0111 and mTNFa. The aim was to study these dynamics 

when p65-dsRedXP protein was co-expressed in wtMEFs with each of the 

prototypical IkBs (IkBoc was already studied in the work described in Chapter 3). The 

degradation kinetics of the IkBs were also compared following stimulation with the 

two agonists, in order to determine whether the IkBs were regulated in similar ways 

following activation by LPS or TNFa. These two ligands were selected since in the 

previous studies (Chapter 3) they were the inflammatory ligands that elicited the least 

similar p65-dsRedXP dynamics when p65-dsRedXP was expressed alone. They also 

gave interesting and contrasting results when comparing the effect of IkBoc on p65- 

dsRedXP dynamics. Observations from the data described in Chapter 3, suggested 

that IkB a  might play different roles in the regulation of p65 dynamics when the 

system is stimulated with either mTNFa or LPS. This suggested that there may be 

other regulatory factors that may play differential roles in the regulation of NF-kB 

activation in response to TNFa or LPS. It was therefore important to investigate the 

roles of IkB P and IkBs. The aim was to observe differences in the control of NF-kB 

signalling in response to different stimuli in order to identify novel key control points 

within the system.
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In addition to the single cell imaging experiments, the endogenous degradation of 

the three IkBs at the population level was measured in response to both LPS and 

mTNFa using western blotting. The potential for stimulus-dependent effects on the 

ability of IkBcx, p and s to affect NF-KB-dependent transcription was also analysed in 

population assays using reporter constructs in which luciferase expression was driven 

from either a generic 5x kB site promoter or a partial hcBa promoter.

4.1.1 Hypothesis

Given that hcBa exerts stimulus-dependent regulatory effects on the dynamics of p65 

translocation, the hypothesis was tested that IkB P  and IkB s  may also play differential 
roles in this regulation.

4.1.2 Aims

• To analyse the degradation dynamics of the classical IkB s in single cells 
following stimulation with TNFa or LPS.

• To observe whether increased expression of IkB s regulates p65 translocation 

dynamics in an IkB -  and/or signal-dependent manner.
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4.2 Analysing degradation of the classical IkBs at the single cell level

Previous studies have looked at degradation of one or more IkB  in response to 

various stimuli. One study in which the endogenous degradation of all three classical 

IkB s (a, p and e) was measured in response to TNFa and IL-ip in U937 cells showed 

that the two stimuli induced differential degradation patterns of the IkB s (Nasuhara et 

al., 1999). Nasuhara et al. showed that in response to TNFa, iKBa and IkB P  

degradation was more rapid and occurred to a quantitatively greater extent than was 

seen in response to IL-ip. In contrast the degradation pattern of IkB s  was similar with 

either ligand. These data therefore showed TNFa to be able to induce degradation of
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MBa, more quickly than an alternative stimulus, indicating differential degradation of 

the IkBs by these different NF-KB-activating stimuli.

Published data concerning degradation of IkBs at the single cell level has been 

limited. There have been reports of IkB degradation with different stimuli, but these 

have not been part of the same study and therefore cannot be directly compared. Most 

often only IkB a  degradation has been considered. Nelson et al. analysed the 

dynamics of degradation of an expressed hcBa fluorescent fusion protein (hcBa- 

EGFP) in response to TNFa, with and without co-expression of p65-dsRed in HeLa 

cells (Nelson et al., 2002). They found that degradation of IkBci-EGFP was more 

rapid with p65-dsRed co-expression than when it was expressed alone, leading to the 

suggestion that p65:lKBa complexes were the preferred substrate for IKK-mediated 

IkBoi phosphorylation (Nelson et al., 2002). As with the study of Nelson et al., using 

TNFa, Yang et al. also used an IxBa-EGFP expression vector to investigate hcBa 

degradation in response to IL-ip and showed that IL-1(3 induced iKBa-EGFP 

degradation was dependent on the protein expression level (Yang et al., 2001). In 

addition, Velasco et al. (Velasco et al., 1997) considered the LPS-induced 

endogenous degradation of both hcBa and IkB[3 in single cells (macrophages) using 

immunocytochemistry detection and suggested that at 30 minutes following 

stimulation, both IkBs had been significantly degraded in both cellular compartments. 

After 1 hour, the levels of iKBa had returned to normal yet cytoplasmic IkB (3 levels 

were not replenished until the 4 hour time-point.

Although some data exist regarding IkB degradation in response to different stimuli, 

the availability of live single cell data is sparse. A study directly comparing 

degradation of all three classical IkBs in response to two different inflammatory 

stimuli (LPS and mTNFa) in single cells and the potential stimulus-dependent effects 

of co-expression of the IkBs on p65 translocation dynamics in parallel has never been 

described. The present study therefore carried out this comparison, in order to help us 

investigate whether differential selection of IkBs by different stimuli might regulate 

differential p65 translocation dynamics. The single cell dynamics of IkB fusion 

degradation was observed by confocal microscopy in response to LPS and TNFa.
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Simultaneously, the localisation dynamics of p65-dsRedXP was monitored to 

investigate stimulus-dependent effect of over-expression of these IkB-EGFP fusion 

proteins on p65-dsRedXP translocation.

wtMEFs were transfected with constructs expressing p65-dsRedXP with either an 

EGFP control, IkBoc-EGFP (data from chapter 3), EGFP-IkBP or EGFP-IkBs. Each 

of these fluorescent fusion proteins was constitutively expressed from CMV 

promoters. The expression of IkBs alone was not used due to their pro-apoptotic 

potential and also because with IkBcc, IKK induced degradation has been suggested to 

occur most efficiently when this IkB is bound to NF-kB (Nelson et al., 2002).

From the single cell confocal microscopy data, the mean cytoplasmic fluorescence 

intensity of the particular IkB-EGFP fusion was quantified and the time taken for 

each individual cell to degrade a given IkB fusion to 50% of the original cytoplasmic 

level measured following stimulation with LPS 0111:B4 or mTNFa (Figures 4.1, 4.2 
and 4.3).
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Figure 4.1 Dynamic analysis of IicBa degradation induced by LPS and mTNFa.
(A) Illustrates representative IicBa-EGFP degradation time-courses in single cells in 
response to TNFa. (B) Illustrates representative IicBa-EGFP degradation time-courses 
in single cells in response to LPS. (C) Mean time in minutes to reach 50% 
cytoplasmic degradation of IkBoc-EGFP measured from single cell confocal 
microscopy experiments with p65-dsRedXP co-expression. Error bars represent s.d. 
(n= 31 (TNFa stimulated cells) or 33 (LPS stimulated cells)). (D) Image series of 
Iid3a-EGFP degradation in following mTNFa stimulation. (E) Image series of IicBa- 
EGFP degradation following LPS stimulation. Scale bar represents approximately 
50 pm.
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Comparison of the time of 50% degradation for each IkB-EGFP fusion protein in 

co-expression experiments with p65-dsRedXP showed that the degradation half-times 

of the three IkBs varied between stimulation with mTNFa or LPS. In the data shown 

in Figure 4.1, the time taken to degrade iKBa-EGFP to 50% of the level at time 0 was 

statistically similar following stimulation with either mTNFa or LPS, although there 

appeared a little more variation in the response to mTNFa compared to LPS. It was 

shown previously (Chapter 3) that the timing of degradation of IicBa-EGFP rarely 

varied with different stimuli. Four of the five inflammatory stimuli tested gave rise to 

comparable 50% degradation times for IicBa-EGFP. These data therefore suggested 

that the cell may not use the timing of IicBa degradation as a key factor in 

determining the specific response to different stimuli. The previous observation that 

activation of IKK was delayed following LPS- compared to TNFa-stimulation in 

wtMEFs (Werner et al., 2005) did not seem to fit with this finding. This may suggest 

that IKK activity is not the only factor involved in determining the half time of 

degradation of LcBa. As we found in the work in Chapter 3, the expression level of 

IKBa-EGFP may also play a stimulus-specific role in the regulation of its 

degradation.

We next assessed whether there might be stimulus-dependent effects on the 

degradation of EGFP-IkB|3 in co-expression experiments with p65-dsRedXP (Figure 
4.2).
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A B

C

Figure 4.2 Dynamic analysis of IuBp degradation induced by LPS and mTNFa.
(A) Representative EGFP-IkB(3 degradation time-courses in single cells in response to 
TNFa. (B) Representative EGFP-IkB|3 degradation time-courses in single cells in 
response to LPS. (C) Mean time in minutes to reach 50% cytoplasmic degradation of 
EGFP-IkBP (with p65-dsRedXP co-expression). Error bars represent s.d. (n= 25 
(TNFa stimulated cells ) or 24 (LPS stimulated cells)). (D) Image series of EGFP- 
IkB(3 degradation in following mTNFa stimulation. (E) Image series of EGFP -IkB(3 
degradation in following LPS stimulation. Scale bar represents approximately 50pm.
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Figure 4.3 Dynamic analysis of IkBe degradation induced by LPS and mTNFa.
(A) Representative EGFP-IkBs degradation time-courses in single cells in response to 
TNFa. (B) Representative EGFP-IkBs degradation time-courses in single cells in 
response to LPS. (C) Time in minutes to reach 50% cytoplasmic degradation of 
EGFP-IkBs measured from single cell confocal microscopy experiments (with p65- 
dsRedXP co-expression). Error bars represent s.d. (n= 30 (TNFa stimulated cells ) or 
25 (LPS stimulated cells)). (D) Image series of EGFP-IkBs degradation in following 
mTNFa stimulation. (E) Image series of EGFP-IkBs degradation in following LPS 
stimulation. Scale bar represents approximately 50pm.
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In these data, the degradation profile of EGFP-IkBP appeared to be stimulus- 

dependent as, unlike for IicBa-EGFP, it was markedly different in response to the two 

stimuli. mTNFa induced degradation of EGFP-IkBP to 50% of the initial cytoplasmic 

level significantly which was significantly faster than following LPS-treatment (p= 

0.016). There was also more variation in the times of degradation of EGFP-hcBp with 

both stimuli than was seen for IicBa which suggests that regardless of stimulus, the 

degradation of this IkB might be a less efficient and more variable process than the 

degradation of IkBol This could potentially be explained by the fact that IKKp has a 

much higher affinity for hcBa than IkBP (Wu and Ghosh, 2003).

When comparing the effects of LPS and mTNFa on the degradation of EGFP-IkBs, 

the half time of degradation of the protein was again stimulus-dependent. LPS 

induced degradation of IkBs more rapidly than mTNFa (p= 0.002) which 

interestingly was the opposite effect to that obtained with these two stimuli on EGFP- 

hcBp. Also notable from these results was the variability in timing of 50% 

degradation of EGFP-IkBs in response to TNFa, which was not seen in response to 

LPS. These data suggest that LPS induces IkBs degradation by a more efficient 

mechanism, causing rapid degradation across the population but TNFa appears to 

activate this process in a much less efficient way.

These data suggested that different stimuli could affect the degradation kinetics of the 

prototypical IkBs, which might be important for generating stimulus-dependent 

activation of the NF-kB signalling system, in order to control differential cellular 

responses. The next aim was to consider this data again in order to directly compare 

the degradation of the three IkBs in response to the two stimuli (Figure 4.4).
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Figure 4.4 Comparison of the mean time to reach 50% degradation of IkBs 
relative to time 0 with each stimulus (A) TNF (B) LPS. Error bars represent s.d. 
(Data as shown in figures 4.1, 4.2 and 4.3)

When comparing the time taken for different stimuli to reduce the levels of IkBs to 

50% of their initial level, it was observed that all of the IkB fluorescent fusions were 

not degraded equally following stimulation with either ligand (Figure 4.4). Following 

mTNFa stimulation, IicBa-EGFP was rapidly targeted for degradation, but 

degradation of EGFP-IkBP and EGFP-IkBs were induced later. In response to this 

stimulus, the degradation of IkBP and s appeared to occur with very similar 

dynamics. This however was not the case in response to LPS, where following 

stimulation degradation of EGFP-IkBs appeared to be much more efficient than 

EGFP-IkBP and was more similar to the degradation half time of iKBa-EGFP. These 

data illustrate how the classical IkBs were degraded with different kinetics, dependent 

on the stimulus applied. They also show that different stimuli could induce 

differential degradation of the three IkBs.

An interesting comparison could also be made between the effects of mTNFa and 

LPS on the degradation profile of EGFP-IkBP and EGFP-IkBs. Taking the mean 

times to reach 50% degradation generated from the single cell data, shows that EGFP- 

IkBP 50% degradation was delayed by 14.6 minutes in response to LPS compared to
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mTNFa. Conversely 50% degradation of IkBs was 14.6 minutes quicker with LPS- 

compared to mTNFa-stimulation. These data suggest that timing might be a crucial 

regulatory mechanism within the NF-kB system and suggest that the system might be 

able to exert tight regulatory temporal control.

The next aim was to investigate the potential for modulation of p65 dynamics by 

these different stimulus-dependent effects on IkB degradation. These data could 

suggest whether differential use of IkBs in response to different stimuli might be a 

key mechanism by which p65 dynamics could be altered in order to lead to 

differential downstream NF-kB responses.
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IkappaBalpha IkappaBbeta IkBepsilon

Figure 4.5 Comparison of the ability of LPS and mTNFa to degrade different 
IkBs. The minimum level, relative to time 0, to which each IkB fluorescent fusion 
protein (within single cells) was degraded was measured over 200 minutes following 
stimulation. The data represent the average of single cells analysed by confocal 
microscopy. Error bars represent s.d. (from left to right n= 31, 33, 25, 24, 30 and 25 
cells) (* represents significance at the 0.05 level, ** represents significance at the 
0.01 level and *** represents significance at the 0.001 level.)

The next aim was to consider the extent of degradation of these proteins in order to 

measure the lowest levels to which the IkBs were degraded in response to the two 

stimuli. This would establish whether the levels of degradation of IkB P and s, were 

statistically similar in response to LPS or mTNFa (Figure 4.5). These data suggested
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that the previously observed differences in the rate of IkB degradation may play a 

more important regulatory role within the NF-kB pathway than the absolute levels to 

which these IkBs are reduced. There is some difference however in the magnitude of 

degradation of IkBoc. This factor might therefore play a more important role in 

regulation of p65 dynamics as there is no significant difference in the 50% 

degradation times of IkBcc following TNFa or LPS treatment. These data show that 

LPS has the ability to reduce IkBoi to significantly lower levels than mTNFa 

(p=0.0005). This implies not only differential effects on degradation timing of IkBs 

by different stimuli, but also a further level of complexity whereby p65 (and most 

likely other NF-kB sub-units) could be regulated by the absolute levels to which IkBs 

are reduced. It might be argued that only a small amount of the total cellular p65 is 

required for full activation of NF-kB-dependent gene transcription and therefore full 

degradation of IxBa might not be required in order to release sufficient p65. This 

argument might suggest that the larger decrease in IkBoi induced by LPS, could have 

no functional consequence.
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4.3 Assessment of the effect of expression level on the efficiency of IkB 

degradation

It might be expected that with increasing IkB levels it would take longer to reduce 

the inhibitor level to half of that at time 0. Previously Yang et al. (Yang et al., 2001) 

described how the expression level of an IkBcx, EGFP fusion protein affected the level 

to which the IkBa pool was reduced following 30 minutes of IL-ip stimulation. 

However in Chapter 3 we saw that despite this also being the case with mTNFa 

stimulation (as previously reported by Nelson et al (Nelson et al., 2002)), this was in 

fact not the case with the other four inflammatory stimuli tested. This allowed 

identification of a rate-limiting step in TNFa induction of iKBa-EGFP degradation 

that was not present following activation of the NF-kB system with the other stimuli
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used in the study. These data suggest that it could be interesting to investigate 

whether degradation half-times increase with increasing expression of IkB P and s and 

whether there are different stimulus-dependent effects of LPS or mTNFa on the three 

IkBs. The degradation half times of each IkB fusion and the initial mean cytoplasmic 

intensity of that IkB were recorded for each single cell and the relationship examined 

to determine any correlation between these two factors.
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mTNF a  + IkBoc-EGFP 
R=0.65839

C P=<o.oooi
LPS (0111 :B4) + iKBa-EGFP 

R=0.27965
D p=0.11499

mTNF a  + EGFP-IkBP 
R=0.60572 
p=0.00219

Tim« in m inutes of 50% EG FP-lkappaBbeta  degradation

LPS (0111 :B4) + EGFP-IkBP 
R=0.391 
p=0.06506

E

Tim « in m inutes o f 50% EG FP-lkappaBeps ilon  degradation

mTNF a  + EGFP-IkBe 
R=0.34882 
p=0.05886

F

Time in m inutes of 50% EG FP-lkappaBeps ilon  degradation

LPS (0111 :B4) + EGFP-IkBe 
R=0.39127 
p=0.0531

Figure 4.6 Investigation into the relationship between IkB expression level and 
degradation half time. The graphs illustrate a comparison of the initial average 
cytoplasmic fluorescence intensity of an IkB fusion with the time taken post-stimulus 
to reduce that fluorescently tagged IkB by half. Correlation was determined by linear 
regression and R correlation co-efficient and p (the probability that R is 0) calculated 
using origin 7.5 software is shown for each condition. (A) mTNFa stimulated IicBa- 
EGFP degradation (n=31), (B) LPS stimulated IicBa-EGFP degradation (n=33), (C) 
mTNFa stimulated EGFP-IkBP degradation (n=25), (D) LPS stimulated EGFP-IkBP 
degradation (n-24), (E) mTNFa stimulated EGFP-IkBs degradation (n=30) and (F) 
LPS stimulated EGFP-IkBs degradation (n=25).
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The expression level of fluorescent fusions of any of the three classical IkBs 

showed no significant correlation with the time taken to degrade it by half in response 

to LPS, but the trend line was positive. However, in response to mTNFa we observed 

that in addition to IicBa-EGFP, the expression level of EGFP-IkB(3 also showed a 

significant correlation (p=0.002) with the time taken for IkB degradation .This 

correlation was not seen however in EGFP-IkBs expressing cells stimulated with 

TNFa. These data suggest that in response to TNFa there might be limited capacity 

within the system to cause degradation of IkB a and IkB (3 and that by increasing the 

concentration of these proteins, evidence is provided of a rate-limiting step prior to 

their degradation. The obvious candidate for involvement in this rate-limiting step is 

IKKp as it is responsible for the pre-requisite phosphorylation of both of these 

proteins before their degradation. However IKKp is also responsible for this task in 

response to LPS stimulation (and TNFa-stimulated IkBs degradation), where we did 

not observe such a limited capacity for degradation of these proteins. It is known that 

TNFa induced activation of IKKp is rapid (peaks at around 10 minutes) (Werner et 

al., 2005) and therefore it is unlikely that the rate limiting step occurs upstream of 

IKK. The rate limiting step might therefore occur at the level of IKKp or alternatively 

in the signalling process between IKKp and the ultimate degradation of hcBa or p. 

The second of these hypotheses is perhaps more likely, as limited activity of IKK 

might generate the same effect with IkBs under TNFa stimulated conditions. In 

response to TNFa (but not LPS), we may therefore have activation or repression of a 

protein (or process) that in some way limits either phosphorylation of hcBa or p, 

ubiquitination of hcBa or P or the ultimate proteasomal degradation of h<Ba or p.

Whatever the mechanism behind the saturation of degradation of iKBa- EGFP or 

EGFP-IkBP, the present data suggest that while it is likely that the degradation of 

these two proteins in response to TNFa stimulation occurs by a similar mechanism, it 

is at least partially different to the degradation of EGFP-IkBe, as the mechanism of 

degradation of EGFP-IkBs was not saturated by an artificial increase in it’s level.
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4.4 Endogenous analysis of IkB degradation

Degradation rates of endogenous IicBa, (3 and 8 were investigated in response to 

LPS and mTNFa using western blotting to compare the degradation of these proteins 

to that of their fluorescent counterparts.

Many studies have found that IkB degradation is different in different cell types, 

particularly IkB (3 which is seen not to degrade in some cell types or with some stimuli 

for example in PMA stimulated 70Z/3 cells (Thompson et al., 1995). A study by 

Bhattacharyya et al. (Bhattacharyya et al., 2004) considered the degradation of 

endogenous IkB oc, (3 and s in response to LPS in dendritic cells and found that IkB oc 

degradation and re-synthesis was the most rapid, with similar (but marginally slower) 

degradation of the other two IkB s. The re-synthesis of IkB|3 and 8 was however 

delayed by comparison. This was in slight contrast to the single cell over-expression 

analysis above, which showed how IkB s appeared to be degraded with similar timing 

to iKBa in response to LPS. This difference may be due to the use of different cell 

types or a different LPS source. As discussed above (section 4.2), endogenous 

degradation of the three typical IkB s was measured in response to TNFa by Nasuhara 

et al. who showed rapid degradation and re-synthesis of IkB oc, a very slow 

degradation and re-synthesis of IkB(3 and a steady decrease in IkB s following 

stimulation over a short 1 hour time course (Nasuhara et al., 1999). This study 

therefore shows us how the different IkB s may be degraded and re-synthesised with 

different kinetics to each other.

Although the analysis of degradation of these three proteins by western blotting has 

been carried out previously in a number of studies using different stimuli, the nature 

of cell type and stimulus-specific differences required us to repeat these studies using 
our cells.
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Figure 4.7 Analysis of endogenous IkB degradation induced by LPS and 
mTNFa. Western blot techniques were used to assess degradation of the endogenous 
IkBs in wtMEFs stimulated with LPS or mTNFa. (A) mTNFa-induced hcBa 
degradation, (B) LPS-induced IicBa degradation, (C) mTNFa-induced IkB|3 
degradation, (D) LPS-induced IkBP degradation, (E) mTNFa-induced IkBs 
degradation and LPS-induced IkBs degradation. Each graph shows the quantification 
of the illustrated blot by densitometry normalised to a cyclophilin A control. Each 
blot is representative of at least two similar blots.

Western blot analysis illustrates that, at the endogenous level it was also possible to 

see that there were differences in the degradation of the IkBs with the two stimuli.
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LPS-induced degradation of IicBa was delayed relative to that induced by TNFa, 

which was also the case (marginally) when with IkBci-EGFP degradation at the single 

cell level. Comparison of the endogenous protein western blot data and the data 

derived from the fluorescent fusion experiments about the degradation of IxBa is 

comparable following LPS-stimulation, but occurs more slowly in the single cell 

over-expression experiments compared to endogenous degradation following 

stimulation with TNFa. This is expected as we have previously shown (section 4.3) 

that increased expression levels of IicBa delay the rate of degradation of cytoplasmic 

IicBa in response to TNFa though not to LPS. These western blot data therefore 

support the single cell imaging analysis described above. With regards to IkBP it was 

again observed that the rate of degradation of this protein (as measured by time to 

50% degradation) appeared to again take longer in the single cell over-expression 

experiments compared to the endogenous measurements in response to TNFa. When 

considering the effect of LPS on IkBP degradation however there were differences 

between the data derived from the two experimental methods. We saw very little 

degradation of IxBp over the one hour time course of the western blot, but observed a 

reduction of IkBP to 50% by around 40 minutes in the imaging experiments. With 

either experimental method TNFa degraded IkBP more rapidly than LPS. One 

potential explanation for the observed differences in IkBP degradation was that the 

DNA construct used in the single cell imaging experiments encoded IkBP isoform 1 

(NP_002494.2) and the antibody used in the western did not specify an isoform to 

which it is targeted and therefore is potentially able to detect both isoform 1 and 2. 

This might perhaps be one reason for differences when comparing the two 

experimental methods. It has previously been noted that only one iso form of IkBP is 

degraded by TNFa in some cell lines (Weil et al., 1997). The differences in IkBs 

degradation in the different experimental conditions are also somewhat unexpected, 

as in response to LPS, in the over-expression experiments, we observed that IkBs 

degradation was more rapid than that induced by TNFa. However, the converse was 

true in the endogenous protein measurements. Increased levels of IkBs (EGFP-IkBs) 

in the imaging experiments delayed the rate of TNFa-induced degradation (to 50%)
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but accelerated the degradation rate in response to LPS (relative to the timings at the 

endogenous level). These data might suggest that the increase in IkBs could augment 

its own degradation rate in response to LPS, although this remains to be elucidated.

These data show that matching the single cell and population data can depend on 

the effect of protein over-expression. These comparisons also allow us to observe the 

effect of over-expression of the IkBs on the dynamics of IkB degradation relative to 

the endogenous condition.
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4.5 Investigation of the roles of different IkBs in the regulation of p65 

translocation dynamics

4.5.1 Comparing the timing of the initial peak of p65-dsRedXP translocation

We next considered whether the different IkBs exerted different effects on the 

translocation dynamics of p65 in response to the two stimuli. The dynamics of p65- 

dsRedXP translocation in response to LPS and mTNFa were analysed from the co

expression experiments with the IkBs. As IkB fusion constructs were over-expressed 

with p65-dsRedXP, then experiments were also carried out with co-expression of 

p65-dsRedXP with a control EGFP construct. The EGFP construct like all of the IkB 

expression vectors (and the p65-dsRedXP) was expressed under the control of a CMV 

promoter. It is important to carry out these controls to make sure that there is no effect 

on p65-dsRedXP caused by promoter competition (promoter squelching) from the 

second construct, regardless of the protein that is being expressed.

Nelson et al. (Nelson et al., 2002) previously described how co-expression of hcBa- 

EGFP slowed down p65 fluorescent fusion translocation in TNFa-stimulated HeLa 

cells. In chapter 3, we also found this to occur in wtMEFs under mTNFa or PamCSK 

stimulation, but not with three other inflammatory stimuli including LPS. This
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suggested different roles for IidBa in regulating p65 translocation in response to 
different stimuli.

Next, we compared the effects of IkB  co-expression to EGFP co-expression on the 

time of the initial peak of translocation of p65-dsRedXP in response to both LPS and 

mTNFa (Figure 4.8).

\H J  + EGFP
I I + IkappaBalpha

F  T N F  LPS

Stimulus

Figure 4.8 Comparison of the effects of IkB fusion protein co-expression on p65- 
dsRedXP initial translocation dynamics. The time of the first peak of translocation 
of p65-dsRedXP is shown from MEF cells co-expressed with an IkB EGFP fusion or 
an EGFP control vector and stimulated with LPS or mTNFa. Arrows represent 
increases or decreases in peak time relative to the appropriate EGFP control. (From 
left to right, n= 37, 33, 25, 35, 29, 33, 24 and 29 cells) Error bars represent s.d. (* 
represents significance at the 0.05 level, ** represents significance at the 0.01 level 
and *** represents significance at the 0.001 level.)

These data show that IkB  co-expression had significant effects, compared to EGFP 

co-expression controls on p65-dsRedXP translocation in nearly all conditions (Figure 

4.8). In response to mTNFa, IicBa-EGFP or EGFP-hcBp co-expression significantly 

delayed the initial peak of p65-dsRedXP translocation (p=0.001 and p=0.000 

respectively). Co-expression of E G F P -IkB s  however did not affect p65-dsredxP 

translocation dynamics in response to this stimulus, suggesting that IkB s  has little or 

no role to play in regulation of the initial p65 translocation induced by mTNFa. A 

different pattern of results was observed with LPS, where co-expression of all three
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IkBs had significant effects on p65 translocation. The initial peak of p65-dsRedXP 

translocation was (as with TNFa) significantly delayed with EGFP-IkBP co

expression (p=0.01) but conversely co-expression of IicBa-EGFP or EGFP-IkBs with 

p65-dsRedXP significantly speeded up this initial peak of translocation (p=0.01 and 

p=0.00003 respectively). These data may suggest that EGFP-IkBP has a specific 

effect on p65 translocation timing, which might not be stimulus-dependent although 

experiments using a number of other stimuli would be needed to investigate this 

further. These data also show that the increased expression of IkBoc or s does not 

affect p65-dsRedXP dynamics in a specific manner, but instead their effect is 

stimulus-dependent. This is clearly highlighted if we consider that in response to 

TNFa, increased expression of IicBa delays p65-dsRedXP translocation, but in 

response to LPS, this increased amount of IicBa appears to accelerate nuclear 

localisation of p65-dsRedXP. IkBs co-expression played no clear role in regulating 

the initial nuclear localisation of p65-dsRedXP in response to mTNFa and yet in 

response to LPS the increased levels of this IkB accelerated the translocation of p65- 

dsRedXP.

It could be hypothesised that we observe a situation where IkB (3 has a very 

important role to play in the regulation of p65 translocation in response to LPS as it is 

the IkB which exerts an inhibitory effect on p65 translocation in response to this 

stimulus and the IkB which LPS induces least efficient degradation of. It may be that 

in response to LPS, IkBP is the key IkB in regulating p65 localisation, but in 

experiments where IkB a or IkBs are over-expressed, this out-competes IkBP, thus 

reducing its ability to sequester p65. The LPS-induced increase in translocation speed 

of p65-dsRedXP in conditions of increased IicBa or s might therefore be due to IkBP 

being prevented from having its normal effect, rather than due to a specific effect of 

IicBa or s on p65 translocation. In the case of TNFa, IxBa and P appear to play 

important roles in cytoplasmic sequestration of p65 as an increase in the level of either 
delays p65 translocation. An increase in IkBs concentration however has no significant 
effect on p65 translocation suggesting that this may not be a key mediator of cytoplasmic 
sequestration under these conditions.
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4.5.2 Comparison of the amplitude of translocation and the period between peak 

1 and peak 2 with IkB co-expression

In addition to measuring the timing of the initial translocation of p65-dsRedXP, the 

period of time between the first two peaks of p65-dsRedXP translocation and the 

amplitude of the first translocation were analysed (figure 4.9) to discover whether 

these varied on co-expression of different IkB fusions with either LPS or TNFa 

stimulation.

A B

£
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I llrannaR alnha

TNF LPS
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** C H  E G F P
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Figure 4.9 Comparison of the effects of IkB fusion protein co-expression on p65- 
dsRedXP secondary translocation dynamics and amplitude of response. (A) The
time between the first peak of translocation of p65-dsRedXP and the second peak of 
translocation when co-expressed with an IkB EGFP fusion or an EGFP control vector 
and stimulated with LPS or mTNFa. (B) The amplitude of the first peak of 
translocation of p65-dsRedXP when co-expressed with an IkB EGFP fusion or an 
EGFP control vector and stimulated with LPS or mTNFa. (From left to right on parts 
A or B, n= 37, 33, 25, 35, 29, 33, 24 and 29 cells). Bars represent mean data and error 
bars represent s.d. (* represents significance at the 0.05 level, ** represents 
significance at the 0.01 level and *** represents significance at the 0.001 level.)

These data suggest that co-expression of the IkBs had less effect on these dynamic 

characteristics of the p65-dsRedXP translocation response than they have on the 

timing of the initial peak of translocation. Generally, there was no significant 

difference in the period between the first and second nuclear translocations of p65-
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dsRedXP, the only exception being co-expression of IicBa-EGFP with p65-dsRedXP 

in response to mTNFa, which significantly increased the time before the second peak 

of translocation (p=0.002). Increased levels of IkBcx therefore delayed both the first 

peak of p65-dsredXP translocation and subsequent peaks in response to TNFa. When 

assessing the amplitude of the nuclear/cytoplasmic ratio of p65-dsredXP, IicBa-EGFP 

co-expression significantly increased the amplitude of p65-dsredXP translocation 

(p=0.01) in response to TNFa . This suggests that despite the delay of the initial 

response, these conditions also somehow facilitate additional nuclear translocation. In 

response to LPS, EGFP-IkBP delayed p65-dsRedXP translocation like hcBa-EGFP 

did in response to TNFa, but in this case the co-expression of IkB|3 decreased the 

amplitude of the p65 response following LPS stimulation. This is possible because 

this stimulus only induced slow degradation of IkBP-EGFP. This observation also 

supports the idea that IkBP may play the key role (of the three prototypical IkBs) in 

inhibiting p65 translocation in response to LPS stimulation.
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4.5.3 Analysis of the potential for stimulus-dependent effects on the nuclear 

occupancy of p65-dsRedXP by co-expression of IkBs

The nuclear occupancy of p65-dsRedXP at the 25% response level was also 

measured in co-expression experiments in order to see whether it was possible to 

observe an effect of the IkBs on the time that p65-dsRedXP spends in the nucleus. 

This could potentially affect activation of transcription of NF-kB target genes.
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Figure 4.10 Measurement of the effect of IkB co-expression on the nuclear 
occupancy of p65-dsredXP. The nuclear occupancy of p65-dsRedXP at the 25% 
response level was measured in co-expression experiments with IkBoi-EGFP, EGFP- 
IkBP, EGFP-IkBs or an EGFP control under mTNFa or LPS stimulation. (From left 
to right, n= 37, 33, 25, 35, 29, 33, 24 and 29 cells). Bars represent mean, error bars 
represent s.d. (* represents significance at the 0.05 level, ** represents significance at 
the 0.01 level and *** represents significance at the 0.001 level.)

The nuclear occupancy of the p65 was defined as the time that it took for the p65- 

dsRedXP N/C ratio to go from 25% of the difference between time 0 and the 

maximum nuclear occupancy for each individual cell to when it fell back to that 25% 

response level. The nuclear occupancy of p65 significantly decreased in the presence 

of increased IkBoc, when cells were stimulated with LPS (p=0.001), but no effect was 

seen following TNFa stimulation in the same transfection conditions. IkB (3 and e also 

had no significant effect on nuclear occupancy of p65-dsredXP with mTNFa 

treatment. Co-expression of EGFP- IkBP had no effect in nuclear occupancy upon 

LPS challenge, but EGFP-IkBe caused a significant decrease (p=0.007). The finding 

that over-expression of EGFP-IkBP had no effect on the nuclear occupancy of p65- 

dsRedXP was perhaps expected given the lack of an NES in IkBP, which would 

prevent it from being able to export p65 from the nucleus to the cytoplasm. On the 

other hand hypophosphorylated IkBP complexes with DNA and DNA bound NF-kB 

(Bates and Miyamoto, 2004) and thus could block IkBoc or s mediated export which
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might have been expected to lead to an increased nuclear occupancy. A possible 

explanation for this is that as hcBp only protects p65 that is bound to DNA from 

nuclear removal, then this is a small subset of the total p65 pool. The reduced time of 

nuclear occupancy of p65-dsRedXP in LPS-stimulated conditions with Ik B cc or s co

expression is likely due to increased export of p65 by these two IkB s , although it is 

unclear why this effect did not occur with TNFa stimulation. The low nuclear 

occupancy of p65-dsRedXP with IkB oc or 8 co-expression seen following LPS- 

stimulation might also explain why we see the peak of initial translocation in the same 

conditions shifted earlier compared to EGFP controls. If nuclear occupancy is short 

potentially implying fast nuclear export then the peak translocation of p65 would 

occur earlier. This could therefore be a result of faster export as opposed to than faster 

import of p65-dsRedXP.
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4.5.4 Summary of the stimulus-dependent regulation of p65 translocation by the 

classical IkBs

Table 4.1  summarises the effects of IkB  co-expression on p65-dsRedXP dynamics 

in response to the two stimuli in order to summarise the results discussed above.
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P65-dsRedXP 
translocation dynamic 
characteristic

TNFa LPS TNFa LPS TNFa LPS

h cB a IkB P IkB e

Initial peak of 
translocation

|  * * * * * |  * * * |  * * — * * *

Period between peak 1 
and peak 2

|  * * — — — — —

Amplitude of initial 
peak

|  * * — — * * — —

Nuclear occupancy — * * — — — * *

Table 4.1 The stimulus-dependent effects of IkB co-expression on p65-dsRedXP 
translocation dynamics. Upward or downward pointing arrows represent an increase 
or decrease relative to EGFP control experiments in the time in minutes or in the 
amplitude of the response. ** Represents significance at the 0.01 level and *** 
represents significance at the 0.001 level.

The summarised data shows that three of the four dynamic characteristics of p65 

translocation measured were affected by IicBa-EGFP co-expression in response to 

TNFa. However, in all other conditions a maximum of two of the characteristics 

measured were affected. This suggests that IidBa plays a key regulatory role in TNFa 

induced p65-dsRedXP dynamics, supported in part by IkB (3 which also has a role to 

play in assisting MBa in impeding rapid nuclear translocation of p65-dsRedXP. 

Interestingly IicBe appears to have no significant effect on any of these characteristics 

of p65-dsRedXP translocation dynamics in response to TNFa. Following stimulation 

with LPS, the effects of IkB s in regulating p65-dsredXP translocation appears to be 

more of an integrated response, with each IkB  able to exert an effect on some element 

of the response. It is also interesting to note that LPS induces rapid degradation of 

IicBa and IicBe and that these have similar effects of acceleration of the initial peak of 

p65 translocation and decreasing the period of nuclear occupancy of the protein. IkB P  

however plays a somewhat antagonistic role in this process. In response to LPS, its
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slow degradation appears to both delay p65 translocation and reduce the amplitude of 

the nuclear translocation of p65-dsredXP.

Overall these data suggest predominantly iKBa-controlled p65 translocation 

regulation in response to TNFa , but a more evenly spread use of multiple IkB s 

occurs in response to LPS or a key role for IkB  (3 antagonised by increased IicBa or s 

as discussed earlier.

4.5.5 Investigation of the p65-dsRedXP oscillatory behaviour in cells co

expressing different IkBs.
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Figure 4.11 The effect of IkB co-expression on p65 oscillatory translocation 
behaviour. P65-dsRedXP oscillatory behaviour defined as at least two nuclear 
translocations of p65 was quantified in conditions of co-expression with IkB 
fluorescent fusions or an EGFP control following LPS- or TNFa-stimulation.

The effect of co-expression of these classical Ik B s on the oscillatory behaviour of 

p65 dynamics in response to TNFa and LPS was also investigated. These data show 

that in comparison with cells co-expressing an EGFP control, co-expression of all 

three IkBs increased the number of oscillatory cells by at least two-fold over levels 

seen with an EGFP control following treatment with LPS. In response to mTNFa 

there is a small decrease in the number of oscillatory cells with IkBci-EGFP co

expression and an increase in the numbers of oscillators with EGFP-IkB|3 or EGFP-
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IkB s  co-expression. Overall, this suggests that co-expression of one of the IkB s with 

p65-dsRedXP is likely to increase the propensity for oscillations in p65-dsRedXP 

localisation.

If it is supposed that the increased concentration of IkB s may help to drive 

oscillations in p65-dsRedXP, then it could be that in co-expression experiments with 

EGFP, that the delayed inhibition within the system required to drive oscillations may 

not be sufficient in the presence of the increased concentration of p65 (p65- 

dsRedXP). In co-expression experiments with IkB s , the inhibition within the system 

will be increased, together with the amount of p65-dsRedXP. This may potentially 

restore the balance and stimulate (or at least not impede) oscillatory behaviour. As 

IkB o. and IkB s  are delayed negative feedback signals within the system that have a 

key role in inducing oscillatory behaviour, then this is a reasonable hypothesis with 

regards to these IkB s . However this explanation should not apply to IkB  (3, as this IkB  

has no defined role in driving oscillations in nuclear/cytoplasmic localisation. IkB(3 

may therefore increase p65-dsRedXP oscillations by a different and as yet undefined 

mechanism.
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4.6 Investigation of how stimulus-dependent effects on p65-dsRedXP 

are mediated through the classical IkB s

4.6.1 The relationship between IkB degradation and p65 dynamics

The relationship between p65 dynamics and the degradation of the IkB s was 

investigated further by determining whether there was any correlation between the 

occurrences of the two events in single cells. As release of p65 from IkB  is believed 

to require phosphorylation and degradation of IkB , then it could be expected that 

these two events would correlate.
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0.60517 16.87092 23 0.00222 0.85325 9.47151 23 <0.0001

Tim e in minutes of 50 %  IkappaBepsilon degradation

R SD N P

-0.06932 9.70485 29 0.72087

R SD N P

0.45238 8.09487 25 0.02317

Figure 4.12 Investigation of the relationship between IkB degradation and p65 
translocation. The time for 50% IkB degradation and the time of the first peak of p65- 
dsRedXP translocation for each single cell were compared. Correlation was determined 
by linear regression and R, the correlation co-efficient and p (the probability that R is 0) 
calculated using origin 7.5 software is shown for each condition. Line of best fit is shown 
on each plot. (A) mTNFa stimulated hcBa-EGFP degradation, (B) LPS stimulated hcBa- 
EGFP degradation, (C) mTNFa stimulated EGFP-IkBP degradation, (D) LPS stimulated 
EGFP-IkBP degradation, (E) mTNFa stimulated EGFP-IkBs degradation and (F) LPS 
stimulated EGFP-IkBe degradation. (No more than two outliers (if any) have been 
removed from each comparison to aid accurate linear regression).
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The data shown in Figure 4.12 suggest that there is significant correlation between 

the 50% degradation time of the three IkB  fluorescent fusions and the time of the 

initial peak of p65-dsRedXP translocation with LPS or TNFa with only one 

exception. That exception is the relationship between E G F P -IkB s  degradation and the 

p65-dsRedXP initial peak of translocation in response to TNFa, which shows no 

significant correlation. These data further reinforce the previous hypothesis that IkB s 

plays a minimal role in regulation of initial p65-dsRedXP translocation in response to 

TNFa. What these data cannot explain however is how co-expression of hcBa-EGFP 

with p65-dsRedXP speeds up p65-dsRedXP translocation under LPS stimulation but 

slows it down following TNFa stimulation. In these data the translocation time of 

p65-dsRedXP and degradation time of IxBa-EGFP show positive correlation with 

either stimulus. This pointed to an unexpected confounding factor which caused the 

different effects observed with the two stimuli. The relationships between a number 

of other experimental measurements were also compared in order to try and 

understand this further.
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4.6.2 Comparison of other factors to investigate the different effects of IicBa on 

the regulation p65-dsredXP dynamics in response to LPS and TNFa
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R SD  N P R SD  N P

0 .5 8 3 3 9  20 .15243  31 5 .71618E -4 0 .4 3 7 7 2  9 .34142  33 0 .01085

Figure 4.13 Investigation of the relationship between IkBoc-EGFP initial 
cytoplasmic intensity and p65-dsRedXP translocation. The initial cytoplasmic 
intensity of the IkBoc-EGFP and the time of the first peak of p65-dsRedXP 
translocation for each single cell were compared. Correlation was determined by 
linear regression and R, the correlation co-efficient and p (the probability that R is 0) 
calculated using Origin 7.5 software is shown for each condition. (A) mTNFa, (B) 
LPS. (No more than two outliers (if any) have been removed from each comparison to 
aid accurate linear regression)

There was a clear relationship between IkBoi-EGFP level and the time of p65 

translocation (Figure 4.13) In addition there was also a significant positive correlation 

between the time of the initial p65 response and the initial cytoplasmic level of p65- 

dsRedXP (comparison not shown) with both stimuli indicating that the dependence of 

these factors on one another was not affected by the different stimuli. Therefore, these 

data could still not explain the different effects of IxBa-EGFP co-expression on p65- 

dsRedXP translocation time with LPS and TNFa.

Comparison of the nuclear occupancy of p65-dsRedXP and the initial cytoplasmic 

level of p65-dsRedXP or the initial cytoplasmic level of p65-dsRedXP and the time of 

50% degradation of IxBa showed significant positive correlation following LPS- 

stimulation but not with TNFa stimulation (not shown). When comparing the nuclear
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occupancy of p65-dsRedXP with either the initial level of IicBa-EGFP or with the 

degradation half time of heBa-EGFP, then we find that with TNFa neither of these 

relationships are significant, but with LPS they are significant (p=0.006 and 0.045 

respectively). Despite the lack of significance in the results the data in Figure 4.14 

illustrates how in response to the two stimuli the general trend of the relationships are 

opposite to each other (i.e. one positive correlation, one negative) and this may at 

least in part explain why we see the different effects on p65 translocation with IicBa 

co-expression with the two stimuli.
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Figure 4.14 Investigation of the relationship between IkB(X-EGFP initial 
cytoplasmic intensity or degradation half-time with the nuclear occupancy of 
p65-dsRedXP. The initial cytoplasmic level or degradation half time of the IkB cx- 
EGFP and the time of the nuclear occupancy (at the 25% level) of p65-dsRedXP for 
each single cell were compared. Correlation was determined by linear regression and 
R, the correlation co-efficient and p (the probability that R is 0) calculated using 
Origin 7.5 software is shown for each condition. (A) IkB cc-E G F P  initial cytoplasmic 
level; compared with the time of the nuclear occupancy of p65-dsRedXP following 
mTNFa-stimulation, (B )  IkB cx-E G F P  initial cytoplasmic level compared with the 
time of the nuclear occupancy of p65-dsRedXP following LPS-stimulation. (C) IkB oc- 
EGFP degradation half-time comparison with the time of the nuclear occupancy of 
p65-dsRedXP with mTNFa stimulation, (D) IkB cx-E G F P  degradation half-time 
comparison with the time of the nuclear occupancy of p65-dsRedXP with LPS 
stimulation. (No more than two outliers (if any) have been removed from each 
comparison to aid accurate linear regression)

As generally the differences observed between responses to the ligands appear to 

occur in comparisons involving the nuclear occupancy, it appears that this may be the 

dominant factor in generating the opposite responses of p65 with IicBa co-expression 

induced by the two stimuli. As nuclear occupancy itself is dependent on both the 

import and export rates of the protein, further analysis investigated whether it is
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changes in these rates which caused the different initial p65 translocation time (figure 

4.15) with IkB<x co-expression dependent on stimulus.

A B

Figure 4.15 Investigation of the stimulus-dependent effects of IkB(x-EGFP co
expression on the rates of nuclear import or export of p65-dsRedXP. An
approximate analysis using linear regression was performed to calculate the gradient 
of the linear section (import or export) of the mean translocation of p65-dsRedXP 
with either (A) TNFa or (B) LPS with and without IicBa-EGFP co-expression.

The data shown in Figure 4.15 shows how the speeding up of the initial peak of 

translocation of p65-dsRedXP with IicBa-EGFP co-expression seen with LPS 

stimulation is related to a large increase in both the mean import and export rates of 

the protein. This shows that the rapid initial translocation occurs due to faster nuclear 

import and this translocation peaks earlier due to rapid export explaining the observed 

reduction in nuclear occupancy (Figure 4.10). Conversely, there is little difference in 

the mean import and export rates when p65 is expressed alone, or with LcBa-EGFP 

following stimulation with TNFa. There is a slight delay in both import and export 

which might suggest that the delayed time of the initial peak of p65-dsRedXP 

translocation could possibly be due to slower import. These results are only an 

approximation and further experiments such as using leptomycin B or photobleaching 

of fluorescent proteins using fluorescent recovery after photobleaching (FRAP) or 

fluorescence correlation spectroscopy (FCS) would be needed to calculate more 

accurate rates.
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4.7 Nuclear-cytoplasmic localisation of the classical IkBs

Another feature of the NF-kB pathway investigated in these experiments was the 

translocation of the IkBs in response to LPS or TNFa. Although the classical role of 

IkBs has been seen to be to sequester NF-kB transcription factors in the cytoplasm, 

over recent years it has been found that the hcBa mediated cytoplasmic retention 

occurs predominantly by a mechanism of strong nuclear export rather than the 

inhibition of nuclear import (Bates and Miyamoto, 2004). Tergaonkar et al. 

(Tergaonkar et al., 2005) also suggested that the classical IkBs (a, P and s) are 

dispensable for cytoplasmic sequestration and can be compensated for by p i00 and 

p i05. They suggest that IkBoi, P and s are essential for preventing NF-kB DNA 

binding under basal conditions. Such studies show how in addition to cytoplasmic 

sequestration, IkB family members (typical and atypical) have critical nuclear 

functions for the regulation of NF-kB dependent genes.

Constitutive shuttling of both IkBoi (Carlotti et al., 2000) and IkBs (Lee and 

Hannink, 2002) has previously been described, but IkBP does not shuttle as shown by 

cell treatment with leptomycin B, where it does not accumulate in the nucleus. It has 

been suggested that one reason for this difference is that binding of IkBoi or s to NF- 

kB transcription factor dimers masks only one NLS of the transcription factor dimer 

allowing translocation of the complex to take place (once dissociated, as the whole 

complex does not translocate). Conversely, it has been suggested that IkBP masks 

both of the transcription factor dimer nuclear localisation sequences, which prevents 

constitutive shuttling (Malek et al., 2001; Tam and Sen, 2001). Another recent 

publication has however suggested that this description of NLS masking by IkBP 

may not be the case. In 2007, Latzer et al (Latzer et al., 2007) used computer 

generated models of the structure of NF-kB complexes to suggest that in fact both p65 

and p50 NLSs can be bound by hcBa and IkBP and they suggested that in fact it is 

likely that there is no difference of sequestration of NLSs by the two IkBs. This also
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matches with the finding that the second NF-kB NLS is masked by kB Ras rather 

than by IxBp itself when hcBp is also bound (Malek et al., 2003).

The other key reason for differences in nuclear/cytoplasmic shuttling of the IkBs 

relates to differences between their NES. IkBcx contains a strong NES at its amino 

terminal and IkBs also has an NES although it is weaker than that of IkBcx. IkB[3 

however contains no recognisable NES and therefore fails to export efficiently 

following stimulated import. All three IkBs contain an NLS within their ankyrin 

repeat domain and under stimulated conditions it can be expected that all three IkBs 

can enter the nucleus and bind to p65 (and other family members). IicBa and s can 

then return p65 to the cytoplasm but IkBP cannot perform this task due to its lack of 

an NES. It is thought that instead, IkBP protects NF-kB from removal from the DNA 

by Ixfia as in a hypophosphorylated form it can form a complex with NF-kB and 

DNA to sustain transcription (Bates and Miyamoto, 2004).

As we observed different effects on the degradation of these IkBs by mTNFa or 

LPS B4:0111, then we might also expect to see differences in their nuclear 

translocation. The N/C translocation of all three IkBs (and an EGFP control) was 

measured from the single cell confocal microscopy experiments and the data averaged 

for all of the single cells. This analysis only gives us an approximate idea of the 

translocation as it is measured against a background of IkB degradation. Despite this, 

it can be seen that the translocation is a real event (Figure 4.17).
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Figure 4.16 Comparison of the effects of LPS and mTNFa on IkB localisation 
dynamics. Average time-courses were calculated from single cell data when each IkB 
or EGFP control was co-expressed with p65-dsredXP. (A)EGFP control (B)IkB(x- 
EGFP (C) EGFP-IxBp (D) EGFP-IkBs.

These data show that in response to both stimuli, all three classical IkBs translocate 

to the nucleus. A greater translocation of IkB is seen in all cases with LPS- compared 

with TNFa- stimulation, although this is difficult to accurately quantify without 

taking the degradation of the proteins into account. Interestingly, analysis of the 

initial nuclear/cytoplasmic ratio of the fluorescent fusions of the IkBs shows that 

while the EGFP control has a ratio of ~ 1 illustrating a relatively uniform distribution 

of the protein, IxBa has an initial nuclear/cytoplasmic ratio of approximately 0.26, 

IkB|3 0.45 and IkBs a ratio of 0.5. This shows how despite the well characterised 

constitutive shuttling described regarding IkBci (Carlotti et al., 2000), there is at least 

twice the proportion of the IkBP or IkBs pools present in the nucleus prior to 

stimulation. There is therefore approximately twice the proportion of the EGFP-IkBP, 

(a protein which is not supposed to shuttle) in the nucleus compared to the amount of 

LcBa-EGFP. The proportion of EGFP-IkBs which is nuclear at time 0 is also high
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compared to IicBa with approximately every third IkB e fluorescent fusion protein 

residing in the nucleus at the start of the experiment. The significance of these data is 

unclear and this might result from an over-expression artefact. However, it may 

suggest that all three proteins can diffuse into the nucleus and that the stronger 

nuclear export signal of IicBa may push the distribution of this protein towards a 

primarily cytoplasmic localisation.
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Figure 4.17 Single cell imaging of p65-dsRedXP and EGFP-IkBP translocation.
Representative cells show both p65-dsRedXP and EGFP-IkBP translocation within 
the same cells at different times in response to LPS. The top series shows EGFP- 
IkBP, the middle p65-dsRedXP and the bottom series illustrates the superimposed 
images. Scale bar represents approximately 50pm.

The images shown in Figure 4.17 demonstrate how p65-dsRedXP and EGFP-IkBP 

appear to translocate to the nucleus at a similar time. Despite the fact that IkBP has no 

recognised NES, the data in both Figure 4.16 and Figure 4.17 suggest that it returns 

rapidly to the cytoplasm following stimulation, posing the question of how this
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occurs? One mechanism for export of IkBP may be that it is brought out of the 

nucleus by other proteins that contain nuclear export sequences. The similar 

translocation dynamics of IkB(1 to p65 suggest that the weak NES of p65 (Harhaj and 

Sim, 1999) may be able to mediate export of the two proteins in order to return IkBP 

to the cytoplasm. This would require further investigation to discover whether this is 

indeed the case. If IkBP does rely on other proteins to return to the cytoplasm then it 

may be more likely that a protein with a stronger nuclear export sequence than p65 
might perform this role.
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4.8 Investigating the role of the IkBs in regulation of NF-KB-dependent 

transcription

The typical IkBs used in this study can affect transcription of NF-kB dependent 

genes often by affecting DNA binding by NF-kB transcription factors. This fact is 

illustrated in the study by Tergonkar et al. (Tergaonkar et al., 2005) who showed that 

in TNFa-stimulated IkBcT MEFs, DNA binding is sustained due to the absence of the 

strong nuclear export mechanism mediated by Ixfia. These authors also described 

how in lKBaA , hcBpKD or IkBu 7’ , IKBpKD , IkBskd MEFs stimulated with TNFa, 

DNA binding was severely defective. It is likely that DNA binding is regulated by a 

combination of IkB mediated effects working to control the system by both assisting 

and inhibiting transcription. Following stimulation, IkBcx and s will tend to remove 

NF-kB from the nucleus to terminate transcription while IkBP may tend to sustain 

transcription by binding NF-kB DNA complexes and protecting them from nuclear 

removal. Therefore, increased levels of hcBa might reduce NF-KB-dependent 

transcription due to efficient p65 nuclear export and perhaps the same effect might 

occur to a lesser extent with IkBs but with a slight increase in transcription activity 

induced by IkBP over-expression. The study carried out by Tergaonkar et al. also 

considered the effect on transcription of some NF-KB-dependent genes in cells in
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which particular IkBs had been knocked-out. This study showed that following TNFa 

stimulation in IicBa'7' MEFs, IkBP and e alone appeared to be able to sustain the 

levels of transcriptional repression seen in wild type cells for IL-6, iNOS and COX2. 

In IkBcc'7' IkBP™ or IkBs'^ IkBP™ some transcriptional repression of these particular 

genes was also maintained compared to cells in which all three IkBs were knocked 

down (in which expression of these genes was increased 50-5000 fold compared to 

IkBoT' MEFs). These data suggested that by over-expression of any of the three IkBs 

we might expect to see a reduction in NF-xB-dependent transcription.

In order to investigate this further, over-expression of the fluorescent fusions of the 

classical IkBs with or without p65-dsRedXP was assessed for the effect on 

transcription from luciferase constructs driven by a synthetic 5xkB site promoter or a 

short form of the IkBcx promoter in unstimulated conditions, or following 5 hours of 

stimulation with either TNFa or LPS.
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4.8 Investigating the role of the IkBs in regulation NF-KB-dependent 
transcription

EGFP IkBalpha EGFP EGFP IkBepsilon

□  Unstimulated □  LPS H TNF

Figure 4.18 Assessment of the roles of the classical IkBs in regulation of NF-KB- 
dependent transcription. (A) Expression levels from an NF-luciferase (5 x kB site) 
construct following co-transfection with the indicated fluorescent fusions illustrated 
on the graph in stimulated or unstimulated conditions. Cells have been stimulated 
with either LPS or mTNFa for 5 hours before cell lysis and assessment for luciferase 
activity using a luminometer. Data are representative of two repeats.

Expression of all three IkB fluorescent fusions caused a small reduction in 

luciferase expression from the reporter constructs compared to the effect of an EGFP 

control in unstimulated or stimulated conditions. When p65 was co-expressed in these 

experiments then the transcriptional response was increased. However IkB expression 

still resulted in lower reporter gene expression than cells expressing the EGFP 

control. IkBoc expression had the weakest effect on suppression of transcription 

compared to IkB (5 and s in response to either stimulus or in unstimulated conditions. 

It is interesting to note that in conditions where the three IkBs were co-expressed with 

p65 or with an EGFP control TNFa always induced a higher level of transcription 

from the reporter constructs than LPS. This suggests that despite different dynamics, 

TNFa appears to be more potent as a transcriptional activator at these promoters. This 

may be due to the continued oscillations in p65 nuclear localisation induced by TNFa
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and suggests that the volume of transcription from a particular promoter may be 

affected by stimulus-dependent p65 translocation dynamics.

To summarise, these data suggest that the effects of IkB over-expression were not 

generally stimulus-dependent at a generic NF-kB dependent promoter or the IicBa 

promoter. hcBa reduces transcriptional activity moderately but IkB|3 and IkBs reduce 

transcription from these reporters by at least two-fold. This is a little difficult to 

explain, as IicBa appears to be the strongest inhibitor within the system yet appears to 

have the least ability to inhibit transcription. It might be expected that the strong 

nuclear export mediated by IkBci would lead to a faster termination of transcription 

but this does not appear to be the case. It can be seen that in these experiments there 

are high levels of basal activity from these promoter constructs and that there then 

only appears to be a limited capacity for further increases following stimulation. 

Therefore it would be useful to carry out similar experiments using qPCR for a range 

of endogenous genes or a greater range of promoters from which we can measure the 

effects on transcription. It may also be important to take a number of different time 

points into account.
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4.9 Chapter Summary

4.9.1 Degradation of the classical IkBs is stimulus-dependent

Single cell over-expression analysis and endogenous population-level 

measurements showed that the degradation kinetics of the IkBs is different in 

response to different stimuli. In response to two different stimuli, LPS B4:0111 and 

mTNFa, degradation of classical or prototypical IkBs a,p and s was investigated 

using single cell confocal microscopy in MEFs co-transfected with p65-dsRedXP and 

EGFP fusions of the IkBs. These experiments allowed us to determine that the three 

IkB degradation profiles were different to each other in the response to the same
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stimulus and that the IkB degradation profile of each IkB is different in response to 

different stimuli. The two ligands showed different preferences for processing of the 

IkBs with the ability to degrade some more efficiently than others. The speed of 

degradation in response to mTNFa was much greater for IicBa compared to the other 

two IkBs both of which were statistically similar in response to this stimulus. In 

response to LPS, IkBP was degraded least efficiently and significantly slower than the 
other two IkBs.

The timing of degradation in the endogenous measurements did not always match 

with the single cell data, but these differences could be explained by other factors 

acting in the system such as the effect of expression level on degradation in response 

to different stimuli. Overall, these data suggest a degree of selectivity by different 

stimuli for degradation of the three IkBs, with different preferences.

This may be one way in which the cell can regulate and encode events further 

downstream such as p65 translocation in response to different stimuli. The selection 

process of the IkBs in response to different stimuli remains unclear, although it is 

likely to be mediated through regulation of phosphorylation or ubiquitination of the 

IkBs or perhaps different regulatory phosphorylations of the Rel subunits to which the 

different IkBs are bound.

4.9.2 The effect of IkB co-expression on p65-dsRedXP dynamics is IkB- and 

stimulus-dependent

In response to TNFa, over-expression of hcBa and IkBP fluorescent fusions 

significantly delayed the time of the initial peak of translocation of p65-dsRedXP 

(IkBs co-expression had no effect). In response to LPS, only over-expression of IkBP 

delayed the initial peak of the p65 response. Conversely IkBoi and s accelerated the 

time of the initial response following LPS stimulation. This suggested that the effect 

of the IkB fusions in regulating p65-dsRedXP translocation was dependant on the 

nature of the activating stimulus. When considering other characteristics of p65-
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dsRedXP translocation, EGFP- IkBP had no effect on the nuclear occupancy of p65- 

dsredXP regardless of stimulus and EGFP-hcBe altered no dynamic features of p65 

translocation in response to TNFa. In response to LPS, EGFP-hcBe significantly 

decreased the nuclear occupancy of p65-dsRedXP as did IicBa-EGFP co-expression 

but no difference was observed with IkBoc following TNFa stimulation. This was 

most likely due to the observation that with IicBa-EGFP co-expression, both the rate 

of nuclear import and export of p65-dsRedXP were increased with LPS stimulation, 

but only marginally decreased following stimulation with TNFa.

Amplitudes of the p65 translocation were generally unaffected by co-expression of 

EGFP fusions of the IkBs with either stimulus, although there were two cases where 

there was a clear effect. Co-expression of hcBa-EGFP with p65-dsRedXP increased 

the amplitude of the p65 response following TNFa stimulation and co-expression of 

EGFP-IkBP conversely reduced p65-dsRedXP translocation amplitude in response to 
LPS.

These data therefore suggested a system where the role of a particular IkB in the 

regulation of p65 translocation dynamics is dependent on the stimulus applied. This 

also suggests that modulation of p65 dynamics through IkB selection by different 

stimuli may generate differences in p65 translocation in response to diverse stimuli. 

These differences in p65 translocation dynamics might encode how the cell can 

generate specific cellular responses (transcriptional profiles) in response to a 

particular stimulus. The most important factor of p65 translocation that appears to be 

regulated by the IkBs is the time of the initial peak of translocation with other factors 

such as the amplitude of translocation or nuclear occupancy often appearing to remain 

unchanged, although they are still likely to provide extra levels of regulatory 
complexity in specific conditions.
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4.9.3 Nuclear translocation of all three IkBs occurs following stimulation

All three IkBs translocate to the nucleus in response to both stimuli, but the initial 

nuclear-cytoplasmic distribution of the three IkBs was different. Although the 

occurrence of nuclear translocation did not appear to be stimulus-dependent, we did 

observe that the amplitude of translocation of EGFP-IkBoi and EGFP-hcBp was 

greater with LPS stimulation. This would require further investigation to determine its 

significance and potential functional consequences. The difference in distribution of 

the IkB pools at time 0 is also interesting although its significance is unclear.
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4.9.4 Increased levels of IkBP and g suppress NF-icB-dependent transcription 

more strongly than IkBcc.

It is difficult to correlate the effects of the IkBs on p65 dynamics with the 

transcription kinetics from the reporter construct experiments. However the effects 

on transcription activity observed were interesting, if not stimulus-dependent. There 

was a reduction in activity from NF-luc or IkBcx-Iuc with over-expression of any of 

the three IkBs. This effect was clearly more pronounced with IkBP or s than with 

hcBa. It would be interesting to see if we could observe stimulus-specific effects of 

over-expression of these proteins on transcription of a number of NF-xB-dependent 

genes using another method such as real-time PCR. This could potentially link p65 

dynamics with transcriptional output.

4.10 Key Conclusions

• Different stimuli lead to different preferences for degrading different IkBs.

• Increased expression of IkBs can modulate p65 translocation dynamics in both 

an IkB- and stimulus-dependent manner.
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• The capacity for degrading specific IkBs can vary depending on the incoming 

signal.

4.11 Significance of this research

This research has enabled consideration of the degradation kinetics of the three 

classical IkBs at the single cell level and also investigation of stimulus-dependent 

mechanisms that underlie this process. It has identified possible rate limiting steps in 

degradation of the IkBs and which of these steps are stimulus-dependent. It has also 

suggested how the degradation mechanisms which act on the different IkBs may be 

different. The stimulus-dependent effects of the three IkBs on the regulation of p65- 

dsRedXP dynamics suggests how different IkBs could have different effects on the 

regulation of p65 translocation. This suggests a mechanism where p65 translocation 

dynamics and potentially other factors of NF-kB activation could be modulated by 

different agonists through differential activation of the IkB family. It would also be 

interesting to see whether these stimulus-dependent effects occur with other IkB 

family members. Therefore the next aim was to investigate the potential impact of 

plOO and pl05 on p65 dynamics. This will be explored in the work described in 
Chapter 5.

These experiments have shown how this signalling system may manipulate the 

inhibitors within the network to alter incoming signals dependent on stimulus, in 

order to respond with stimulus-specific cellular responses. It is likely that other 

signalling networks might use this or similar mechanisms of differential inhibitor 

activation in order to modulate their response. One potential system that may use 

differential inhibitor selection in response to different stimuli to regulate the 

localisation of a transcription factor is the p53 signalling network in which the p53 

transcription factor is regulated by a family of MDM inhibitors.
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mTNFa
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5.1 Introduction

Following the findings in the work described in Chapters 3 and 4 that classical IkB 

mediated regulation of p65 dynamics is determined both by the IkB and the stimulus 

applied, the next objective was to consider the stimulus-dependence of the roles of the 

‘atypical’ IkBs, pl05 and plOO in the regulation of p65 translocation. pl05 and plOO 

can be classed as IkBs or NF-kB family members due to their ability to act as 

inhibitory proteins in their large pl00/pl05 precursor forms. In their processed forms 

(p52/p50) they can dimerise to form transcriptionally active/inactive complexes with 

other NF-kB family members to regulate transcription. Processing of pl00/pl05 to 

p52 /p50 is thought to occur constitutively or following stimulation when partial or 

full proteolytic processing of the molecules frees p50 or p52 with associated NF-kB 

proteins to translocate to the nucleus. Following stimulation and subsequent 

activation of the IKK complex, p i05, like the ‘prototypical’ IkBs is phosphorylated 

by IKK. Phosphorylation of p i05 on serines 927 and 932 targets the protein for 

ubiquitination and proteolytic degradation of the IkB part of p i05 by the 26S 

proteasome causes the release of p50 (Lin et al., 1998; Moorthy et al., 2006). In 

addition to its role in sequestering dimers of NF-kB in the cytoplasm, p i05 also plays 

a role in cross-talk of NF-kB with other signalling pathways, as it can also associate 

with non-NF-KB proteins (Li et al., 2003). plOO is the primary inhibitor of RelB and 

as such is thought to be used predominantly in non-canonical NF-kB signalling. 

Although LPS and TNFa are primarily activators of the canonical NF-kB pathway, 

the two activation pathways are not discrete and therefore some effect on the non- 

canonical pathway is expected with these stimuli. Lymphotoxin p receptor (LTpR) 

agonists such as LIGHT (non-canonical pathway) and LPS have been shown to 

activate processing of plOO to p52. Continuing translation of plOO is required to allow 

constitutive and inducible plOO polyubiquitination and co-translational p52 

generation (Mordmuller et al., 2003). This co-translational generation of p52 is not 

observed in response to TNFa, despite the induction of plOO expression. This 

suggests that although de novo plOO synthesis is required for p52 generation, up-
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regulation of pi 00 is not sufficient to induce processing. The different abilities of LPS 

and TNFa to activate p i00 may mean that different responses of this protein to the 

two stimuli might lead to different effects of p i00 on the regulation of the 

translocation dynamics of p65. Both plOO and pl05 have the ability to sequester p65 

in the cytoplasm and therefore could exert a direct regulatory effect on p65 
movement.

In the work described in this chapter, the different effects of LPS and TNFa on 

pl05 and plOO were considered together with the consequent effects of these proteins 

on the regulation of p65 translocation. The potential impact of p50 and RelB were 

also investigated as well as the effect of these proteins on NF-kB dependent 

transcription.

5.1.1 Hypothesis

The hypothesis was tested that the atypical IkBs may also play a stimulus- 

dependent role in regulating p65 translocation dynamics.

5.1.2 Aims

• To analyse the translocation dynamics of p65 using live single cell microscopy 

in co-expression experiments with p i05 or plOO.

• To investigate whether potential differences in dynamics occur as a result of 

effects due to products of the atypical IkBs e.g p50 or associated proteins e.g 
RelB.

5.2 Examination of the effect of pl05 co-expression on p65-dsRedXP 

translocation dynamics in response to LPS and mTNFa

The mechanism of cytoplasmic sequestration of NF-kB dimers by pi 05 generally 

relies on p50-containing dimers being bound by pl05. The pl05 will mask the NLS
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of p50 but not that of the other NF-kB protein in the dimer (Moorthy and Ghosh, 

2003). pi 05 can however inhibit almost all NF-kB sub-units including itself. 

(Moorthy and Ghosh, 2003; Pereira and Oakley, 2007). The effect of the precursor 

pi 05 on p65 dynamics was considered here in response to LPS and mTNFa. In 

unstimulated conditions pi 05 has previously been shown to retain p65 in the 

cytoplasm and so inhibit its nuclear translocation (Naumann et a l, 1993).

Fluorescent fusions of the two proteins (CFP-pl05-YFP and p65-dsRedXP) were 

co-expressed in wtMEFs and the p65 translocation measured following stimulation 

with the two agonists. The fluorescent fusion of pi 05 used in these experiments had a 

fluorescent protein tag on either end of the p i05 to observe whether the protein was 

processed and to allow subsequent separate analysis of the dynamics of the two 

products, CFP-p50 and the C-terminal hcBy-YFP fragment.

A B

Figure 5.1 The effect of co-expression of CFP-pl05-YFP on p65-dsredXP 
translocation dynamics. The representative single cell traces show the change in 
N/C ratio of p65-DsRedXP in single cells also expressing CFP-pl05-YFP in response 
to (A) mTNFa and (B) LPS B4:0111 over time. (C) Is a diagrammatic representation 
of the structure of the pi 05 protein generated from the vector used and illustrates 
where it can be processed.
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A B

Stimulus Stimulus

Figure 5.2 Quantitative analysis of p65-dsRedXP translocation with co
expression of CFP-pl05-YFP in response to LPS and TNFa. Data from single cell 
confocal microscopy experiments was used to analyse cells following treatment with 
LPS B4:0111 or mTNFa: (A) The mean time of the first peak of p65 translocation; 
(B) The mean peak 1 to peak 2 time of p65 translocation (peak 1 max time to peak 2 
max time); (C) The mean amplitude of translocation of p65-dsRedXP for the initial 
peak and (D) The % of the single cell population that displayed oscillatory behaviour 
of p65 as defined as cells showing 2 or more translocation peaks of p65-dsRedXP. 
These results were then compared to p65-dsRedXP dynamics when a CMV-EGFP 
control was expressed in place of CFP-pl05-YFP. Error bars represent S.D. and 
statistical significance was assessed using the Student’s t-test. (from left to right, 
n=37, 29, 29 and 29 cells for peak 1) (For peak 1- peak 2 n=14, 22, 3 and 13).

Unlike the classical IkB s , over-expression of p i 05 had very few effects on the 

dynamics of nuclear/cytoplasmic translocation of p65-dsRedXP in response to TNFa 

or LPS (Figure 5.2). There were no significant changes with either stimulus in the 

time of the first peak of translocation and the magnitude (amplitude) of this peak was 

also unchanged relative to cells when an EGFP control was expressed in place of
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p i05. As there are no significant changes in the timing of the first peak of p65- 

dsRedXP translocation with increased p i05, this means that the statistically 

significant difference of p65 translocation peak timing with the two stimuli is 

maintained. Although there was a slight difference in the period between peaks of 

translocation of p65-dsRedXP in response to LPS with p i05 co-expression, the small 

number of cells that appeared to oscillate in LPS-stimulated conditions with an EGFP 

control made the dataset too small to carry out an accurate comparison. These data 

suggest that p i05 does not have a significant role to play in regulating the timing or 

volume of p65 nuclear translocation, at least in response to the two stimuli tested.

There is a clear change in one of the measured elements of p65 dynamics, which is 

the number of cells that show oscillatory (at least 2 peaks of nuclear entry) behaviour 

in p65-dsRedXP translocation. In response to either stimulus, the proportion of cells 

in which p65-dsRedXP oscillates increased by at least 100% with p i05 co-expression 

compared to co-expression of an EGFP control. The structure of p i05 makes it 

unclear as to whether this is an effect induced by pi 05 itself, or mediated by one or 

both of its processed products, p50 and IicBy.
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5.3 The response of the processed products of pl05 to LPS and mTNFa

The next aim was to consider the dynamics and function of the transcription factor 

product CFP-p50 and the IkB , the C-terminal iKBy-YFP fragment in these 

experiments and to see how they respond to the two stimuli. This would help us to 

characterise the effect of pi 05 on p65 oscillatory dynamics. The N/C ratios of the two 

tagged ‘ends’ of pl05 were analysed to determine whether pl05 is maintained as a 

whole, or whether the p i05 had been processed into its two constituent parts, p50 

(CFP-p50) and the C-terminal IicBy fragment (IKBy-YFP).
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A B

Figure 5.3 Measurement of translocation of CFP-pl05-YFP (CFP-p50, IicBy- 
YFP) in response to mTNFa and LPS B4:0111. (A) Mean nuclear/cytoplasmic ratio 
calculated from single cell imaging data, of CFP-p50 or IicBy-YFP in response to 
TNFa, (B) Mean nuclear/cytoplasmic ratio of CFP-p50 or IicBy-YFP in response to 
LPS. (n= 29 for each dataset)

The data in Figure 5.3 illustrates the mean values for single cell, p50 and the C- 

terminal IicBy fragment nuclear/cytoplasmic translocation analysis. These data show 

that following transfection, p i05, which has a fluorescent tag at each end, shows 

some evidence of processing even before the stimulus is applied. This is expected as 

constitutive processing of pl05 to p50 has been shown to occur (Lin et al., 1998). The 

nuclear/cytoplasmic ratio of the two tagged ends of the p i05 at time 0 suggests that 

processing and subsequent differential localisation of the proteins has occurred. The 

C-terminal Ixfiy fragment was almost exclusively cytoplasmic, but p50 was 

significantly nuclear, despite being primarily cytoplasmic. It is therefore likely that 

over-expression of p i05 in wtMEFs leads to a mixture of p i05, p50 and the C- 

terminal MBy fragment due to constitutive processing. In response to TNFa, despite 

the heterogeneity of single cells, the mean translocation trace of CFP-p50 suggested 

oscillations in the translocation of p50 suggesting p50 might have an impact on p65 

oscillations. The observation of oscillation in data averaged from multiple cells 

suggests that this may play a role in synchronising oscillatory behaviour across the 

cell population. There was some evidence of nuclear translocation of the C-terminal
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LcBy-YFP fragment occurring simultaneously with CFP-p50 movement. This was 

particularly clear from the mean translocation traces in response to LPS and might 

indicate that as the two ‘ends’ of the p i05 protein are localised together that the 

protein is still intact and could suggest movement of ‘whole’ pl05 which therefore 

could itself be implicated in increasing p65 oscillations. Nuclear translocation of 

‘whole’ p i05 seems unlikely, as previous studies have shown that there is 

intramolecular masking of the NLS of p i05 to prevent nuclear localisation of this 

precursor protein (Henkel et al., 1992).
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Figure 5.4 Western blot analysis of pl05 following (A) TNFa- or (B) LPS- 
stimulation. The pi 05 antibody used is targeted to the p50 ‘end’ of pi 05 and as such 
detects both pi 05 and p50.

Western blot analysis of pi 05 (p50) following stimulation with LPS and TNFa was 

also undertaken to observe the response of endogenous p i05 to these stimuli and to 

see whether it was possible to observe constitutive processing of the endogenous 

protein. The western blot data described in Figure 5.4 shows that in a one hour time 

course there was little change in the levels of either endogenous pi 05 or p50 

following TNFa- or LPS-stimulation in these cells. It might have been expected to 

observe some degradation of p i05 following stimulation, as has been observed in 

previous studies (Lin et al., 1998). These results suggested that at the endogenous 

level there was constitutive processing of pl05 in wtMEFs as both p50 and pl05 were 

detectable prior to stimulation. This supports the hypothesis that some of the 

fluorescently tagged p i05 was processed in cells before stimulation. It must also be 

considered however that co-expression of p65 (or other NF-kB proteins) has 

previously been suggested to inhibit processing of p i05 in transiently transfected cells
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(Harhaj et al., 1996) and therefore experimental conditions might affect p i05 
processing.

The translocation of CFP-50 and degradation of the C-terminal iKBy-YFP fragment 

derived from CFP-pl05-YFP in response to the two stimuli in single cells was also 
analysed.
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A B

Figure 5.5. Measurement of translocation of CFP-p50 (from CFP-pl05-YFP) 
and degradation of IkBy-YFP (from CFP-pl05-YFP) in response to mTNFa and 
LPS. (A) Representative single cell traces of CFP-p50 translocation in response to 
TNFa, (B) Representative single cell degradation of iKBy-YFP following TNFa 
stimulation, (C) Representative single cell traces of CFP-p50 translocation in 
response to LPS (D) Representative single cell degradation of IKBy-YFP following 
LPS stimulation (n= 29 for each whole dataset).

Analysis of the single cell images to separate processing of the CFP-p50 and the C- 

terminal IicBy-YFP fragment-YFP from the CFP-pl05-YFP suggested that p50 

translocated to the nucleus. There was only low amplitude of translocation of p50
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compared to what would normally be expected from p65. This is most likely due to a 

significant proportion of the pi 05 remaining intact. Intact p i05 retains p50 

homodimers in the cytoplasm and also its presence suggests that perhaps only part of 

the pool of pl05 had been processed, limiting CFP-p50 release. The IkBs are 

expected to degrade upon agonist stimulation. The degradation of the C-terminal 

IkBy-YFP fragment was measured relative to the amount at time 0 for each cell. The 

single cell traces suggest more efficient degradation of the C-terminal IkBy-YFP 

fragment by TNFa compared with LPS, but conversely CFP-p50 translocation 

appears to be more efficient (higher amplitude) in LPS-stimulated cells compared to 

TNFa-stimulated cells. This is interesting as since it might be expected that the 

stimulus which, caused most efficient degradation of the C-terminal IicBy fragment 

would allow the release of more p50. This suggests that the degradation of the C- 

terminal IicBy-YFP fragment might include a higher proportion of intact p i05 with 

TNFa stimulation compared with LPS stimulation, so reducing the concentration of 

p50 and therefore the amplitude of translocation of p50.

Time in minutes

Figure 5.6 Analysis of CFP-p50 (from CFP-pl05-YFP) degradation in response
to LPS and TNFa. Traces illustrate the average of 29 single cells where the 
fluorescence intensity of CFP-p50 was measured over time and normalised to the 
intensity at time 0 for each cell.
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The data shown in Figure 5.6 suggests that there was a reduction of approximately 

15-20 % in CFP-p50 in response to either stimulus. This and the measured 

degradation of the C-terminal IidBy-YFP fragment suggest some potential stimulus- 

induced degradation of p i05 with LPS or TNFa. The reduction in CFP-p50 

fluorescence was however comparable to loss of fluorescence of an EGFP control 

vector over the same time-course (not shown) Therefore the loss of CFP-50 is 

possibly due to minimal bleaching due to experimental conditions rather than 

degradation. These data suggest degradation of ‘free’ C-terminal IicBy-YFP fragment 

as the level of degradation (approximately 45% and 55% reduction compared to time 

0 with LPS and TNFa respectively) of this protein is greater than that of CFP-p50 in 

response to both stimuli (IicBy degradation will be investigated in more detail in 

section 5.7). It might be the case that the majority of the tagged pi 05 is constitutively 

processed and therefore at the point of stimulation there may be little of it to degrade 

which may confuse measurement. Further experiments would be required to 
determine this.

The next aim was to consider the effect of expression of p50 alone in order to 

investigate whether the increased oscillatory behaviour of p65-dsRedXP with over

expression of p i 05 might be mediated through p50.
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5.4 Comparison of the translocation dynamics of p65-dsRedXP and 

EGFP-p50 in response to different stimuli

In order to further investigate the role of p50 in regulating dynamics of p65 

translocation, EGFP-p50 was co-expressed with p65-dsRedXP. This allowed 

measurement of the behaviour of p50, not masked by the measurement of dynamics 

of intact pi 05 molecules. It also allowed us to isolate the effects, if any, of co

expression of p50 on p65 dynamics in response to LPS and mTNFa. The single cell 

data allowed analysis of the dynamics of translocation of p65 and p50 within the same 

cell (Figure 5.7). These data suggest that p50 translocation was very similar to that
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seen with p65. There was a lag in p50 translocation as seen with p65 in response to 

LPS- but not TNFa-stimulation. Without increased cytoplasmic retention of p50 by 

p i05, there was much greater amplitude of p50 translocation compared to that 

previously seem in the data shown in Figure 5.5.

A B

Time in minutes Time in minutes

Figure 5.7 The dynamics of translocation of p65-dsRedXP and EGFP-p50 when 
co-expressed in single cells. The representative single cell traces show the changes 
over time in the nuclear/cytoplasmic ratios of p65-dsRedXP and EGFP-P50 in cells 
expressing both fluorescent fusion proteins in response to mTNFa or LPS B4:0111. 
(A) p65-dsRedXP, TNFa, (B) EGFP-p50, TNFa, (C) P65-dsRedXP, LPS and (D) 
EGFP-p50, LPS. The same coloured lines used for p65 or p50 dynamics represent 
data for the two proteins derived from the same cell analysed from live single cell 
confocal microscopy images.

The next aim was to determine the potential role of p50 in modulating p65 dynamics. 

Previously with p i05 expression there was little effect observed on p65 translocation 

but this could highlight a situation where the p50 subunit may have a modulatory 

effect on p65 dynamics which is balanced out by the C-terminal hcBy fragment or 

p i05 and therefore masked.
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5.5 Determining the p50-dependent effects of pl05 on p65-dsRedXP 

translocation dynamics

The observation that p65-dsRedXP and EGFP-p50 appeared to co-translocate 

(Figure 5.7) suggested that this protein might affect p65 translocation through their 

direct association. It was therefore important to consider the response of the EGFP- 

p50 to the two stimuli to see whether it was different following treatment with the two 

ligands.

A

Peak 1 Peak 2 Peak 3

B

E
F

I I p65 (EGFP control) 
GHZ] p65 (p105) 

p65 (p50)

Peak 1 - Peak 2 Peak 2  -  Peak 3

Figure 5.8 Quantitative comparison of the effects of p50 or pl05 on p65 
translocation dynamics in response to TNFa. Single cell confocal microscopy data 
was analysed to quantify: (A) The mean initial peak time and (B) The mean time 
between peaks of p65-dsRedXP translocation in co-expression experiments with an 
EGFP control, CFP-pl05 -YFP or EGFP-p50 in response to mTNFa. Error bars 
represent S.D. Statistical significance of data was determined using ANOVA or 
student’s t-test (n at peak 1 = 37, 29 and 15 cells from left to right in (A) in (B) n= 14, 
22 and 11 from L to R).
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A B

Figure 5.9 Quantitative comparison of the effects of p50 or pl05 on p65 
translocation dynamics in response to LPS. Single cell confocal microscopy data 
was analysed to quantify and compare (A) the mean initial peak time or (B) The mean 
time between peaks of p65-dsRedXP translocation in co-expression experiments with 
an EGFP control, CFP-pl05 -YFP or EGFP-p50 in response to LPS. Error bars 
represent S.D. Statistical significance of data was determined using ANOVA or 
Student’s t-test. (n at peak 1 = 29, 29 and 14 cells from left to right in (A) in (B) n= 3, 
13 and 7 from L to R). * Represents significance at the p<0.05 level.

The translocation time of the initial peak of p65 and the time between peaks were 

generally similar in response to LPS and TNFa with over-expression of p50 when 

compared with p i05, although the initial peak of p65 translocation was significantly 

speeded up with co-expression of p50 compared to p i05 in response to LPS. These 

data therefore suggest that the capacity of LPS to mobilise p50 was greater than that 

of mTNFa. These data also suggest that the effects on p65 dynamics by p i05 

(enhanced oscillatory behaviour) with TNFa stimulation were likely to be 

predominantly mediated through p50, as expression of this protein alone had the same 

effect. In response to LPS however there appeared to be less of an effect on p65 

dynamics by p i05 when compared with p50 which may suggest that the effect on p65 

dynamics might again be due to p50, but with more antagonism by intact p i05 and/or 

the C-terminal IicBy fragment. This antagonism might be more effective in the LPS 

stimulated cells as this stimulus appears to be less efficient at degrading.

The effect of p50 and p i05 were also compared for their ability to enhance 

oscillatory behaviour of translocation of p65 in response to both LPS and TNFa. This
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would determine whether the effects observed with pi 05 might be mediated through 

p50.

“ I-------- ^ ------ 1------ ---------------------------- 1—
LPS  TNF

Stimulus

Figure 5.10 The effect of pl05 and p50 on oscillatory behaviour of p65 dynamics.
The proportion of single cells displaying oscillatory behaviour in p65-dsRedXP 
translocation (2 or more translocations) was calculated from single cell confocal 
microscopy data when p65 was over-expressed with an EGFP-control, CFP-pl05- 
YFP or EGFP-p50 and cells were stimulated with LPS B4:0111 or mTNFa. (from left 
to right, n= 29, 29, 14, 37, 29 and 15 cells).

Figure 5.10 shows that over-expression of p50 had a very similar impact on p65- 

dsRedXP nucleo-cytoplasmic oscillations to those following over-expression of pi 05. 

This suggests that the effect seen with over-expression of pi 05 precursor may be 

primarily mediated through its p50 component.

5.6 Comparison of the nuclear translocation of p65-dsRedXP and 

EGFP-p50

The next aim was to determine whether the translocation relationship between the 

p65 and p50 was different following treatment with the two ligands.
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Figure 5.11 Comparison of nuclear translocation dynamics of p65-dsRedXP and 
EGFP-p50. Comparison of p65 dynamics with co-expression of EGFP-p50 in 
response to LPS B4:0111 or mTNFa. The dynamics of translocation of p65-dsRedXP 
were also compared to the translocation of EGFP-p50 to study the relationship 
between the translocation of these two proteins in response to the two stimuli. (A) 
The mean time to nuclear peak one (B) The mean time between nuclear peaks one 
and two. (C) The effect of co-expression of EGFP-p50 on the number of cells 
showing oscillations of p65-dsRedXP. Error bars represent S.D. Statistically 
significant differences in the data were determined using Students t-test. (From left to 
right (A) n=15, 15, 14 and 14 cells, (B), n=10, 11, 7 and 7 cells and (C), n= 37, 15, 29 
and 14). * Represents significance at the p<0.05 level and ** represents significance 
at the p<0.01 level.

It was observed that the timing of p65-dsRedXP and EGFP-p50 nuclear 

translocations was not significantly different when compared to each other following 

stimulation with either LPS or TNFa. This suggests that the two proteins translocate 

together as a heterodimer. However, although the timing of translocation of these two 

proteins was comparable as was the amplitude of this movement for the first peak in
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response to both stimuli, there was a significant difference in the proportion of 
oscillating cells.

A B

Peak 1 Peak 2  Peak 3  Peak 1 Peak 2  Peak 3

Figure 5.12 Comparison of the damping of oscillatory translocation dynamics in 
response to LPS and TNFa. The mean amplitude of p65-dsRedXP and EGFP-p50 of 
successive nuclear translocations were determined from single cell microscopy data 
from experiments where the two proteins were co-expressed and stimulated with (A) 
mTNFa and (B) LPS:0111. Error bars represent S.D. Statistically significant 
differences were determined using ANOVA or students t-test where appropriate, (at 
peak 1 n -  15 cells in (A) and 14 cells in (B)). * Represents significance at the p<0.05 
level.

In response to TNFa, the amplitude of subsequent translocations was damped 

following peak 1 for both p65 and p50 (Figure 5.12). This was also true for the 

dynamics of p65 translocation in response to LPS. This damping pattern of p65 in 

response to both stimuli was as previously observed. (Nelson et al., 2004). However 

there was no significant (at the p<0.05 level) damping of the amplitude of the p50 

translocation response following stimulation with LPS (Figure 5.12). This suggests 

that the p65 and p50 are not heterodimerising and can translocate independently from 

each other, as homodimers in response to LPS. Another possibility is that the two 

proteins may form heterodimers during the first translocation but then following this 

initial translocation there is a switch towards p50 homodimers which have been 

suggested to have a role in endotoxin tolerance (Ziegler-Heitbrock et al., 1994) and
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therefore might assist in terminating the inflammatory response induced by LPS 

challenge. However this switch to p50 homodimers may take much longer to occur as 

in a recent study a significant increase in p50 nuclear localisation following LPS- 

(ffom a different bacteria than used here) stimulation of B lymphocytes, was not seen 

to occur until 24 hours post-stimulation (Souvannavong et al., 2007) but the switch 

may be stimulus dependent.

The lack of damping may not entirely be due to there being no decrease in 

subsequent nuclear entries of p50. The data shown in Figure 5.13 suggests that the 

nuclear localisation of some p50 is maintained following the initial peak of 

translocation in response to LPS and this is also the case to some extent with TNFa. 

The overall effects therefore seem to be a combination of repeated nuclear entries of 

p50, but also sustained nuclear retention of some EGFP-p50.
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0 16 80 117 160 minutes

Figure 5.13 Localisation of p65-dsRedXP and EGFP-p50 following LPS 
stimulation. Images show a representative cell in which translocation of p65- 
dsRedXP (middle panel) and EGFP-p50 (top panel) are compared in the same cell. 
The two images are merged in the bottom panel of images. Scale bar represents 
approximately 50pm.
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5.7 The role of the C-terminal Ik By fragment in pl05 over-expression 

experiments

The similarity of the effects of p i05 and p50 on p65 dynamics implies that any 

effects due to over-expression of pl05 may be mediated through p50. In experiments 

where CFP-pl05-YFP is co-expressed with p65-dsRedXP it is important to consider 

the possible role of the C-terminal IxBy fragment of the p i05 protein. Although p50 

may account for the effects on p65 dynamics, the C-terminal IkBy fragment of p i05 

did not respond in the same way to stimulation with LPS compared with TNFa. This 

gives information on the mechanism of processing events which occur following 

stimulation with the different stimuli and once again implies differential degradation 

of an IkB by TNFa and LPS. The next aim was to quantitatively characterise the 

degradation of the C-terminal IkBy-YFP fragment released from CFP-pl05-YFP in 
response to the two stimuli.
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Figure 5.14 Quantification of degradation of the C-terminal IkBy fragment in 
response to TNFa and LPS. Confocal microscope images of cells expressing The C- 
terminal IicBy-YFP fragment were analysed following treatment with mTNFa and 
LPS B4:0111 in order to determine, (A) The mean time taken to degrade The C- 
terminal iKBy-YFP fragment to 50% of the original level of fluorescence. (B) The 
mean minimum level to which the C-terminal iKBy-YFP fragment fluorescence was 
reduced. (C) The proportion of cells in which the C-terminal MBy fragment is 
reduced below the 50% level. Error bars represent S.D. Statistical significance of 
differences in data was calculated using Student’s t-test. (In (A) n=21 and 11 
responders out of whole datasets where n=29, for (B) and (C) n= 29 cells for each 
condition) * Represents significance at the p<0.05 level.

wtMEFs transfected with CFP-pl05-YFP and p65-dsRedXP were stimulated with 

either LPS or TNFa. The time taken for the C-terminal IicBy-YFP fragment 

fluorescence to fall to 50% of its starting level was comparable for each stimulus 

when only using data from those cells in which this drop in fluorescence occurs 

(Figure 5.14). TNFa decreased the level of the C-terminal IicBy-YFP fragment (as
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measured by its fluorescence) significantly further than LPS. The most striking 

difference in the response of the C-terminal iKBy-YFP fragment to the two stimuli 

was that less than 40% of the cells showed a 50% reduction in the C-terminal MBy 

fragment with the rest never reaching a level below 50% following LPS stimulation. 

The majority (>70%) of cells stimulated with TNFa did show a >50% decrease in the 

C-terminal IicBy fragment level. When interpreting these results it must be 

remembered that when quantifying the YFP fluorescence in these experiments it is 

reporting on a mixture of CFP-pl05-YFP and the C-terminal hcBy-YFP fragment. 

This helps to explain the slow degradation and lower levels of degradation of this IkB  

compared to other IkB s , as it is not just a pool of the C-terminal IicBy fragment, but 

instead a mixture with p i05 which might be more stable and resistant to degradation 

when compared to free C-terminal IxBy fragment. These data suggest that TNFa is 

significantly more efficient at inducing degradation of this protein compared to LPS, 

although a functional role for this differential regulation remains unclear.

It appears that the limited effects of pi 05 on p65 dynamics observed in these 

experiments are likely to be mediated through p50, its smaller product. It also seems 

that the C-terminal FcBy fragment degradation may indicate that IxBy degradation as 
with other IkB s, may be stimulus dependent.
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5.8 Analysis of the effects of pl05 and p50 on NF-KB-dependent 

transcription mediated by LPS and TNFa

The hypothesis is that transcription profiles in response to different stimuli may be 

at least in part regulated by the translocation profile of the p65 transcription factor. 

p65 in combination with p i05, p50 or an EGFP control was expressed with NF-luc, a 

generic 5x kB promoter driven luciferase reporter construct. As we saw few changes 

in p65 dynamics with co-expression of p i05 or p50, we might expect to see little 

difference. Any differences seen would perhaps be more likely due the increased
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concentration of p50 and the potential resulting change in levels of particular NF-kB 

dimer combinations.
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Figure 5.15 The effect of co-expression of CFP-pl05-YFP and EGFP-p50 on p65- 
dsRedXP-induced transcription in response to LPS and TNFa. Cells were 
transfected with p65-dsRedXP and EGFP-p50 or CFP-pl05-YFP and a generic 5xkB 
site promoter driven luciferase construct. The expression from NF-luc was assessed in 
comparison to controls following LPS B4:0111, mTNFa, or no stimulation. These 
data were generated in a population assay measuring luminescence generated from 
the products of the promoter constructs in cells lysed following 5 hours of stimulation 
with the appropriate ligand..

Under conditions where the cells expressed increased levels of either pi 05 or p50 

together with an EGFP control, the basal NF-kB dependent reporter gene expression 

was compared to that obtained when the cells expressed EGFP alone. There was a 

slight reduction in reporter gene expression caused by p50 expression, but no effect 

with p i05. This suggests that following p50 over-expression there was increased 

formation of the transcriptionally inactive p50 homodimers that inhibit transcription. 

These data could be interpreted to suggest that only a small amount of the expressed 

pl05 was processed to p50, or perhaps sufficient pl05 might have remained to 

sequester newly generated p50 homodimers. When p65 was co-expressed with either 

p50 or pl05, the luciferase expression from the reporter construct was compared to
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the level obtained through expression of p65 and EGFP. When p65 and pi 05 were 

expressed together, there was little effect. However p50 expression led to marked 

inhibition of p65-mediated NF-KB-dependent transcription. Yet again this is most 

likely due to increased levels of the transcriptionally inactive p50 homodimer. These 

effects appear to be largely stimulus-independent. Similar results were obtained in an 

experiment using luciferase expression driven by the IkBcc promoter in place of NF- 
luc (single repeat).
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5.9 Investigation of the role of plOO in the regulation of p65-dsRedXP 

dynamics in LPS- or TNFa-stimulated cells

The effect of p i00, the other large precursor protein with IkB function was then 

assessed for its effect on the translocation dynamics of p65. These effects were 

compared following stimulation with either TNFa or LPS. Once again a fluorescent 

fusion of pi 00 (EGFP-plOO) was co-expressed with p65-dsRedXP and the dynamics 

of the two proteins observed and quantified in single cells (wtMEFs) using live cell 
confocal microscopy.
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A B

85 minutes 0 40 94 minutes

Figure 5.16 The effect of co-expression of EGFP-plOO on p65-dsredXP 
translocation dynamics. The representative single cell traces show the change in 
N/C ratio of p65-DsRedXP or EGFP-p50 in single cells expressing both proteins in 
response to mTNFa or LPS B4:0111 over time. (A) TNFa-stimulated p65-dsRedXP 
translocation, (B) LPS-stimulated p65-dsRedXP translocation, (C) TNFa-stimulated 
EGFP-plOO translocation, (D) LPS-stimulated EGFP-plOO translocation, (E) 
Representative images of EGFP-plOO (middle) and p65-dsRedXP (top) and dual 
overlay (bottom) localisation in response to TNFa, (F) Representative images of 
EGFP-plOO (middle) and p65-dsRedXP (top) and dual overlay (bottom) localisation 
in response to LPS. Scale bars represent approximately 50pm.
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The single cell traces of p65 dynamics illustrated in Figure 5.16 suggest that a 

number of low amplitude translocations of p65-dsRedXP occurred, particularly in 

response to mTNFa. There was also a clear reduction in the amplitude of 

translocation of p65-dsRedXP with EGFP-plOO co-expression when compared to that 

seen in control experiments. In addition, the data suggests that there was some 

apparent translocation of EGFP-plOO (processed to EGFP-p52) to the nucleus, 

particularly following LPS stimulation.
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Figure 5.17 Quantitative analysis of p65-dsRedXP translocation with co
expression of EGFP-plOO in response to LPS and TNFa. Data from single cell 
confocal microscopy experiments following treatment of transfected cells with LPS 
B4:0111 and mTNFa was used to measure: (A) The mean time of the maximum of 
the first peak of translocation; (B) The mean peak 1 to peak 2 dynamics of p65 
translocation (peak 1 max time to peak 2 max time in those cells that showed two 
peaks); (C) The mean amplitude of translocation of p65-dsRedXP for the initial peak; 
and (D) The % of the single cell population that displayed oscillatory behaviour of 
p65 (as defined as cells showing 2 or more translocation peaks of p65-dsRedXP). 
These results were then compared to p65-dsRedXP dynamics when a CMV-EGFP 
control was expressed in place of CMV-EGFP-plOO. Error bars represent S.D. and 
statistical significance was assessed using the student’s t-test. (from left to right n= 
37,26,29 and 27 for (A), (B) and (D) (For (C) n= 14, 19, 3 and 11) * Represents 
significance at the p<0.05 level, ** represents significance at the p<0.01 level and 
*** represents significance at the p<0.001 level.

plOO is another ‘IkB’ within the NF-kB signalling system which could play a role in 

regulating the different translocation dynamics of p65-dsRedXP that we observed in 

response to different stimuli. When over-expressing EGFP-plOO with p65-dsRedXP,
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p i00 appeared to have a stimulus-specific effect on p65 translocation dynamics. In 

response to LPS the timing of p65 translocation was not altered by an increase in 

p i00 compared to an EGFP control. However the time of the initial translocation of 

p65 was significantly (p-0.01) delayed in response to TNFa, although the time 

between this response and the second translocation peak was subsequently reduced. 

One effect that over-expression of pi 00 has on p65 dynamics regardless of which 

stimulus is applied is that the increase in its concentration significantly reduces the 

amplitude of p65 translocation. It also causes a large increase in the proportion of 

cells that display oscillatory behaviour in p65-dsRedXP nuclear translocation. As a 

construct expressing EGFP-plOO (i.e. EGFP tag at p52 end of the protein) has been 

transfected into these cells, it is of course possible that a proportion of the p i00 was 

processed to p52, leading to a mixed pool of EGFP tagged p i00 and p52 (as well as 

untagged IkB8). Western blot analysis suggested that p i00 was constitutively 

processed in the MEFs (Figure 5.18) and therefore this processing of the protein 

derived from the construct may happen before addition of either stimulus creating a 

pool of EGFP-p52.
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Figure 5.18 Western blot analysis of plOO following (A) TNFa or (B) LPS 
stimulation. The plOO antibody used is targeted to the p52 ‘end’ of plOO and as such 
detects both plOO and p52. The blots illustrated are representative of at least two 
similar repeats.

Figure 5.18 illustrates how endogenous plOO is constitutively processed in wtMEFs 

and how there is little overall loss of either plOO or p52 following a one hour time 

course of stimulation in endogenous conditions. Although only observed in one repeat 

of this experiment (shown above), there appeared to be partially processed forms of 

plOO being detected following stimulation.
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The translocation of EGFP-plOO calculated from single cells across a number of 

experiments suggested that some translocation of EGFP-plOO in response to both 

stimuli. The above western blot analysis of processing of the endogenous protein 

supports the hypothesis that it is likely that the protein detected is at least in part, the 

processed product, EGFP-p52. The time of the initial peak of translocation was 

compared to that of co-transfected p65-dsRedXP in order to see whether the two 

appear to co-translocate and also to compare the response with LPS and TNFa.
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Figure 5.19 Comparison of the translocation dynamics of the initial peak of p65- 
dsRedXP and EGFP-plOO nuclear entry. Comparison of p65 and p i00 dynamics 
when p65-dsRedXP and EGFP-plOO were co-expressed in response to LPS or TNFa. 
Bars represent mean data and error bars represent S.D. * Represents significance at 
the p<0.05 level, ** represents significance at the p<0.01 level and *** represents 
significance at the p<0.001 level.

The data shown in Figure 5.19 suggests that the timing of the initial peak of 

translocation of EGFP-plOO (EGFP-p52) and p65-dsRedXP were similar with LPS. 

These data are consistent with there being some co-translocation of these proteins due 

to formation of p65-p52 heterodimers. However in response to TNFa the two proteins 

had significantly different mean translocation times (p=0.004), with the peak of 

EGFP-plOO (EGFP-p52) translocation being delayed by about 15 minutes compared
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to p65-dsRedXP. This suggests less heterodimeric association between these proteins 

following TNFa-stimulation compared to LPS, implying mobilisation of different 

dimers in response to different stimuli, which could lead to differential activation of 

target genes.

As we observed a reduction in the translocation amplitude of the initial peak of p65- 

dsredXP as a result of EGFP-plOO over-expression, it was next analysed whether this 

was the case with subsequent oscillations.

A B

Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3

Figure 5.20 Comparison of the mean amplitude of repeated nuclear entries of 
p65-dsRedXP in co-expression experiments with EGFP-plOO in response to 
(A)TNFa and (B) LPS. Bars represent the mean and error bars the S.D. Significance 
was determined using the Student’s t-test. * Represents significance at the p<0.05 
level, ** represents significance at the p<0.01 level and *** represents significance at 
the p<0.001 level.

Despite a reduction in amplitude of the first peak of p65-dsredXP translocation with 

co-expression of EGFP-plOO in response to either ligand, this inhibition was not 

apparent at later time points. The amplitude of the second and third nuclear entries of 

p65-dsredXP in these experiments was not reduced compare to controls. This 

suggested that plOO may play a role in regulating the initial translocation of p65, but 

not in inhibition of subsequent peaks in p65-dsRedXP movement in response to the 

two stimuli used, pi 00 might not have a role to play in regulating later translocations
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of p65-dsRedXP as there could be a switch, following the initial translocation, to a 

situation where p i00 is then primarily associated with RelB to control later events.
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5.10 Investigation of the potential role of RelB in pl00-mediated effects 

on the regulation of p65-dsRedXP translocation

The close links of pi 00 and RelB as the primary NF-kB proteins of the alternative 

or non-canonical activation pathway posed the question as to whether the effects of 

p i00 on p65 dynamics observed could be due to its association with RelB. 

Preliminary experiments were therefore performed to investigate the effect of co

expression of RelB on p65 dynamics to determine whether this protein had important 

effects. The dynamics of RelB in response to the two stimuli were also analysed.

Previous studies have noted that conditions of increased RelB expression occur in 

cells during endotoxin tolerance. The increased levels of RelB serve to sequester p65 

in the cytoplasm and as such repress pro-inflammatory gene expression (e.g. IL-ip) 

(Yoza et al., 2006). It might therefore be expected to observe inhibitory effects of 

RelB on both p65 translocation and NF-kB-dependent gene transcription. It has been 

shown previously that the translocation of RelB is similar in response to TNFa and 

LPS, occurring at about 4 hours post-stimulation, although a small amount of RelB 

was seen in the nucleus at earlier time points (Derudder et al., 2003; Hofer et al., 

2001). This might indicate that in the 200 minute time courses used in this study, we 

might observe little RelB translocation as it might not occur until later.
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Figure 5.21 The dynamics of p65-dsredXP and RelB-EGFP translocation. The
representative single cell traces show the change in N/C ratio of p65-DsRedXP, (A) 
and (C), or RelB, (B) and (D), in single cells expressing both fluorescent fusion 
proteins in response to mTNFa (A) and (B) and LPS B4:0111 (C) and (D) over time. 
The dynamic quantification of the two proteins was obtained from images of the same 
cells.
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Figure 5.22 Localisation of p65-dsRedXP and RelB-EGFP in response to TNFa.
Images illustrate representative single cell responses to TNFa stimulation of p65- 
dsRedXP (top) and RelB-EGFP (middle) over time. The bottom panels are 
superimposed images. Scale bar represents approximately 50pm.

The single cell traces (Figure 5.21) indicate that there is no notable translocation of 

RelB in response to either stimulus in the 200 minute timeframe measured. This can 

also be seen in the images in Figure 5.22. This is different from previous data 

generated in our lab which has shown RelB translocation, albeit with different 

kinetics in 3T3 and SK-N-AS cells following TNFa stimulation (Johnson, 2006; 

Nelson, 2006). We also see that the amplitude of p65-dsRedxP translocation is 

reduced with co-expression of this protein compared to what would normally be 

observed with an EGFP control.
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Figure 5.23 Quantitative analysis of p65-dsRedXP translocation with co
expression of RelB-EGFP in response to LPS and TNFa. Data from confocal 
microscopy experiments from single cells expressing p65-dsRedxp and RelB-EGFP 
and stimulated with LPS B4:0111 and mTNFa. These data were used to measure; (A) 
The mean time of the maximum of the first peak of translocation; (B) The mean peak 
1 to peak 2 time of p65 translocation (peak 1 max time to peak 2 max time); (C) The 
mean amplitude of translocation of p65-dsRedXP for the initial peak; and (D) The % 
of the single cell population that display oscillatory behaviour of p65 as defined as 
cells showing 2 or more translocation peaks of p65-dsRedXP. These results were then 
compared to p65-dsRedXP dynamics when a CMV-EGFP control is expressed in 
place of RelB-EGFP. Error bars represent S.D. (from left to right n= 37, 14, 29 and 10 
for (A), (B) and (D) (For (C) n= 14, 11, 3 and 3)

These data represent only preliminary data (taken from only two repeat 

experiments). However the effects of increased RelB-EGFP on p65-dsRedXP 

dynamics appear to be different in many respects to pi 00 over-expression (Figure 

5.19). In response to TNFa, over-expression of EGFP-plOO caused a significant 

increase in the time taken to reach the maximum of the first peak and decrease in the
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peak 1 to peak 2 time. With RelB-EGFP over-expression it appeared that the opposite 

might be the case. In response to LPS, EGFP-plOO had no apparent effect on the 

translocation timing of p65-dsRedXP, but with RelB it was observed that although the 

time of the maximum of peak 1 remained largely unaffected the peak 1 to peak 2 time 

appeared to be considerably increased. Interestingly the reduction in p65-dsRedXP 

translocation amplitude observed with both stimuli following co-expression of EGFP- 

plOO was only observed with RelB in response to LPS. This suggests that although 

RelB and p i00 may be closely linked within the system they probably have different 

regulatory roles that affect p65 dynamics in response to different stimuli. These data 

also suggest that effects of p i00 on p65 dynamics are partly mediated through RelB 

in response to LPS but not TNFa. One factor that remained similar when comparing 

the effects of pi 00 and RelB was the increase in the proportion of cells that oscillated 
compared to an EGFP control.
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Figure 5.24 The effect of plOO and RelB on oscillatory behaviour of p65. The %
of single cells displaying oscillatory behaviour in p65-dsRedXP translocation (2 or 
more translocations) was calculated from single cell confocal microscopy data when 
p65 was over-expressed with an EGFP-control, EGFP-plOO or RelB-EGFP and cells 
were stimulated with LPS B4:0111 or mTNFa.

Comparison of the effects of RelB and p i00 on the oscillatory behaviour of p65 

translocation suggests that both caused a similar increase in the absolute proportion (~
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30%) of cells that oscillated in what appears to be a stimulus independent manner, As 

pi 05, and pi 00 increased oscillatory behaviour of p65 and there is potential that p50 

and p52 (products from p i05 and p i00) may also translocate and possibly play a role 

in assisting these oscillations. If this were the case, then we might expect to be able to 

see co-translocation of Re IB and p65. This however was not the case as this 

translocation did not appear to occur in these cells in response to either stimulus. This 

therefore suggests that the increase in oscillatory behaviour of p65-dsRedXP is not 

dependent on the co-translocation (and possibly dimérisation) of these proteins.

It was observed that with p i00, the amplitude of peak 1 decreased, but subsequent 

peaks were unaffected. Therefore, it was investigated whether there was a change in 

amplitude of peak 1 following LPS-stimulation in the RelB co-expression 
experiments.
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Figure 5.25 Comparison of the mean amplitude of repeated nuclear entries of 
p65-dsRedXP in co-expression experiments with RelB-EGFP in response to (A) 
TNFa and (B) LPS.

As was previously seen with p i00 expression, RelB reduced the initial peak of 

translocation following LPS- stimulation. Expression of this protein did not however 

diminish the amplitude of secondary peaks of nuclear translocation. No effect was 

seen on any of the first three peaks of nuclear translocation with TNFa.
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5.11 Determination of the effect of plOO and RelB on NF-KB-dependent 

transcription in response to different stimuli

We next investigated the effects of these proteins on NF-KB-dependent transcription 

in response to LPS and TNFa using a luciferase reporter assay.
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Figure 5.26 The effect of co-expression of EGFP-plOO and RelB-EGFP on p65- 
dsRedXP-induced transcription in response to LPS and TNFa. Cells were 
transfected with p65-dsRedXP and EGFP-plOO or RelB-EGFP and a generic 5 x k B  
site promoter driven luciferase construct. The expression from NF-luc was assessed in 
comparison to controls following LPS B4:0111, mTNFa or no stimulation. These data 
were generated in a population assay measuring luminescence generated from the 
products of the promoter constructs in cells lysed following 5 hours of stimulation 
with the appropriate ligand.

Over-expression of either p i00 or RelB marginally decreased the levels of N F -K B -  

dependent transcription relative to EGFP co-expression. This is most likely due to 

cytoplasmic sequestration of NF-kB dimers or due to a change in the overall make-up 

of the population of NF-kB dimers. Following p65-dsredXP co-expression with plOO 

or RelB there were marginal reductions in luciferase expression compared to p65 

expression with a control, with the effect of RelB being stronger than that of plOO. 

This suppression is again likely to be mediated by cytoplasmic sequestration. Once
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again in this experiment we observed no obvious stimulus-dependent differences, 

although this may be due to the choice of promoter and method of analysis. To fully 

assess the stimulus dependence of any effects of these proteins in regulating 

transcription then more dynamic, detailed data would be required such as a range of 

time points over which the experiment was carried out or a different experimental 

method such as real time PCR over a time-course of stimulation.
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5.12 Chapter summary

5.12.1 pl05 over-expression has little effect on p65-dsRedXP translocation 
dynamics

Localisation of p65 is primarily regulated through its association with the classical 

IkB s . Despite this, the knowledge that p65 can be sequestered in the cytoplasm by 

pi 05 suggests that it could potentially play a role in regulating p65 dynamics 

particularly when its concentration is increased. However we observe that in response 

to either LPS or TNFa p i05 had no apparent role in regulation of the timing of the 

first phase of translocation of p65 to the nucleus.

5.12.2 The response of pl05 is different with LPS or TNFa

We also considered the response of pi 05 itself to LPS and TNFa and found that the 

constitutively processed products CFP-p50 and the C-terminal iKBy-YFP fragment 

behaved differently following stimulation with the two ligands. LPS appeared to 

induce higher amplitude translocation of CFP-p50, but appeared less efficient at 

degrading the C-terminal IxBy-YFP fragment than TNFa. This suggests a role for 

p i05 and its products in LPS/TNFa-induced NF-kB activation, but one that does not 
involve regulation of p65 translocation.
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5.12.3 pl05 mediated effects on p65 dynamics are primarily mediated through 
p50

The effect of p50 alone on p65 dynamics was assessed. Generally the translocation 

dynamics of p65 were generally unaffected by the increase in this protein and were 

therefore comparable to experiments in which p i05 or an EGFP control were co

expressed with p65. p50 induced the same increase in p65 oscillatory behaviour as 

p i05. This suggested that the limited effects seen with p i05 might be mediated 

through p50. These data suggest that the primary role of p i05 in regulating p65 

translocation may not be as an Ik B , but instead through p50.

5.12.4 Co-translocation of p65 and p50 potentially diminishes over time

LPS and TNFa driven translocation of p65 and p50 was compared to see whether 

the relationship between the two proteins was different with the two stimuli. It was 

found that in response to TNFa, oscillations in nuclear localisation of p65-dsRedXP 

and EGFP-p50 are damped over time. Despite the same being true for p65 with LPS, 

oscillations in p50 localisation were not damped partly due to nuclear retention of 

some p50 following the initial translocation. This suggests a potential mechanism for 

transcriptional regulation by different stimuli through generation of different 

translocation profiles of NF-kB dimers. It is known that the cell can respond by 

activation of different complexes to different stimuli. For example TNFa has been 

shown to cause sustained activation of p65:p50 with only low levels of p50:p50. 

However, IL-ip can cause transient activation of p65:p50 with much higher levels of 

p50:p50 (Tong et al., 2004). The present data may suggest that LPS causes similar 

activation to that seen with IL-1 p.
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5.12.5 iKBy, another IkB degraded with signal-dependent dynamics?

It was observed that different stimuli could induce differential degradation profiles 

of the C-terminal IkBy fragment. The functional relevance of this difference remains 

unclear. The difficulty in detecting this protein endogenously has meant that 

knowledge of its function has been difficult to obtain. However further 

characterisation of its levels and rate of turnover might help to uncover the role of 

differential degradation of this protein in response to different stimuli.

5.12.6 Impact of pl05 or p50 over-expression on transcription

p50 over-expression reduced NF-kB dependent transcription, whereas p i05 had 

little effect. Although no clear differences were observed with the two stimuli, 

collecting data over a number of time points might be one way in which differences 

could be observed. In particular, the analysis of expression of a wider range of NF- 

KB-responsive genes (e.g. by qPCR) might show differential gene expression that 
could not be seen in these experiments.
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5.12.7 plOO regulates p65 translocation timing in response to TNFa but not LPS

There was, a stimulus dependent effect on the ability of plOO to regulate p65 

translocation dynamics. plOO delayed the initial peak of translocation of p65 in 

response to TNFa but not LPS. This may be due to the increased efficiency of LPS to 

cause processing of plOO compared with TNFa (Mordmuller et al., 2003). This 

illustrates as seen previously how differential selection of IkB s by different stimuli 

may be a mechanism by which the cell can modulate p65 dynamics to transmit 
different effects of the stimulus.
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5.12.8 plOO reduces the amplitude of p65 nuclear translocation regardless of 
stimulus

The reduction in volume of nuclear translocation of p65-dsRedXP with EGFP-plOO 

in response to either stimulus suggested that both of these stimuli might be relatively 

inefficient at releasing p65 from p i00. This might be expected as LPS and TNFa are 

seen primarily as activators of the canonical NF-kB activation pathway and yet pi 00 

forms part of the non-canonical or alternative pathway of NF-kB. It would be 

interesting to see whether p65 could be more easily released using a stimulus that is 

more effective at activating the non-canonical branch of the pathway (e.g. LIGHT).
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5.12.9 Potential differential dimer formation induced by TNFa or LPS

Translocation of p65-dsRedXP and EGFP-plOO (EGFP-p52) timing was more 

comparable with LPS than TNFa, which may suggest greater heterodimerisation of 

the two with LPS than with TNFa. Since there were apparent inferred differences in 

p65:p50 heterodimer formation with LPS and TNFa, it seems possible that what is 

observed here is different NF-kB dimer formation in response to the two stimuli 

which could help to generate the different transcription profiles induced by LPS and 
TNFa.

5.12.10 RelB almost completely abrogates nuclear translocation of p65 in 

response to LPS but not TNFa

RelB is not normally considered an inhibitor in the NF-kB system but is instead one 

of the NF-kB proteins available for forming active transcription complexes. In these 

experiments, RelB decreased the amplitude of p65 translocation in response to LPS. 

This might be due to the inability of RelB to translocate in these experiments and
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therefore it may retain p65 in the cytoplasm by forming heterodimers (Yoza et al., 

2006). If this were the case however, the same effect might be expected with TNFa 

which was not observed. This suggests that this cytoplasmic sequestration can be 

overcome by TNFa stimulation. Jacque et al (Jacque et al., 2005) have reported that 

TNFa promotes p65 and Re IB association in the nucleus and that TNFa-induced 

phosphorylation of Ser 276 of p65 was required for this nuclear complex formation. 

This might explain why we observe normal p65 translocation with TNFa and 

suggests that RelB forms different complexes or complexes at different times or in 

different places in a signal-dependent manner. In conclusion, the effects of pi 00 and 

RelB on p65 dynamics do not appear to be the same and therefore the effects of pi 00 

on p65 translocation are likely not to be mediated through RelB.
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5.12.11 RelB or plOO over-expression has very similar effects on regulation of 

NF-KB-dependent transcription

Both increased levels of RelB or p i00 had marginal inhibitory effects on NF-KB- 

dependent transcription with either stimulus. Further investigation would be required 

in order to determine whether it would be possible to correlate p65 translocation with 
transcriptional activity.

5.13 Key conclusions

• P I05 has little effects on the initial translocation time of p65 regardless of 
stimulus.

•  PlOO appears to inhibit p65 translocation in a manner which is stimulus 

independent
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• Inhibition observed in conditions of increased p i00 does not occur due to it’s 
association with RelB.

5.14 Significance of the research

It was observed that not all IkB s had significant effects on regulation of the timing 

of p65 translocation, as p i05 appears to have no effect, despite being a key player in 

the canonical N F -kB  pathway, p i00, the only non-canonical IkB  assessed did have a 

role in regulation of p65 translocation, illustrating an overlap between the two 

pathways of N F - kB  activation. The initial aim of work in this chapter was about 

primarily assessing the role of the plOO and pl05 Ik B s on p65 dynamics. Instead, 

potential roles for the N F - kB  proteins p50, p52 and RelB were observed in response 

to different stimuli. This suggests differential dimer formation and a potential role for 

RelB in inhibiting p65 translocation under specific stimulation conditions.
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Chapter 6

Initial investigation into the effect of A20 

on p65 translocation dynamics with 

TNFa or LPS stimulation
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6.1 Introduction

The next investigation was to assess the effect of A20 expression on p65 

translocation in response to TNFa and LPS. A20 is an ubiquitin modifying enzyme 

which acts to inhibit N F - kB  signalling at the level of the IKK complex or upstream of 

IKK. It represents a further negative feedback loop in the N F - kB  system. The aim was 

to discover whether this protein had a different effect on the dynamics of p65 in 

response to the two different stimuli and how this compared with the effect of the 

IkB s that had been tested previously.

A20 inhibits IKK activity by disrupting signalling to IKK by modifying the 

ubiquitination state of upstream signalling proteins. A decrease in IKK activity could 

potentially therefore lead to a reduction in the phosphorylation of Ik B s within the cell 

which would in turn inhibit their degradation and might decrease phosphorylation of 

p65 (or other N F -k B  transcription factors) on specific residues. Due to the different 

potential consequences of increasing the A20 concentration it was difficult to predict 

what effect this protein may have on the dynamics of p65. The literature had 

previously suggested that, in response to TNFa, over-expression of A20 inhibited 

NF-xB-mediated transcription (Cooper et al., 1996; Evans et al., 2004) without 

preventing p65 translocation (Heyninck et al., 1999; Zetoune et al., 2001). Also, 

inhibition of NF-xB-dependent transcription by A20 has been observed in response to 

LPS (Cooper et al., 1996; O'Reilly and Moynagh, 2003), IL-1 and pam-3-cys (Evans 

et al., 2004). These results portray a potential mechanism for A20 which does not 

affect the degradation of IxBa (and other IkB s) and consequent p65 translocation to 

the nucleus, but instead perhaps affects the modification of p65 or some other aspect 

of its ability to activate transcription.

In the work described in this chapter, the effect of over-expression of A20 (EGFP- 

A20) with and without additional p65 (p65-dsRedXP) on NF-xB-dependent 

transcription in response to the two stimuli was measured. In addition the effect of 

A20 co-expression on the translocation dynamics of p65-dsRedXP was analysed
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using live single cell imaging in response to both LPS and mTNFa. The localisation 

and degradation of EGFP-A20 in these experiments was also measured to see whether 

there were any stimulus-specific differences.

6.1.1 Hypothesis
The hypothesis was tested that other proteins in the NF-kB signalling network, but 

outside the defined NF-kB/IkB families, may also have a role to play in regulating the 

translocation dynamics of p65 that could be stimulus-dependent.

6.1.2 Aims

• To analyse the translocation dynamics of p65 using live single cell microscopy 

in conditions of increased A20 to determine any impact on the p65 dynamic 

profile in TNFa- or LPS-stimulated conditions.
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6.2 The effect of increased A20 expression on NF-KB-dependent 

transcription induced by LPS or mTNFa stimulation
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Figure 6.1 The effect of co-expression of EGFP-A20 on p65-dsRedXP-induced 
transcription in response to LPS and TNFa at the population level. Cells were 
transfected with p65-dsRedXP and EGFP-A20 and a promoter driven luciferase 
construct. The expression from NF-luc was assessed in comparison to controls 
following LPS B4:0 111, mTNFa or no stimulation. These data were generated in a 
population assay measuring luminescence generated from luciferase expression from the 
promoter construct in cells lysed following 5 hours of stimulation with the appropriate 
ligand.

In preliminary experiments, the effect of over-expression of A20 on transcription from 

a 5x k B  site- luciferase reporter was assessed in response to LPS or TNFa or in 

unstimulated conditions. As has been previously reported (Heyninck et al., 1999; 

O'Reilly and Moynagh, 2003), over-expression of A20 did reduce luciferase expression 

from the construct compared to an EGFP control in response to both stimuli or in 

unstimulated conditions. However in all three conditions, co-expression of p65-dsRedXP 

gives rise to relatively high levels of luciferase expression from the reporter construct 

despite A20 co-expression. The data therefore suggests that in these population studies 

A20 is unable to exert its inhibitory effect on transcription when co-expressed with 

p65. It is expected that A20 acts primarily by inhibition of IKK activity, if so then it is 

reasonable to expect that a specific level of IKK inhibition may be induced in EGFP-
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A20 transfected cells. Transfecting in of additional p65 which acts downstream of 

IKK may be expected to have little difference if IKK activity is limited as we have 

simply increased capacity below the rate limiting step. No stimulus specific 

differences were observed in this assessment of the role of A20 in the inhibition of 

NF-kB dependent transcription.
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6.3 Investigating the effect of A20 co-expression on p65-dsRedXP 

dynamics

The effect of EGFP-A20 co-expression on dynamics of p65-dsRedXP in response to 

LPS and TNFa was investigated using single cell confocal microscopy of live 

wtMEFs. Previous studies (Heyninck et al., 1999) have described that despite over

expression of A20 inhibiting NF-kB dependent transcription it did not prevent p65 

translocation and DNA binding. Therefore based on this, it might be expected that 

‘normal’ initial translocation of p65-dsRedXP would be seen in these experiments. 

(Figure 6.2, legend on subsequent page)
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Figure 6.2 (on previous page) The effect of co-expression of EGFP-A20 on p65- 
dsredXP translocation dynamics. The representative single cell traces show the 
change in N/C ratio of p65-DsRedXP in single cells also expressing EGFP-A20 in 
response to (A) mTNFa and (B) LPS B4:0111 over time. (C) Illustrates p65 
translocation in response to TNFa in the absence of exogenous EGFP-A20. (C) 
Illustrates p65 translocation in response to TNFa in the absence of exogenous EGFP- 
A20. (D) Illustrates p65 translocation in response to LPS in the absence of exogenous 
EGFP-A20. (E) shows nuclear/ cytoplasmic localisation of p65-dsRedXP alone (top 
panel) or merged with images of EGFP-A20 (bottom panel) in response to TNFa. (F) 
shows nuclear/ cytoplasmic localisation of p65-dsRedXP alone (top panel) or merged 
with images of EGFP-A20 (bottom panel) in response to LPS.

A B

Stimulus Stimulus

C

Figure 6.3 Quantitative analysis of p65-dsRedXP translocation with co
expression of EGFP-A20 in response to LPS and TNFa. Data from single cell 
confocal microscopy experiments were used to analyse: (A) The mean time of the 
maximum of the first peak of translocation; (B) The mean peak 1 to peak 2 time of 
p65 translocation (peak 1 max time to peak 2 max time); (C) The mean amplitude of 
translocation of p65-dsRedXP for the initial peak and These results were compared to 
p65-dsRedXP dynamics when a CMV-EGFP control was expressed in place of CMV- 
EGFP-A20. Error bars represent S.D. and statistical significance was assessed using 
the student’s t-test. (from left to right n= 37, 25, 29 and 26 in (A) and (C). In (B), n= 
14, 13, 3 and 16). * Represents significance at the p<0.05 level, ** represents 
significance at the p<0.01 level and *** represents significance at the p<0.001 level.
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Many of the IkB proteins we have considered in previous chapters predominantly

affected the timing of the initial translocation of p65-dsRedXP. A20 however seemed

to exert its most significant effect by reducing the amplitude of p65-dsRedXP

translocation. The mean amplitude of the single cell responses was reduced by
>

approximately 85% compared to the control in LPS treated cells (p=<0.001). In 

addition to this effect A20 also significantly delayed the initial peak of translocation 

of p65-dsRedXP in response to LPS (p=0.020). The over-expression of this protein 

had less effect on the translocation of p65 induced by TNFa, however the amplitude 

of this response was still significantly reduced (approximately 30% reduction in 

comparison to control mean) (p= 0.008) which slightly contrasts with what had been 

observed previously where p65 translocation was not reported to be inhibited with 

TNFa stimulation (Heyninck et al., 1999). This partial contradiction in results may be 

because the technique used here (live cell confocal microscopy) allowed the 

collection of kinetic single cell data over a large dynamic range and it appears that 

this uncovered a difference in the amplitude of the p65 translocation illustrating that 

although in response to TNFa the p65 continued to translocate following A20 over

expression, less of the cytoplasmic p65 pool translocated to the nucleus when 

compared to control experiments. These data therefore suggest the involvement of 

A20 in retarding p65-dsRedXP nuclear translocation, which may be associated with 

its inhibition of transcriptional activity in response to TNFa. Interestingly the 

retardation of p65 nuclear translocation was approximately 3 times more with LPS 

B4:0111 than with TNFa suggesting there is a stimulus-dependent effect on the 

ability of A20 to inhibit p65 translocation.

One potential way in which we might explain this stimulus-dependent effect of A20 

is that because A20 activity may be enhanced by IKK(3-mediated phosphorylation at 

serine 381 (Hutti et al., 2007), then the pool of over-expressed EGFP-A20 might be 

relatively inactive prior to stimulation, but could be activated by stimulation with LPS 

or TNFa. The p65 translocation response following TNFa stimulation is so rapid that 

this activation step of A20 might occur too late to exert a full effect on p65 dynamics. 

However there is a delay in p65 translocation following stimulation with LPS, which
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might allow time for events such as A20 activation to occur, thus enabling the A20 to 

have a more significant effect on p65 dynamics in response to this stimulus. Another 

possible explanation for this difference is that in response to LPS, increased levels of 

A20 disrupt the association of TRAF-6 and the TAB2/TAK1 complex (Yokota et al., 

2008) and as such signalling to IKK will be abrogated. If in this case a very small 

proportion of TAK1, TAB2, TRAF6 complexes were formed then this could explain 

why in response to LPS the majority of the response is suppressed but there is a very 

small level of activation allowing the limited activation/release of a few p65- 

dsRedXP molecules to translocate to the nucleus. In response to TNFa the inhibition 

of p65 translocation by A20 appeared to be weaker and might be due to only minimal 

inhibition of IKK activity through effects at the IKK level itself or at the level of the 

receptor (TNFR1) in the timeframe considered here.

As A20 had such different effects on p65-dsRedXP translocation dynamics with 

the two stimuli, the reliance of the observed effects on the expression level of EGFP- 

A20 were next assessed. The relationship between the time of the initial peak of 

translocation or the amplitude of translocation of p65-dsRedXP and the initial mean 

cytoplasmic fluorescence intensity of EGFP-A20 was determined (Figure 6.4) from 

single cell imaging data.
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6.4 The relationship between expression levels of EGFP-A20 and 

dynamics of p65-dsRedXP translocation with LPS and TNFa 

stimulation

0.05252 0.83092 0.32194 0.11656

R P R P

-0.07825 0.75018 -0.45478 0.02237

Figure 6.4 Investigating the relationship between A20 initial fluorescence 
intensity and p65-dsRedXP translocation. The initial cytoplasmic intensity of 
EGFP-A20 and the time or amplitude of the first peak of p65-dsRedXP translocation 
for each single cell were compared from imaging data. Correlation was determined by 
linear regression and R, the correlation co-efficient and p (the probability that R is 0) 
calculated using Origin 7.5 software is shown for each condition. (A) mTNFa 
stimulated p65-dsRedXP translocation peak 1 time (B) LPS stimulated p65-dsRedXP 
translocation peak 1 time (C) mTNFa stimulated p65-dsRedXP translocation peak 1 
amplitude (D) LPS stimulated p65-dsRedXP translocation peak amplitude.
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By investigating the relationship between EGFP-A20 expression level and p65 

dynamics the data shown in Figure 6.4 suggest that there is no linear correlation of the 

expression level of EGFP-A20 with the time or amplitude of the initial peak of p65- 

dsRedXP translocation in response to TNFa. There also appears to be no significant 

correlation between the timing of translocation of p65-dsRedXP and the level of 

EGFP-A20 expression following LPS stimulation. However, in response to this 

stimulus a negative linear correlation between levels of A20 expression and the 

translocation amplitude of p65 was seen where with increasing EGFP-A20 intensity 

there was a concurrent reduction in the amplitude of p65-dsRedXP translocation. This 

suggests there is a direct effect of A20 in controlling the amplitude of LPS-induced 

p65 translocation, although the correlation is not sufficient to suggest that A20 is the 

only factor involved, but is instead one factor that plays a role. .

The different effects of A20 over-expression on p65 dynamics observed with the 

two stimuli posed a number of questions, including, what happens to the EGFP-A20 

imaged in these experiments in response to the two stimuli and could this help to 

explain the effects on p65 dynamics?
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6.5 Analysing localisation and degradation of EGFP-A20 in response to 

LPS and mTNFa

The nuclear-cytoplasmic translocation and degradation of EGFP-A20 were analysed 

from the co-expression experiments in response to LPS and TNFa. Previous studies 

have found A20 to be an exclusively cytoplasmic protein (Heyninck et al., 1999; 

Vincenz and Dixit, 1996) and so translocation of the protein was not expected to 

occur.
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A B

Figure 6.5 Investigating the translocation and degradation of EGFP-A20. (A)
The average N:C distribution of EGFP-A20 over time and (B) the average % 
degradation of EGFP-A20 over time relative to the level of EGFP-A20 for each cell at 
time 0 following LPS stimulation. (C) Illustrates the speckling pattern of EGFP-A20 
in live wtMEFs over time (Top panel EGFP-A20, Bottom panel EGFP-A20 image 
merged with p65-dsRedXP image.)

The data shown in Figure 6.5 illustrates the translocation of EGFP-A20 and the 

degradation of EGFP-A20 in response to LPS. The results are comparable to those 

seen with TNFa (not shown) and show how there is no clear change in the 

distribution of EGFP-A20 over time but instead EGFP-A20 starts and remains 

primarily cytoplasmic following stimulation with either stimulus. The mean 

degradation of cytoplasmic EGFP-A20 shows a general trend of degradation although 

the reduction in A20 is still relatively small (30%) over the 200 minute time course 

with LPS or TNFa. A comparable assessment of loss of EGFP control fluorescence 

(not shown) showed a decrease in EGFP fluorescence by approximately 20% from the
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original level. This suggests that the observed loss of EGFP-A20 may primarily be 

due to experimental conditions such as a small amount of bleaching of the 

fluorescence by the laser used to excite EGFP for visualisation or due to similar 

turnover rates of the proteins.

These measurements must only be considered approximate, because an R.O.I. (region 

of interest) was placed in each cellular compartment within which the mean intensity 

of EGFP-A20 was measured. However the non-uniform (speckled) distribution of 

EGFP-A20 in cells as seen previously (Heyninck et al., 1999) meant that these results 

can only be taken as a rough approximation of cellular A20 degradation or 

translocation. A recent publication has shown that this ‘speckled’ distribution pattern 

is partly due to the localisation of A20 in lysosome-associated endocytic 

compartments. A fraction of cellular A20 is dynamically localised within lysosome 

associated compartments particularly near to the nuclear membrane (Li et al., 2008). 

These data suggest that degradation or localisation may not be key regulatory factors 

of A20 and instead this protein may be primarily regulated by either its ubiquitination 

state as self association of A20 (De Valck et al., 1996) may lead to ubiquitination of 

A20 which stabilises the protein or regulation of its activity by phosphorylation as 

discussed above. These data also suggest that the effect of A20 on NF-icB-dependent 

transcription is not due to a nuclear role for A20, but instead as a cytoplasmic 

regulator of transcription factor activation.
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6.6 Chapter Summary

6.6.1 EGFP-A20-mediated transcription inhibition can be overcome by co

expression of p65-dsRedXP

As has been previously described over-expression of A20 inhibited NF-kB- 

dependent transcription. It was observed here that this inhibition appeared to be 

overcome by co-expression of p65 (p65-dsRedXP) with the A20 (EGFP-A20). .
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These data may suggest one of two things; first that the increased levels of p65 

somehow remove A20 inhibition of IKK perhaps due to competition of the two for 

IKKfl phosphorylation and this would indicate that p65 may be the preferred 

substrate. A second hypothesis may be that with an increase in p65 concentration 

there is more p65 available to induce transcription and even if it is not correctly post- 

translationally modified due to a reduction in IKK activity it may still be sufficient to 

activate transcription.

A recent publication showed how under conditions of A20 over-expression A20 

zinc finger mediated lysosomal membrane association and not the ubiquitin 

modifying activity of A20 appears to be important for the ability of A20 to inhibit 

NF-kB dependent transcription (Li et ah, 2008). This suggests that A20-mediated 

inhibition of NF-KB-dependent transcription may occur due to events downstream of 

the receptor level as this lysosomal membrane binding by A20 which appears critical 

for its transcription inhibition function has been observed to occur predominantly near 

the nuclear and not cytoplasmic membrane.

6.6.2 The degree to which A20 inhibits p65-dsRedXP translocation is stimulus- 

dependent

The effect of EGFP-A20 on reducing the amplitude of p65-dsRedXP translocation 

is more apparent following LPS stimulation that following TNFa stimulation. This 

suggests a stimulus dependent role for A20 in regulating the translocation of p65. The 

previous observations that A20 expression inhibits NF-xB-dependent transcription 

appears to be an effect largely independent of its ability to reduce translocation 

amplitude in response to TNFa and is therefore more likely due to effects on the post- 

translational modification of NF-kB transcription factors such as p65 which affect 

their transcriptional activity. In response to LPS, the large reduction in the levels of 

p65 translocation may contribute to the reduction of transcription of NF-kB 

dependent genes. A20 appears to predominantly exert its effect on the level of nuclear
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translocation of p65-dsRedXP and has little effect on the other measured dynamic 

characteristics of p65-dsRedXP translocation.

6.6.3 EGFP-A20 expression level correlates with the amplitude of LPS induced 

p65-dsRedXP translocation

Expression levels of A20 do not correlate with the timing of translocation of p65- 

dsRedXP with either stimulus, but comparisons of EGFP-A20 expression level with 

the amplitude of p65-dsRedXP translocation suggests that these two factors correlate 

with LPS but not with TNFa. This suggests that the two stimuli may be activating 

A20 at different points within the signalling network as despite increases in A20 

concentration, in response to TNFa there appeared to be no capacity to further 

decrease p65-dsRedXP nuclear translocation. This suggested that the main point at 

which A20 inhibition occurs in response to TNFa might be rate limited. However, in 

response to LPS, p65 translocation was further reduced with increasing levels of 

EGFP-A20 suggesting that the primary point at which A20 exerted inhibition in 

response to LPS was not at a rate limited step and therefore may have been 

somewhere different.

6.6.4 EGFP-A20 does not co-translocate with p65-dsRedXP

Although A20 has been described as a cytoplasmic protein, its potential nuclear 

translocation was investigated and showed that, as we expected, EGFP-A20 was not 

seen to translocate with either LPS or TNFa stimulation. The experiment instead 

showed that EGFP-A20 maintained an approximate 2:1 cytoplasmic:nuclear 

localisation throughout the experiment.

Chapter 6 Kate Sillitoe
Initial investigation into the effect o f A20 on p65 translocation dynamics with LPS or TNFa stimulation

-211 -



6.6.5 Degradation of EGFP-A20 appears to be slow

The degradation of A20 was also considered in response to the two stimuli and 

showed that the degradation observed was very small. Although there was a small 

decrease over the 200 minute time period following stimulation with either ligand, the 

decrease was little more than an EGFP control and as such this loss may be due to 

experimental factors or may indicate that the turnover rates of EGFP and EGFP-A20 

may be similar.
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6.7 Key conclusions

• A20 regulates p65 translocation in a stimulus-dependent manner.

6.8 Significance of the research and future directions

This study suggests that modulation of p65 translocation by different stimuli can 

occur at least in part through differential activation or use of other NF-kB signalling 

network proteins such as A20, in addition to the IkB s .

One observation from this study is that previously published data described how 

p65 translocation was unaffected in TNFa-stimulated cells expressing A20. However 

in the present study using single cell techniques it was observed that there was a 

significant difference in the level of p65 that translocates.

The research has also showed how p65 over-expression may be able to reduce A20 

mediated inhibition of transcription although the mechanism by which it does this 

remains unclear.

In future work, to continue this preliminary investigation into the role of A20 in 

regulating the dynamics of NF-kB signalling it would be interesting to consider the 

role of A20 in regulating the localisation dynamics of other NF-kB family proteins or
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in response to a wider array of stimuli. The effect of A20 over-expression on 

endogenous IkBa degradation and phosphorylation and phosphorylation of p65 would 

also be of interest. Using A20-EGFP under the control of the A20 promoter in some 

of the experiments performed here would also be of value to allow expression of A20 

through NF-kB activation rather than expression from a constitutive CMV promoter. 

In addition it would be interesting to investigate in single cells the effect of p65 on 

transcription in combination with A20. This may be informative as in single cell 

experiments, cells that over-express p65 to the extent that it is nuclear in un

stimulated conditions are not included however these are by default included in 

population studies. It may be these cells that are causing activation at the promoter so 

masking A20 inhibition in the experiments performed here.
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7.1 Summary of key points

In this research we have primarily investigated the effect of increasing the 

expression of a number of proteins in the NF-kB network on the dynamics of the key 

NF-kB transcription factor protein, p65. This has given us novel insight into the roles 

of many of the proteins in the NF-kB system in the regulation of p65 translocation as 

well as allowing observation of the dynamics of a number of other important proteins 

in the system (IkBoc, IkB(3, IkBs, pl05, p50, plOO, RelB and A20). The use of more 

than one stimulus allowed demonstration of stimulus-dependence in the response of 

many of these key proteins and signal-dependent differences in their ability to inhibit 

p65 translocation. Using more than one stimulus has allowed identification of critical 

control points in the system that were more apparent with some stimuli than others. A 

better understanding of the dynamic regulation of the NF-kB system under different 

conditions may lead to the elucidation of how the cell generates different transcription 

profiles and cellular responses in response to different signals using the same 

transcription factor network.

The aim here is to combine some of the results from different parts of this study to 

further discuss whether there are similarities in the ways in which the system uses 

proteins to regulate p65 translocation or whether each plays a specific and distinct 

role. A further aim is to consider the limitations or issues arising from the techniques 

used in this research and to discuss potential alternatives and move on to consider 

future directions for this work.

7.2 Observations and conclusions from the study- a summary

In the work described in Chapter 3 the dynamics of p65 translocation in response to 

a number of stimuli including LPS and TNFa were analysed in wtMEFs. This 

showed that in response to TNFa and to a lesser extent LPS, repeated nuclear entries 

of p65 were observed post-stimulation. This is in contrast to previously published
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data from Hoffmann et al. (Hoffmann et al., 2002; Kearns et al., 2006). That group 

were only able to identify clear oscillations in TNFa stimulated MEF cells that were 

genetically deficient in IkBP and IkBs. In the present study it is demonstrated that 

wtMEFs which expressed both IkBP and IkBs proteins also show oscillations. This is 

likely due to the heterogeneous nature of single cell responses as we have assessed 

this dynamic behaviour in single cells revealing oscillations. In contrast the previous 

studies conclusions were based on EMSA data which due to averaging of the 

asynchronous population is likely to have concealed this oscillatory behaviour 

(Hoffmann et al., 2002; Kearns et a l, 2006). The data showing oscillations in p65 in 

response to LPS are also in contrast with published data from Werner et al (Werner et 

al., 2005) who suggested two out of phase oscillatory pools of p65 would cancel each 

other out to give an apparent stable response following LPS stimulation. This is once 

again likely due to averaging of population data disguising the subtleties of this 

dynamic system.

In the experiments described in Chapter 3 it was also shown that IxBa is not simply 

a protein which acts to regulate p65 translocation by a basic mechanism of physical 

association, but instead has the ability for more complex regulation where an increase 

in its expression can lead to signal-dependent accelerating or delaying p65 

translocation. The time taken to degrade IkBoc by half did not clearly correlate with 

the timing of p65 translocation such that, the stimulus which induced the fastest 

degradation of IkBcx was not the one which caused the most rapid p65 translocation. 

This suggests that there is an extra uncharacterised level of complexity in the 

regulatory function of IkB<x. It was also observed that the capacity of the system to 

degrade IkBoc is dependent on the stimulus applied as increasing fluorescence 

intensities of IkBoc-EGFP lead to an increased time for 50% degradation of the 

protein in response to TNFa (as previously observed by (Nelson et al., 2002)) but 

there is no such reduction in response to the other inflammatory stimuli tested. This 

suggests a rate-limiting step in the degradation of hcBa in response to TNFa that is
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not present with a number of other signals but may occur in response to IL-ip as 

observed by Yang et al (Yang et al., 2001).

In the experiments described in Chapter 4 it was observed that the other two 

classical IkBs, IkB(1 and IkBe were also regulated differently in response to two 

different stimuli, LPS and TNFa. We also saw how there is an apparent signal- 

induced selectivity of IkBs which may impact on their role in regulating the 

translocation dynamics of p65. In response to TNFa, the initial translocation of p65 

appeared to be primarily regulated by hcBa, with a small contribution by IkB(1 and 

very little role apparent for IkBs. In response to LPS however, hcBp appeared to be 

the primary inhibitor, as increases in its expression alone lead to a delay in p65 

translocation. Increased levels of hcBa and IkBs served to speed up p65 translocation 

in response to LPS. This could be explained in two possible ways: Either increasing 

their expression reduces the inhibitory impact of endogenous IkBP by competition, 

thus causing an apparent speeding up of the response; Or, the increase in their 

expression somehow facilitates p65 translocation.

The role of IkBs in regulation of translocation dynamics was further investigated in 

the work described in Chapter 5 where the potential stimulus-dependent effects of 

pl05 and plOO on p65 dynamics were considered. pl05 appeared to have little role to 

play in regulating the translocation of p65 in response to either of the stimuli tested, 

showing that not all of the IkBs are involved in regulation of p65 dynamics, p i00 

appeared to play a role in cytoplasmic sequestration of p65 although its effects on p65 

translocation were largely stimulus-independent. Signal-induced differences might 

hypothetically be observed with pi 00 if activators of the non-canonical pathway had 

been used.

Other proteins in the NF-kB system were also investigated for both their effects on 

p65 translocation and their own response to LPS and TNFa. The NF-kB proteins p50 

and RelB were studied in the work described in Chapter 5 and it was found that 

although p50 had little effect on p65 dynamics, continued nuclear localisation of p50 

occurred with LPS but not TNFa, despite oscillations in p65 being damped with
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either stimulus. Preliminary experiments suggested that RelB may have a role in 

sequestering some p65 in the cytoplasm in response to LPS but not TNFa, although 

no nuclear translocation of RelB was observed in the time period analysed but it is 

possible that this might have been seen if later time-points had been observed. As 

well as the NF-kB/IkB family proteins we also studied a different member of the NF- 

kB signalling network, A20, to observe what effect this protein may have. This 

suggested once again a stimulus-dependent element to the regulation of p65 by this 

protein as the A20-mediated inhibition of p65 translocation was much greater 

following LPS stimulation than TNFa stimulation. This showed that many proteins in 

the signalling system, not just the NF-kB family of proteins can affect the 

translocation dynamics of p65.

7.3 Key modifiable characteristics of p65 translocation dynamics

When considering the roles of different proteins in signal-dependent p65 

translocation regulation, we have identified that the most common effect of these 

proteins is seen to be a change in the time of initial translocation of p65 compared to 

the effect of an EGFP control. The initial time of translocation appears to be 

dependent both on the stimulus applied and the protein co-expressed with p65 and can 

be both increased and decreased, suggesting it is a key control aspect of the system 

which can be modified depending on cellular conditions. The amplitude of the initial 

nuclear entry of p65 also appears to be adaptable to different conditions although in 

most cases this has appeared to be a stimulus-independent regulation of p65 by 

increased levels of certain proteins. Other characteristics of p65 translocation 

dynamics such as the nuclear occupancy of p65 or the period of oscillations of the 

protein appear to be less regulated by different conditions, although there is some 

evidence of significant changes in these events which in some cases may have 

functional consequences.
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Figure 7.1 Regulation of the time and amplitude of the initial peak of p65 
translocation in response to (A) TNFa and (B) LPS. (RelB is denoted in grey as 
the dataset is not sufficiently large to judge whether this effect is significant).
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By summarising the data as shown in Figure 7.1, we observe a system in which the 

cellular response to LPS following bacterial infection, may use nearly all of the 

proteins considered to regulate the timing and amplitude of p65 translocation to fine- 

tune its response. We can also see how some factors are solely used to regulate one 

aspect of p65 translocation, whereas other proteins can play more than one role (e.g. 

IicBp). The data suggests a certain degree of overlap in the regulation of p65 

translocation of these proteins, which is likely to allow for a more robust system of 

regulation in response to this apparent external threat. Conversely in response to 

TNFa, a host produced ligand, there are many more proteins that have no apparent 

role to play and the regulation of p65 translocation appears to be regulated by a 

smaller subset of proteins, but these still have redundant effects. By presenting these 

data diagrammatically it emphasises that two key aspects of regulation may be 

stimulus-dependent. In response to TNFa, hcBa is able to increase the amplitude of 

p65 translocation whilst in contrast no protein analysed can do this in response to 

LPS. Also, none of the proteins investigated were able to speed up the p65 

translocation in response to TNFa, but this did occur following LPS stimulation with 

three different proteins.

A further feature of p65 translocation which was observed to be highly stimulus 

dependent was the maintenance of oscillations in nuclear/cytoplasmic location of p65 

that occurred more strongly with some stimuli (e.g. TNFa) than others (LPS). As 

Nelson et al (Nelson et al., 2004) have previously shown correlation between 

continuing oscillations and continued NF-icB-dependent transcription then it is 

reasonable to suggest that differential control of oscillatory behaviour may be one 

way in which different signals might activate the same transcription factor and yet 

generate different transcription profiles, timing and cellular responses. The effect of 

the changing conditions on oscillatory behaviour is different dependent on our 

analysis of the data. Throughout this thesis, an oscillatory cell was classified as one 

with at least two nuclear entries of p65, but if the data were defined an oscillator

-220-



Chapter 7 Final Discussion Kate Sillitoe

having 3 or more peaks of nuclear entry then this might not lead to the same 

conclusions.

2nd peak of nuclear entry

Figure 7.2 Assessing the role of NF-kB signalling system proteins in sustaining 
oscillations of p65 translocation in response to (A) TNFa and (B) LPS. The
schematic illustrates, the proteins whose co-expression induces an increase (> +10% 
of the population compared to an EGFP control) in the proportion of cells which 
display a second or third nuclear entry of p65-dsRedXP (green circles) or which do 
not change the proportion of p65 oscillators greater than 10% i.e. proportion stays the 
same (red triangles). (No set of conditions decreased oscillations by more than 10% of 
the population).
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Figure 7.2 shows how different proteins affect oscillatory behaviour of p65 in 

response to LPS and TNFa. We can see that all of the proteins investigated in this 

study appeared to enhance oscillatory behaviour in p65 translocation relative to p65 

co-expression with an EGFP control, when cells were stimulated with LPS, as all 

increased the proportion of cells with a second nuclear entry. If we investigate this 

further though we observe that this effect is generally only transient as only A20 

appeared able to sustain this increase in oscillatory behaviour beyond a second entry 

and as such with all of the other proteins the proportion of cells displaying a third 

peak of nuclear entry was not increased (or decreased) compared to an EGFP control. 

In contrast when we look at TNFa stimulated p65 translocation then except for p50, 

any protein which increases the proportion of cells which have a second oscillation 

also increased the proportion which had a third peak (relative to the EGFP control). 

This suggests that this enhancement of oscillatory behaviour is less transient with 

TNFa than LPS and once again highlights an apparent stimulus-dependent difference 

in the regulation of p65 translocation in response to these proteins. We previously 

observed (Chapter 3) that sustained oscillations that are usually associated with TNFa 

stimulation correlated with sustained NF-KB-dependent luciferase expression from a 

reporter construct whereas transcription was more transient in relatively non

oscillating LPS stimulated cells. How different signals such as the range of 

inflammatory stimuli used in Chapter 3 generate different patterns of oscillatory 

behaviour remains to be elucidated and may be complex as we have seen here how 

there are a number of proteins which can have an impact on p65 translocation 

dynamics and there are likely to be many more in the system that have not been 

considered here.

This study suggests that a possible mechanism for regulating p65 translocation is 

temporal control both of its initial translocation and of subsequent nuclear entry. It 

also shows how under different conditions a number of differences in dynamic 

characteristics can be generated in order to give the cell many options by which it 

may modulate and fine-tune the downstream response.
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7.4 Stimulus-dependent regulation

We observed stimulus-dependent regulation of p65 translocation in a number of 

cases particularly under conditions of increased expression of IkBe and to a lesser 

extent p i00, RelB and A20. However, in considering p65 translocation alone or the 

effects of increased IkBcx expression on p65 in response to a range of inflammatory 

stimuli, there were clear signal-dependent differences that could affect the responses. 

Significantly different times of initial translocation of p65 occurred with the five 

stimuli and increased IkBoc could play either a positive or negative role in regulating 

the time of p65 translocation. IkBoc appears to be a protein which can function 

differently depending on the stimulus applied to the cell. We observed it inhibit p65 

translocation (TNFa and PamCSK), enhance p65 translocation (LPS from E.coli 

0111:B4) or play no role in the temporal regulation of p65 translocation (LPS from 

E.coli serotype R515 or MALP-2). This range of apparently signal-dependent 

functions of a single protein in the NF-kB system suggests a complex regulation of 

this signalling network, with different proteins playing different roles dependent on 

the cellular conditions.

7.5 Comparison of canonical and non-canonical regulation of p65 

translocation

There is a significant degree of overlap between the canonical and non-canonical 

activation pathways of NF-kB, but they can be functionally separated in order to 

compare their effects on p65 translocation regulation. A number of the proteins 

classed as being involved in the canonical activation pathway affected p65 

translocation (with one or more stimulus) e.g. IkBoc, IkB(3 and IkBs. Perhaps 

somewhat more surprisingly no role was found for p i05 in the regulation of p65 

translocation. RelB and p i00 on the other hand are classed as non-canonical NF-kB
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proteins and therefore it may have been expected that they might have little effect on 

p65 translocation following stimulation with TNFa or LPS, which are primarily seen 

as canonical stimuli. Instead both of these proteins could affect the translocation of 

p65, particularly the amplitude of it’s translocation. This suggests that regulation of 

p65 by these two proteins might be due to a simple mechanism of cytoplasmic 

sequestration and therefore shows that they act to suppress translocation of some p65 

and therefore prevent an excessive response. This is therefore another potential tool 

used by the cell to fine tune the response.

7.6 Issues or limitations with experimental techniques/systems used in 

this study

The majority of the research in this thesis was carried out using transient over

expression of proteins that have been fluorescently tagged for use in live cell imaging 

experiments. Like all experimental techniques, this experimental system has its flaws 

yet can be a valuable tool for investigation of protein dynamics in live single cells. 

Other techniques such as luciferase reporter assays, western blot and ELISA have also 

been used each with their own advantages and disadvantages.

7.6.1 Cell line choice

The use of wtMEFs in this study arose for a number of reasons as considered in 

chapter 3 (section 3.2). It may have been interesting to consider the responses of the 

NF-kB pathway in a more inflammatory context due to it’s key roles in this response. 

This was considered at the beginning of the project and many months were spent on 

initially optimising the transfection and differentiation of the surrogate inflammatory, 

suspension cell lines U937s and THP-ls in order to make them suitable for imaging 

experiments. After optimisation, the usefulness of these cells as an experimental 

system for imaging dynamics of NF-kB remained limited as transfected DNA was
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inactivated (by an unknown mechanism, likely degradation or removal from the cells) 

relatively quickly following transfection when compared with other cell types. Also 

very few cells were transfected out of the population. In addition, in spite of 

differentiation leading to these cells adopting more macrophage-like, adherent 

phenotypes there was still considerable cell movement making quantification of 

fluorescence intensities difficult as the focal plane was altered with altering cell 

shapes. This experimental system was therefore not pursued and a switch to wtMEFs 

as a model system occurred.

7.6.2 Transient transfection

When cells are transiently transfected, different levels of DNA and therefore 

different expression levels occur in single cells within the cell population. Cells to be 

imaged in these experiments were specifically selected from those with low 

expression levels, to minimise perturbation of the system. However it was still 

important that sufficient fluorescent protein levels could be detected. In many 

experiments, the effect of expression level was investigated and this allows the 

observation that in many cases expression level did not affect the results of an 

experiment. Where expression level did change the response of the system, this was 

also useful as it uniquely allows identification of saturatable/rate limiting steps within 

the pathway or other effects of expression level in response to particular incoming 

signals. Stably transfected cells would keep expression levels across the single cell 

population comparable and may have proved useful in this study, although with 9 

different transfection conditions used here, which would require 9 different cell lines 

to be made. Using stable cell lines we would also not allow investigation of the effect 

of expression level on these processes and would suffer from the fact that cell line 

cloning would lead to significant ageing of these cells that have a limited useful 

passage number. Another advantage of stable transfection is that the cell line used in 

the study, wtMEFs, do not transfect very well and so transient transfections provide a
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limited number of cells expressing the fluorescent protein, whereas in a stable cell 

line, all cells would be expressing the tagged protein.

7.6.3 Over-expression of proteins

Proteins in this study were expressed at levels over and above their endogenous 

level in order to ‘weight’ the system so that increasing the levels of a protein could 

allow measurement of its potential effect in order to investigate its role. Despite the 

intention to perturb the system slightly to discover the roles of some of these proteins, 

as noted above, still only relatively low expressing cells were selected for use. Nelson 

et al (comment to (Barken et al., 2005)) also showed how over-expression of p65- 

dsRedXP in SK-N-AS cells lead to approximately a 3-5 fold increase in the 

expression level. This is likely to be similar with the other proteins used in this study 

as they are all expressed from the same promoter. Differences in expression levels 

between the proteins are therefore more likely due to the half-life of each protein.

7.6.4 Fluorescent tagging of proteins

Tagging of proteins with additional fluorescent proteins in order to be able to 

visualise them is a valuable tool, but one that must be used with care as the addition 

of these tags can alter folding of the natural protein and change its functionality, 

stability or interactions with other proteins. As well as being sequenced, these 

proteins were assessed for their functionality by checking a number of factors such as 

localisation of the protein, the ability of the protein to degrade (if this is expected, as 

for IkBs) and the ability of the protein to perform other functions such as transcription 

repression or activation in order to check that the fluorescent tag does not affect the 

protein. In this study a number of different tags were used dsRedXP, EGFP, YFP and 

CFP. This was necessary in order to visualise a number of proteins simultaneously. A 

number of analyses of fluorescent proteins in the laboratory have previously been 

carried out and have shown for example that p65 tagged with different fluorescent
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proteins behaves comparably (Nelson et al., 2002) or that N or C-terminally tagged 

IkB oc has a similar dynamic profile (Foreman, 2006). These studies suggest that with 

appropriate attention these tags can be used effectively to image proteins.

Another technique which may have been useful to consider the potential effects of 

fluorescent protein tags is to use IRES (Internal Ribosome Entry Sequence) vectors. 

This allows one transcript to be generated from the plasmid DNA containing both the 

protein of interest and the fluorescent protein but the two proteins are translated 

separately and are therefore not fused. This allows us to be able to identify cells 

expressing the protein of interest as they are marked by the fluorescent protein but 

then to observe the effects of the untagged protein of interest on another 

(fluorescently tagged protein). The disadvantage of this system however is that 

despite the fact that we can potentially observe the effects of a ‘normal’ untagged 

protein we are unable to simultaneously measure it’s own dynamics e.g. degradation 

or translocation as we cannot visualise it.

7.6.5 Confocal imaging of live cells

The facilities within the Centre for Cell Imaging are state-of-the-art and during 

imaging experiments, cells were maintained throughout in an humidified atmosphere, 

at 37°C and at 5%/95% C 02/air. As confocal fluorescence microscopy uses lasers to 

excite fluorescent proteins in order to visualise the proteins, then this does create two 

issues which must be considered. The first is that over time fluorescent proteins may 

be bleached by repeated exposure to laser light. This requires use of minimal 

illumination and careful checks that this is not occurring to a significant level. The 

second issue is that exposure of cells to laser light can cause free radical production, 

which could potentially lead to cellular toxicity. In order to minimise these risks laser 

power was set at the minimum level possible in order to still be able to visualise cells, 

but with the least potential for bleaching of fluorophores or damage to cells
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7.6.6 Luciferase reporter assays

A number of luciferase reporters have been used in this study and are useful for 

gauging transcriptional activity from certain promoters. There are however some 

issues in that the promoters are not integrated into the genomic DNA and as such may 

be subject to different regulation than the endogenous promoter and also the IkBoc 

promoter used was not full length and may therefore have missed some regulatory 

regions that might affect its activity. Stable cell lines expressing these reporters 

driving luciferase expression may be of use in future, although unless the promoters 

were integrated into the endogenous gene, then there would still be issues over how 

the regulation occurs relative to the endogenous situation. A recent paper by El- 

Guendy et al (El-Guendy and Sinai, 2008) illustrated how integration of an NFkB- 

EGFP (4x generic kB site driving GFP expression) into different positions in wtMEFs 

lead to different activities of the promoter at basal conditions and also differences in 

the responsiveness to different stimuli (LPS and TNFa) dependent on its localisation. 

Although not without value we must be very careful how we interpret data from 

experiments of this type and in many cases, assessing endogenous transcription by 

real-time PCR may be more appropriate.

7.6.7 Western blotting

Western blot analysis was difficult for some of the experiments due to lack of 

availability of good antibodies for several proteins (in particular A20). In future, it 

might be important to perhaps have antibodies custom made for instance to look at the 

phosphorylation of p65 on serine 276 in response to the different stimuli in the work 

described in Chapter 3. This would have been interesting to consider, but a number of 

antibodies from different sources did not work well and therefore this data could not 

be generated. As western blots are not quantitative, ELISA was also used in some 

cases to measure protein phosphorylation.

-228 -



Chapter 7 Final Discussion Kate Sillitoe

7.6.8 Other important assays not used in the study

An IKK activity assay may potentially have been of value in this study. This would 

have allowed the measurement of IKK activity profiles particularly in response to 

different stimuli but also perhaps under different transfection conditions. This would 

help us to further elucidate the levels of the pathway at which certain stimulus- 

dependent controls may occur. An IKK activity assay was attempted as part of this 

project but despite positive controls working it proved difficult to obtain results from 

immunopreciptated samples despite trialling a number of IKKy antibodies and a 

variety of modifications to the buffers used.

It may also be useful in future to consider the activity profiles of other upstream 

kinases in response to different NF-kB activating stimuli.

7.7 Further Areas for Investigation

This study has opened many doors and shown that many different proteins can have 

stimulus-dependent or stimulus-independent roles in regulating the dynamic 

localisation profile of the p65 transcription factor. NF-kB is however a signalling 

system with a large number of proteins that may play a variety of roles and there 

seems to be many levels of complexity which we are only now beginning to realise 

exist never mind understand. Although this research has given us insight into the 

control of NF-kB localisation under many conditions, there is still much information 

that is unclear about this system. It would be interesting to relate the different 

regulatory effects on p65 dynamics to specific transcriptional outputs in order to 

determine the impact of differential signal-induced protein dynamics. Different 

proteins or stimuli cause different translocation of p65 but it is as yet unclear how this 

differential regulation occurs. Often this is likely to be due to the intricate web of 

post-translational modifications which occur in the NF-kB system about which there
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is currently limited knowledge, although evidence suggesting that p65 Ser536 

phosphorylation may regulate the release and degradation of phospho-IicBa (Hu et a l, 

2005; Sasaki et a l, 2005) is an example of the kind of critical and interacting roles 

these modifications are likely to play. Alongside the experiments in this study it 

would also be interesting to consider the composition of NF-kB dimers within the cell 

over time under different conditions such as with different stimuli as it is likely that 

this is a major contributor to the differential gene expression observed with different 

signals as different promoters of NF-kB dependent genes have different affinities for 

particular NF-kB transcription factor dimers.

7.8 Final comments

This study revealed some interesting factors in the regulation of NF-kB, a 

transcription factor that plays critical roles in key cellular processes such as the cell 

cycle, inflammation and apoptosis. This research should contribute to our eventual 

understanding of this highly complex signalling system. This study has underlined the 

potential importance of temporal control of the NF-kB system and how a specific 

signal can alter both the timing of initial translocation of a transcription factor and 

also the propensity for continued oscillations. These data have suggested that the p65 

transcription factor is differentially controlled by different stimuli through 

mechanisms such as differential selection of the classical IkB s for processing by 

different stimuli. The value of single cell studies in investigating these aspects of NF- 

kB has been illustrated here as the subtlety in dynamic regulation and the 

heterogeneous nature of single cell responses due to stochasticity in gene expression 

means many of the responses measured here may have been hidden in population 

averaging. The use of mathematical modelling of single cells to help predict key 

events in the system and to assist in experimental design will be a key tool in helping 

us to understand this complex network in the years to come.
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Twenty two years of research into the NF-kB transcription factor signalling network 

has yielded a great deal of knowledge and thousands of publications on the subject. 

Despite this we have barely scratched the surface of this topic as in spite of having 

identified the major players we are yet to fully understand the regulation of this 

system which no doubt is inordinately complicated with spatial and temporal 

mechanisms and a complex system of multiple, regulatory post-translational 

modifications and therefore will likely take at least another twenty years to unravel.
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