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ABSTRACT

NF-«xB transcription factors are regulators of a wide spectrum of genes involved in immune
responses and inflammation as well as cellular proliferation and survival. Transcriptionally
competent NF-xB dimers are retained in the cytoplasm of resting cells by binding to inhibitors of
NF-xB (IxBs). Stimuli that activate NF-kB converge on the activation of the 1xB kinase (IKK),
resulting in phosphorylation and subsequent proteasomal degradation of IxB. This releases
functional NF-xB dimers that rapidly move to the nucleus where they regulate transcription of
NF-xB-dependent target genes. The study of signalling to NF-xB from T and B lymphocyte
antigen receptors is a field of intense investigation, and much attention is focused on the complex
of the molecular scaffolding proteins Carmal, Bcl10 and MALT1. Together, these are crucial for
the organisation of a structure beneath the activated receptor, termed the immunological synapse.
IKK is recruited to this structure and becomes activated, subsequently leading to activation of
NF-«B.

Calcium (Ca?) is a ubiquitous intracellular messenger that is involved in the regulation of
numerous aspects of cellular function, including transcription. NF-xB activity is known to be
regulated by changes in intracellular Ca®* levels, such as those created by antigen receptor
activation, but the mechanisms are to a large extent undefined. Ca*" signals in cells are transmitted
predominantly by the ubiquitous Ca" sensor protein calmodulin (CaM). Signalling that increases
the intracellular Ca®* concentration leads to binding of Ca** to CaM, which changes its structure,
thereby allowing it to interact with a new range of target proteins.

The studies of NF-xB signalling in lymphocytes presented here reveal that CaM is
involved, both directly and indirectly, in the regulation of NF-xB. CaM was found to interact
directly and in a Ca*-dependent manner with the NF-xB proteins RelA and c-Rel after their
signal-induced release from IxB. The interaction of CaM with c-Rel, but not RelA, was found to
be inhibitory for its nuclear accumulation and transcriptional activity on Ca**-regulated IL-2 and
GM-CSF promoters; thus, CaM binding was found to differentially regulate c-Rel and RelA in
lymphocytes. CaM was also shown to interact directly and in a Ca*"-dependent manner with
Bcl10. The interaction was mapped to the Carmal-interacting CARD domain of Bcl10 and was
found to have a negative effect on the ability of Bcl10 to bind to Carmal. Binding of CaM to
Bcl10 also had a negative effect on activation of NF-kB after T cell receptor stimulation, since a
point mutant of Bcl10 with reduced binding to CaM showed increased activation of an NF-xB
reporter in Jurkat T cells, which was further enhanced by TCR-activating stimuli.

In addition, CaM was found to positively regulate NF-xB activation indirectly through
CaM-dependent kinase 11 (CaMKII). Inhibitors of CaM and CaMKII were shown to inhibit lkBo
degradation in lymphocytes induced by phorbol ester or T cell receptor stimulation. The actions of
CaMKII were mapped to a point upstream of IKK activation and further studies revealed that
CaMKII is recruited to the immunological synapse, where it inducibly interacts with and
phosphorylates Bcl10 at multiple sites. Phosphorylation of Bcl10 by CaMKIIl was shown to be
important for the ability of Bcl10 to activate NF-kB, since mutation of the phosphorylation sites of
Bcl10 inhibited Bcll10-induced transcriptional activity of NF-kB, in part by preventing signal-
induced ubiquitination and degradation of Bcl10.



ABBREVIATIONS

Antigen-presenting cell (APC)

B-cell receptor (BCR)

Calcium (Ca")

Calcineurin (CaN)

Calcium release-activated calcium channel (CRAC)
Calmodulin (CaM)
Calmodulin-dependent kinase (CaMK)
Calmodulin-dependent kinase kinase (CaMKK)
De-ubiquitinating enzyme (DUB)
Diacylglycerol (DAG)

Endoplasmic reticulum (ER)

General transcription factor (GTF)
Histone acetyl transferase (HAT)
Histone de-acetylase (HDAC)

IxB kinase (IKK)

Inositol 1, 4, 5 triphosphate (IP3)
Interferon-y (IFN-y)

Interleukin (IL)

Lipopolysaccharide (LPS)

Major histocompatibility complex (MHC)
Nuclear export sequence (NES)
Nuclear factor kB (NF-kB)

Nuclear localisation sequence (NLS)
Nuclear pore complex (NPC)

Pattern recognition receptor (PRR)
Phospholipase C-y (PLC-y)

Protein kinase A (PKA)

Protein kinase C (PKC)

Rel-homology domain (RHD)
Store-operated calcium channel (SOC)
T-cell receptor (TCR)

Toll-like receptor (TLR)
Transactivation domain (TAD)
Tumour necrosis factor-o. (TNF-a.)
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INTRODUCTION

CELL SIGNALLING TO TRANSCRIPTION IN
EUKARYOTIC CELLS

To be able to respond to changes in the environment, cells have acquired the
ability to register changes at a particular location and to transmit these to
changes in gene transcription. The concept is called cell signalling and is
dependent on signal transduction through alterations in signalling proteins
that in one way or another change their properties and allow transduction of
the signal. The resulting signal transduction pathways act in different ways to
regulate the activity of distinct transcription factors, and subsequently
regulation of gene transcription.

Signal transduction

Many of the extracellular changes are sensed by receptors on the surface of
the cell. These receptors can be of different types, but they have in common
that their activation will lead to intracellular signalling events. Many times,
the activation of a receptor causes signalling cascades where the signals are
transmitted from one protein to another, usually by changes in conformation,
subcellular localisation or catalytic activity of signalling mediators. These
changes can be mediated by direct interactions of proteins or through
different kinds of modifications. The two major changes of proteins used for
cell signalling are the addition or removal of phosphate groups by protein
kinases and phosphatases, respectively, and the binding of Ca**. The Ca®* ion
is a versatile intracellular messenger and will be discussed below in the
section Calcium and calmodulin. In recent years, the importance of protein
modifications such as acetylations, methylations, nitrosylations, sumoylations
and ubiquitinations have also been established, each adding to the complexity
by which cell signals can be transduced and the specificity by which they can
regulate distinct transcriptional responses.

Protein modification by ubiquitination

There is increasing evidence for an important and diverse role of
ubiquitination in the regulation of cell signalling. Ubiquitination is the
covalent attachment of small (8-kDa) ubiquitin polypeptides to target lysine
residues, a process that occurs in three steps and is dependent on a series of
ubiquitin-conjugating enzymes [1]. First, ubiquitin is activated in an ATP-



dependent process by ubiquitin-activating enzyme, El. Secondly, the
activated ubiquitin is transferred to an ubiquitin-conjugating enzyme, E2. The
final step is the transfer of the activated ubiquitin from E2 to lysine residues
in the target protein, which is carried out by a ubiquitin-protein ligase, E3.
The resulting ubiquitination can regulate cell signalling in very different
ways, depending on its characteristics [2]. Ubiquitinations can be either
mono-ubiquitinations or additions of poly-ubiquitin chains. In addition, poly-
ubiquitin chains can be linked through lysine 48 (K48) or lysine 63 (K63),
and the signalling effects differ between these modifications. While K48-
linked poly-ubiquitinations mark proteins for proteasomal degradation, K63-
linked poly-ubiquitin chains are often instead positive for the functional
activity of proteins. This can occur by regulation of protein-protein
interactions with effectors containing ubiquitin-binding domains (UBDs).
Similar to phosphorylations, ubiquitinations are dynamic modifications that
can be reversed by de-ubiquitinating enzymes (DUBs). Protein modifications
in the form of ubiquitinations are thereby important multi-functional
regulators of cell signalling. For example, ubiquitinations have been found to
act both positively and negatively in the signal transduction pathways leading
to activation of NF-kB proteins; they thus play important roles in immune
responses [3, 4].

Transcription

Most changes in cellular function are accommodated through regulated
changes in gene transcription. Gene transcription in eukaryotes is controlled
at many levels, making sure that the right gene is expressed at the right level,
in the right cell, and at the right time, with initiation of transcription as a
major regulatory checkpoint. Initiation of transcription is regulated by the
signal-dependent assembly of sequence-specific transcription factors, co-
activators and co-repressors, chromatin remodelling enzymes, and the general
transcription machinery at the gene promoter. These factors all act together to
regulate gene transcription.



The eukaryotic transcriptional machinery

Transcription of protein-coding genes is initiated when the general
transcription machinery, that is RNA polymerase II and the general
transcription factors (GTFs) are recruited to DNA elements (i.e. TATA box,
inr sequences) in the “core promoter” of genes around the transcription start
site (reviewed in [5]). RNA polymerase II is by itself not able to recognise a
promoter or to start transcription of protein-encoding genes, but requires to be
directed to the transcription start site by the GTFs TFIIA, TFIIB, TFIIE,
TFIIF, TFIIH and TFIID, which contains the TATA box binding protein
(TBP) and TBP-associated factors (TAFs). In addition, to drive transcription,
the general transcription machinery is dependent on several different co-
regulators, such as histone acetylases (HATs) and the Mediator. These co-
factors act by relieving chromatin repression of transcription and by bridging
regulatory signals between sequence-specific transcriptional activators or
repressors and the general transcription machinery.

The genome is organised into the condensed structure of chromatin, which
maintains genes in a state of limited accessibility. The basic unit of chromatin
is the nucleosome, which comprises 147 bp of DNA wrapped twice around an
octamer composed of two of each of four histones (H2A, H2B, H3 and H4)
[6]. The chromatin is further condensed by packaging of nucleosomes into
chromatin fibres, which include histone H1. To permit binding of the general
transcriptional machinery to a promoter and to prepare it for initiation of
transcription, remodelling of the chromatin structure is required. These
changes are achieved by alterations in nucleosome packaging and through
modification of histones [7, 8]. The most well-studied histone modification is
the induced acetylation and de-acetylation by HATs and histone de-acetylases
(HDAC:S), respectively [9].

Regulation of gene expression by sequence-specific
transcription factors

The recruitment of the general transcription machinery to gene promoters is
dependent on the binding of sequence-specific transcription factors to
proximal or distal promoter or enhancer DNA elements. These transcription
factors can either repress (transcriptional repressor) or activate
(transcriptional activator) expression of a given gene [10, 11]. The sequence-
specific transcription factors often have both DNA-binding domains, through
which they bind specific DNA recognition sites, and transcriptional activation
domains, through which they recruit co-regulators and (indirectly) the general



transcription machinery. Thus, transcription factors play a key role in
coupling cell signalling events to regulation of transcription.

More than 2,000 transcription factors are expressed from the human
genome, which shows their importance as regulators of gene transcription
[12]. Today, we are only beginning to unravel the mechanisms by which
transcription factors act to specifically regulate gene transcription [13]. Many
transcription factors are members of multi-protein families, such as members
of the NF-kB family, which have closely related DNA-binding properties but
are activated by different signals, as discussed in the section NF-xB
transcription factors. Members of families of transcription factors also often
act as dimers in different combinations, thereby increasing the number of
functional transcription factors. In addition, the activity of many transcription
factors is regulated by post-translational modifications. For example, the
subcellular distribution and transcriptional activity of different members of
the NF-xB family is extensively regulated by acetylation, phosphorylation,
ubiquitination and nitrosylation [14]. There is also extensive cross-talk
between transcriptional activators and repressors at gene promoters and
enhancers, since these often have binding sites for multiple transcription
factors. Altogether, it is the unique set of signalling mediators, transcription
factors, co-activators and co-repressors expressed in a certain cell type and
their co-operation on the promoters and enhancers of target genes that
determines the gene expression profile of the cell.



THE IMMUNE SYSTEM

For survival in an environment full of potential threats, the immune system of
higher organisms has developed into a complex array of defence mechanisms
for protection against microbial infections (reviewed in [15-17]). The
mammalian immune system consists of both innate and adaptive responses
that cooperate in the protection of the host. The main distinction between
these types of responses is the different receptors used in the recognition of
pathogens. Innate immune receptors have broad specificities against
conserved features of microorganisms, and therefore convey a fast but non-
specific response representing the first line of defence. Adaptive immune
receptors are instead highly specific and act selectively in the recognition of
one particular antigen. The adaptive immune response becomes prominent
first after a few days of infection, due to the requirements of affinity
maturation and clonal expansion, but in addition to clearing the infection it
can also confer life-long protective immunity against re-infection by the same
pathogen. The main features of innate and adaptive immunity are summarised
in Figure 1.

Anatomical barriers

INNATE IMMUNITY é Physiological barriers
(non-specific) \ Phagocytosis

Inflammatory responses

HUMORAL IMMUNITY

/ @ > @ Memory B cells
o~

Activation of Antibody-producing
B lymphocytes plasma cells

ADAPTIVE IMMUNITY
(specific)

CELL-MEDIATED IMMUNITY

g @ Memory T cells
@
\ T-helper cells

Activation of @ .
T lymphocytes Cytotoxic T cells

Figure 1. Overview of the human immune response.



Innate immunity

The first cellular defence that a pathogen encounters during infection are the
mechanisms of innate immunity [15-17]. These are anatomical barriers of
epithelial and mucosal surfaces, as well as physiological barriers such as
hostile pH, activation of acute-phase proteins and the complement system. If
the pathogen enters tissues, it next meets phagocytic cells (i.e. monocytes,
macrophages and neutrofils) which recognise pathogens through their pattern
recognition receptors (PRR’s), where Toll like receptors (TLR’s) play an
important role [18]. The activated phagocytes engulf the pathogen and
produce cytokines and chemokines that act in the inflammatory process and
in the recruitment of other cells of the immune system.

Adaptive immunity

T and B lymphocytes are activated by recognition of foreign antigens through
specific antigen receptors expressed on their surface [15-17]. The assembly of
antigen receptors through somatic gene rearrangements allows the production
of a substantial collection of T and B lymphocytes, each with antigen
receptors of unique specificity. Binding of foreign antigen to antigen
receptors of T or B lymphocytes leads to their activation, clonal expansion
and differentiation. This in turn results in a large repertoire of adaptive
immune responses, which are subdivided into two different branches
depending on the subset of lymphocytes activated [15-17]. Activation of T
lymphocytes is referred to as cell-mediated immunity, since it is dependent on
the processing and presentation of antigen by antigen-presenting cells (APCs)
(i.e. dendritic cells and macrophages). The recognition of antigen by antigen
receptors of B lymphocytes and the resulting antibody response is referred to
as humoral immunity.

T cells differentiate into two “naive” sub-populations, expressing either
CD8 or CD4 co-receptors. CD8 and CD4 support the T cell receptor (TCR) in
recognition of foreign antigen by stabilising the T cell-APC contact. The
stabilising interaction of the co-receptors occurs with major
histocompatibility complex (MHC) molecules on the surface of the APC.
When the “naive” sub-populations of T cells are activated by APCs, they
differentiate further into functionally distinct effector T cells. CD8" T cells
recognise antigen presented by MHC class I and differentiate into cytotoxic T
cells that kill the infected cells by cytotoxic mechanisms. CD4" T cells
recognise antigen presented by MHC class Il and differentiate into T helper
cells that function both by production of cytokines (i.e. interleukin-2 (IL-2),
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IL-4 and interferon-y (IFN-y)) which support the activation of various cells of
the immune system, and by cell-to-cell-mediated activation of B
lymphocytes, which is important for the humoral response. In addition, a
fraction of activated T helper cells differentiates into memory T cells, which
remain circulating in the bloodstream and are rapidly activated by re-infection
with the same pathogen.

Activation of B lymphocytes by binding of foreign antigen to the B cell
receptor (BCR) results in the differentiation of “naive” B lymphocytes into
antibody-producing plasma cells. The specific antibodies secreted act by
neutralising antigens, by activation of the complement system and by
opsonising antigens, thereby enhancing their recognition by other cells of the
immune system. Some activated B lymphocytes also differentiate into a
subset of memory B cells, which aid in the protective immunity against re-
infection.

Functional outcomes of antigen receptor activation

Central to both the innate and the adaptive immune responses is the ability
to distinguish self from non-self, thereby avoiding auto-immune reactions. To
meet these demands, activation of T and B lymphocytes is tightly controlled
by the level of antigen receptor aggregation, co-receptor activation and the
presence in the surroundings of proper growth factors and cytokines
(reviewed in [19, 20]). These events initiate signalling pathways in cells that
act together in the activation of distinct transcription factors (e.g. NFAT, AP-
1, MEF2, DREAM and the NF-«xB family) with important roles in the
regulation of genes required for a functional immune response. Depending on
the signals received and the transcription factors activated, the lymphocyte
will respond in different ways, as illustrated in Figure 2. Binding of antigen to
antigen receptors without co-stimulation can induce a state of
unresponsiveness called T cell anergy, or can induce apoptosis, whereas
binding of antigen together with the stimulation of appropriate co-receptors
will lead to the formation of an immunological synapse and subsequent
activation, proliferation and differentiation of the cell.

11
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Figure 2. Functional outcomes of lymphocyte activation.

The early signalling events initiated by TCR or BCR activation share many
similar features, including activation of tyrosine kinases, linker proteins and
lipid metabolising enzymes [20-23]. These events result in the subsequent
activation of phospholipase C-y (PLC-y) and G-proteins (Ras and Rac).
Active PLC-y cleaves phosphatidylinositol 4, 5 biphosphate (PIP2) into
diacylglycerol (DAG) and inositol 1, 4, 5 triphosphate (IP3). DAG activates
protein kinase C (PKC) and thereby PKC-dependent pathways, whereas IP;
causes an increase in intracellular Ca®* levels as described in the section Ca’*
signalling in lymphocytes. These signalling events are often together referred
to as the early signalosome, and are required for both anergic and
immunogenic responses. Which of the paths is chosen will depend on the
nature of the stimuli and the activation of distinct transcription factors.
Importantly, activation of the NF-xB family of transcription factors has been
found to be essential for the triggering of immunogenic responses [24-26].
Co-receptor stimulation, i.e. by CD28 on T cells and CD40 on B cells,
augments the activation of NF-kB, thereby favouring immunogenic responses
over anergy or apoptosis [20, 27, 28]. Activation of the NF-«xB family of
transcription factors at the immunological synapse is therefore crucial for
activation, proliferation and differentiation of lymphocytes and thus the
mounting of proper adaptive immune responses. Despite enormous efforts,
however, the mechanisms governing antigen receptor-induced activation of
NF-kB are still not clearly established.
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NF-kB TRANSCRIPTION FACTORS

The NF-xB family of sequence-specific transcription factors is a central
regulator of innate and adaptive immune responses, inflammation, cellular
stress responses and cell growth. Due to these important regulatory functions
of NF-kB, dysregulation of NF-kB has been associated with a plethora of
human diseases. Since the first NF-kB protein was discovered more that two
decades ago, studies of NF-kB have expanded into a huge field of research.
Today, a PubMed search on “NF-kB” results in more that 30,000 papers on
the subject, with more that 3,300 of these being reviews. Here, 1 will
summarise the knowledge that these past two decades of research have
brought us concerning regulation of NF-kB activity. This brief summary is
mainly based on a selected set of recent excellent reviews on the topic ([29-
33] and references therein). When extending the reach of these reviews, or
when otherwise required, you will find references to other papers in the text.
The diversity of processes regulated by NF-«B raises several important
questions as to how one single family of transcription factors is able to
specifically respond to numerous distinct cellular signalling events and
thereby selectively regulate gene transcription and cell function.

The family of NF-xB proteins

The mammalian NF-kB family has five members; RelA (p65), RelB, c-Rel,
p50 (or the precursor p105) and p52 (or the precursor p100), encoded by the
genes RELA, RELB, REL, NF-xBI and NF-xB2, respectively. The general
structure of the NF-kB proteins is outlined in Figure 3. Common among all
NF-xB members is an N-terminal conserved Rel homology domain (RHD) of
approximately 300 amino acids. It is through this domain that the different
members of the family form homo- or heterodimers with each other. It is also
through this domain that NF-xB proteins bind to specific kB-sites in the
promoters or enhancers of NF-xB-regulated genes, with dimerisation being a
prerequisite for the DNA binding. The RHD also harbours a nuclear
localisation sequence (NLS), which directs the nuclear import of NF-kB, as
well as a binding site for inhibitory IkB proteins. In addition to the RHD,
some members of the NF-xB family (RelA, RelB and c-Rel) have a
transactivation domain (TAD) through which they contact co-regulators of
transcription and thereby regulate initiation of transcription of their target
genes. P105 and pl100 lack a TAD but have a series of inhibitory ankyrin
repeats near their C-terminal ends. Processing of p105 and p100 (indicated by

13



arrows in Figure 3) results in the shorter and active NF-xB proteins pS0 and
pS52, respectively.

RHD TAD
RelA (p65) [ | 55
RelB [ N B
c-Rel [ N |
v Ankyrin repeats
p105 [l | LTI i
NF-xB1
p50 [ N |
A 4
pl00 [ N LTI ]
NF-xB2
p52 [ N |

Figure 3. The mammalian NF-xB family.

All NF-xB proteins can form homo- or heterodimers with each other in
different combinations, with the exception of RelB (which homodimerises
poorly) [34]. Fifteen different combinations of NF-kB dimers have been
described, with at least 12 of these being able to bind to DNA and regulate
transcription [35]. The different dimers recognise slightly different kB-sites
in the promoters of NF-kB-regulated genes, thereby increasing the number of
functional NF-xB transcription factors. Even though they lack TADs
themselves, pSO and p52 can activate transcription when in a heterodimer
with a TAD-containing NF-kB partner. In addition, homodimers of p5S0 and
p52 can act to either activate or repress transcription at a promoter by binding
to co-activating or co-repressing Bcl-3, IkBE and IkBNS proteins (discussed
below in the section Inhibitory IkB proteins), or by “sequestering” kB-sites
and thereby preventing access of other transcriptionally active NF-xB dimers.
The variety of NF-kB dimers formed, their differential preferences for kB-
sites, and their function at the promoter are different means by which NF-xB
can specifically act in the regulation of gene transcription. Targeted
disruption of the NF-kB proteins has been analysed in mice, and while some
functions of NF-kB appear to be partly redundant between family members,
in part due to their activity as dimers, there are also functions that appear to
be specific for individual NF-kB proteins. For example, RelA knock-out mice
die early in embryogenesis due to massive liver apoptosis, suggesting a
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specific role for RelA in protection against apoptosis, whereas the other NF-

kB knock-out animals survive but show various defects in the immune system
[36, 37].

Even though the focus of this thesis is on the mammalian NF-«B proteins,
it should be noted that NF-kB proteins have been found in a broad range of
species. For example, in Drosophila three NF-kB proteins have been
identified, Dorsal, Dif and Relish [38-40], with important functions for innate
immune responses [41], thus showing an evolutionarily conserved role for
NF-«B in the immune system.

Regulation of NF«B activity

NF-kB dimers are normally present in resting cells, but retained in the
cytoplasm by binding of inhibitory IkB proteins. This presence of pre-
existing NF-xB permits very rapid and efficient responses to activating
stimuli. There are more than 100 known activators of NF-kB, including by-
products of microbial and viral infections, pro-inflammatory cytokines,
chemokines and binding of antigens to TCRs and BCRs [42].

In response to such activating stimuli, IxB is phosphorylated by the IxB
kinase (IKK) and targeted for ubiquitin-mediated proteasomal

cytoplasm nucleus
©:5-8.0/0-
IKK \8c<>30

Figure 4. Regulation of NF-kB activity.

In response to such activating stimuli, IxB is phosphorylated by the IxB
kinase (IKK) and targeted for ubiquitin-mediated proteasomal degradation.
The degradation of IkB releases NF-kB dimers that expose their NLS and
translocate to the nucleus, where they bind to promoters of many different
target genes, thereby regulating a variety of physiological responses
(described in the section NF-xB regulated genes). This basic scheme of NF-
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kB activation (as illustrated in Figure 4) is, however, a much simplified view
since the regulation of NF-xB activation is tightly controlled at multiple
levels, as discussed below.

Inhibitory 1sB proteins

The inhibitory IxkB proteins are also a family of proteins that consists of the
“typical” IxBs (IxBa, IxBf and IxBeg), the “precursor” IxkBs (p100 and p105)
and the “atypical” IxBs (Bcl-3, IkBC and IkBNS). The common feature of all
IkB proteins is that they contain a protein-interaction domain of ankyrin
repeats. It is through this domain that kB interacts with the RHD of NF-«B,
thereby covering the NLS and preventing nuclear entry. Regulation of sub-
cellular localisation plays an important role in determining the activity of
many transcription factors. This regulation is very intricate for NF-xB, since
the different groups of IkB proteins regulate NF-kB activity in distinct ways.

The typical IkBs, IkBa, IkBf and IkBe (with IkBo being the most
studied) regulate NF-kB activation according to the basic scheme illustrated
in Figure 4. Binding of typical IxBs to NF-kB dimers usually covers the
NLSs, thereby keeping NF-xB in the cytoplasm. The exception to this rule is
IxBa bound to a heterodimer of RelA and p50. Here, IxBa covers the NLS of
p65 while leaving the NLS of p50 exposed, and together with a nuclear
export sequence (NES) on IxBa, this allows shuttling of RelA/p50/IxkBa
between the cytoplasm and the nucleus [43-46]. The complex is, however,
still predominantly found in the cytoplasm, presumably due to a dominant
role of the NES on IxBa over the NLS of p50. Activating stimuli lead to
phosphorylation of the typical IkBs by IKK on two conserved serine residues
(S32 and S36 for IkBa). These phosphorylations mark IkB for K48-linked
ubiquitination by the BTrCP E3 ligase and subsequent degradation by the 26S
proteasome. Once IkB has been removed, NF-kB is free to enter the nucleus
and activate gene transcription. Even though the typical IxBs are regulated in
a similar way, temporal differences in their degradation and selective
preferences for certain NF-xB dimers permit selective regulation of
transcription. The precursor IkBs, p100 and p105, are in fact NF-xB proteins
with an internal region of inhibitory ankyrin repeats. This inhibitory region
“folds back” and, similar to inhibition by the typical IkBs, covers the NLSs of
the dimer it is in, thereby preventing nuclear translocation. Similar to
degradation of the typical IkBs, processing of pl00 occurs through IKK-
dependent phosphorylation and subsequent proteasomal degradation of the
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inhibitory domain. Processing of pl05 is more complex and presumably
occurs both through co-translational events and through IKK
phosphorylation-dependent proteasomal degradation. However, this appears
to be independent of ubiquitination. Processing of p100 and p105 results in
the shorter active NF-kB proteins p52 and p50, respectively; these enter the
nucleus as homo- or heterodimers. The precursor IkBs also comprise a third
member, [kBy, which is the C-terminal inhibitory region of p100 synthesised
through alternate promoter usage [47-49].

The atypical IkBs, Bcl-3, IkBC and IxkBNS, regulate NF-xB signalling by
quite different mechanisms, extending the properties of IkB proteins. Bcl-3 is
unique in that it contains a TAD, and it can therefore act as a transcriptional
co-activator through interaction with p50 and p52 homodimers situated at a
promoter [50-52]. Binding of Bcl-3 to homodimers of p50 or p52 can also
relieve transcriptional repression by these proteins on certain promoters by
removing them from DNA [53-55]. Alternatively, Bcl-3 can stabilise the
interaction of repressive pS0 homodimers on some promoters [56]. IkBE and
IkBNS have also been found to both positively and negatively regulate
transcription through interactions with primarily pSO homodimers, and have
therefore been suggested to have functions similar to those of Bcl-3 [57]. The
multiple modes of NF-kB regulation by IkBs are other means by which NF-
kB responses can achieve specificity.

Activation of the |1«B kinase

The IxB kinase (IKK) is a high-molecular-weight complex composed of
IKKa, IKKB and NEMO (IKKy) subunits. The main function of IKK is
phosphorylation of IkB, thereby marking it for proteasomal degradation.
IKKa and IKK} are the catalytically active subunits; these are able to directly
phosphorylate IkB on distinct serine residues. NEMO is a regulatory subunit
that is important for the coupling of upstream signalling events to IKK( in
particular. Most signals to activation of NF-kB converge on the activation of
IKK; however, the mechanisms of IKK activation vary between different
signalling pathways and so does the NF-kB activation profile. Generally,
activation of IKK is regulated by (i) phosphorylations within the activation
loop of the kinase domains by trans-autophosphorylation or through
phosphorylation by upstream kinases, and (ii) ubiquitination-induced
oligomerisation, bringing signalling proteins in close proximity to the
complex. The favoured view of the composition of IKK is two heterodimers
of IKKa and IKK[ held together by a tetramer of IKKy. However, even
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though they are in the same complex, [IKKo and IKKf have been shown to
operate by distinct mechanisms and thereby to selectively regulate specific
NF-«B signalling pathways.

Signalling pathways to NF-xB

Signalling pathways to NF-kB have been classified into either “canonical”
(classical) or ‘“non-canonical” (alternative) signalling pathways, relying
mainly on the activity of IKK or IKKa, respectively. As illustrated in Figure
5, the canonical pathway is stimulated by antigen receptor stimulation
(e.g.TCR agonists), proinflammatory cytokines (e.g. tumour necrosis factor-o
(TNF-a) and interleukin-1 (IL-1)), and TLR agonists (e.g. lipopolysaccharide
(LPS)). Even though the signalling intermediates are different to some extent,

Canonical pathway Non-canonical pathway
(Antigen, TNFa, IL-1, LPS) (BAFF, LT-B, CD40)

TNER IL-1R/TLR

BAFFR /LT-BR / CD40R

Innate immunity Adaptive immunity
m: Adaptive immunity m: Lymphoid organ
Inflammation development

RelA/p50 RelB/p52

Figure 5. Signalling pathways to NF-xB.
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signalling through the canonical pathway mainly relies on the activation of
IKKB and subsequent phosphorylation-induced degradation of the typical
IkBs. The most abundant NF-kB dimer is RelA/p50, and this dimer is
preferentially inhibited by IkBa. Signalling through the canonical pathway
thus mainly releases RelA/p50 to the nucleus. Stimuli through the canonical
signalling pathway to NF-«B are important for the regulation of innate
immune responses and inflammation as well as adaptive immune responses.
The non-canonical pathway is restricted to activation by a subset of NF-kB-
inducing stimuli, such as the TNF family members B cell activating factor
(BAFF) and lymphotoxin  (LT-f), and CD40 ligation. Here, activation of
IKKa results in the processing of p100, and nuclear translocation of mainly
RelB/p52. Generally, signalling through IKKo is more important for the
development of secondary lymphoid organs and adaptive immune responses.
However, this classification does not entirely reflect the complete scenario,
since there is evidence for substantial cross-talk between the pathways. For
example, IKKa is also involved in regulation of NF-xB activity by the
canonical pathway, in part by cytokine-induced histone modifications [58,
59].

Stimuli that use neither the canonical nor the non-canonical pathway are
collectively named “atypical” stimuli. One example of an atypical stimulus is
genotoxic stress, which causes signals of DNA damage to NF-xB via NEMO
activation in the nucleus. DNA damage induces sumoylation of NEMO and
subsequent phosphorylation by the ATM kinase [60]. The sumoylation is
subsequently replaced by a mono-ubiquitination, leading to the nuclear export
of the NEMO-ATM complex and activation of IKK. Other atypical stimuli
are hypoxia, hydrogen peroxide and UV irradiation, which (by different
mechanisms) cause IKK-independent phosphorylation and dissociation or
degradation of IkBa. [14].

Even though diverse signalling pathways to a large extent converge at the
level of activation of the same kinase complex, a surprising number of
signalling intermediates, especially just upstream of IKK, are shared. As
illustrated in Figure 5, TRAF proteins and the TAKI1 kinase are shared by all
canonical stimuli and their relative importance in the different pathways has
recently been reviewed [61]. Briefly, activation of the TNFR is dependent on
TRAF2 and TRAFS5, whereas activation of IL1-R, TLR and TCR receptors
relies mainly on TRAF6. TRAF proteins are E3 ubiquitin ligases that function
by coupling K63-linked ubiquitin chains to signalling proteins, thereby
positively regulating their function. Besides auto-ubiquitinations, TRAFs also
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induce ubiquitination of NEMO and RIP. This has been shown to induce the
oligomerisation of TRAFs and IKK, which is of special importance for the
activation of IKK induced by TCR engagement. In addition, ubiquitin chains
on TRAFs, NEMO and possibly also RIP, are believed to act by bringing the
TAKI1 kinase in close proximity to IKK. Ubiquitin chains on TRAFs, NEMO
and RIP are likely to recruit TAK1 via the ubiquitin-binding proteins TAB2
and TAB3, found in complex with TAKI1. TAKI is a kinase of IKK and is
therefore thought to directly activate IKK by phosphorylations within the
activation loop. The above is a brief summary of our current knowledge of
IKKB activation by TRAFs and TAKI, as gathered from experimental
evidence on the mechanisms of IKK activation by distinct canonical stimuli.
There may, however, be differences in the mechanisms of IKK activation by
distinct stimuli that are not illustrated here. In the non-canonical pathway,
IKKa is activated by the NF-kB-inducing kinase (NIK). This pathway also
utilizes TRAF proteins, but the function of TRAF appears to be quite
different. Here, the binding of TRAF3 to NIK negatively regulates NIK
activity. Signalling by non-canonical stimuli induces degradation of TRAF3
and consequently activation of NIK.

Antigen receptor signalling to IKK

A main point of focus of this thesis is antigen receptor signalling to NF-xB, in
particular TCR-induced activation of NF-kB. This pathway will thus be
described in more detail. It is important to note that during much of the work
of this thesis, the signalling intermediates between PKC and IKK in this
pathway were not yet known. Since then, studies of antigen receptor
signalling to NF-xB have grown into a field of very intense investigation. A
breakthrough came with the identification of the molecular scaffolding
proteins Carmal, Bcll0 and Maltl, together often referred to as the CBM
complex (see Figure 5), that were shown to be crucial for the organisation of
the immunological synapse and subsequently NF-xB activation [62-64].
Upon TCR or BCR engagement, Carmal is first recruited to the
immunological synapse where regulatory phosphorylations by a protein of the
PKC family (PKCO in T cells and PKCp in B cells) will lead to its activation
[63, 65]. Carmal then recruits Bcl10-Maltl through a typical CARD-CARD
domain interaction between Carmal and BcllO [64]. The formation and
oligomerisation of the CBM complex is tightly regulated by
phosphorylations, ubiquitinations and possibly also other modifications [66];
it initiates the recruitment and activation of IKK, and subsequently activation
of NF-kB. In addition to Carmal, Bcl10 and Maltl, the importance of several
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other players in signalling from the antigen receptors was also established
during the course of the work in this thesis, including TAK1 [67], caspase-8
[68], PDK-1[69] and RIP-2 [70, 71].

Transcriptional activity of NF-xB

Once inhibition by IxB is relieved, the NLS of NF-xB is revealed, thus
permitting nuclear import of NF-kB proteins. The NLS of NF-xB is
recognised by members of the importin family (importin-o/-f3), which direct
the import of NF-kB through the nuclear pore complex (NPC) (reviewed in
[72, 73]). Many of the studies on the regulation of NF-xB activity have
concentrated on the signalling pathways leading to nuclear localisation of NF-
kB. However, it is now clear that the nuclear functions of NF-kB are also
highly regulated. The transcriptional activity of NF-xB is regulated by several
post-translational modifications affecting DNA binding, interaction with co-
regulators of transcription, and termination of the NF-xB response [14, 74].
For example, cytoplasmic phosphorylations of RelA by protein kinase A
(PKA) at serine 276 promote the interaction of RelA with the HATs CBP and
p300 [75]. Serine 276 of RelA can also be phosphorylated in the nucleus by
mitogen- and stress- activated protein kinase-1, MSK1 [76]. Furthermore,
acetylation of RelA at several positions by CBP and p300 enhance DNA
binding of RelA, while at the same time inhibiting the interaction of RelA
with IxkBa [77]. RelA is also phosphorylated at serine 536 by IKKa., possibly
regulating termination of NF-kB signalling by promoting the nuclear
degradation of RelA [78]. In addition, the transcriptional activity of NF-kB is
influenced by cross-talk between NF-kB and other families of transcription
factors at gene promoters. For example, interaction of NF-«B with
glucocorticoid receptors, which are ligand-induced transcription factors,
represses NF-kB activity, leading to down-regulation of transcription of NF-
kB-dependent genes [79].

NF-xB regulated genes

NF-kB has been implicated in regulation of the expression of more than 200
target genes, thereby regulating (amongst others) proliferation, stress
responses, and immune and inflammatory responses [42]. Examples of NF-
kB target genes are given in Table 1.
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Proliferation Pro-proliferative cyclinD, c-myc
Anti-apoptotic cIAPs, BCL-X;, c-FLIP
Stress responses MnSOD, iNOS, COX-2
Immune responses and Immunoreceptors IgG, IgE, MHC class I
Inflammation Cytokines IL-1,-2,-6,-11,-12,
TNF-a, IFN-y
Chemokines MIP-2, MCP-1, IP-10
Cell adhesion molecules | ICAM-1, VCAM1
Growth factors GM-CSF, C-CSF
Acute-phase proteins angiotensinogen,
complement factor B, C4
Transcription factors c-rel, p100, p105, p53,
c-myc, junB
Negative feedback regulation IxBa, A20

Table 1. NF-xB regulated genes.

Down-regulation of NF-xB signalling

Once the requirement for NF-xB activity has ended, several mechanisms of
negative feedback regulation normally ensure that the NF-kB response is
potently terminated. The most prominent mechanism of negative regulation
of NF-kB is accomplished by the re-synthesis of IkBa. The expression of
IxBa is regulated by NF-kB, and activation of NF-kB thus leads to increased
transcription of the inhibitor. IxBo has both an NLS and an NES. Newly
synthesised IkBa can thereby enter the nucleus, bind to NF-xB, and export it
back to the cytoplasm. In addition, signalling to NF-kB is negatively
regulated at several levels by DUBs (e.g. CYLD and A20). CYLD has been
found to interact with NEMO and TRAFs to selectively degrade K63-linked
ubiquitin chains of NEMO, TRAF-2 and TRAF-6 [80-82]. A20, which
expression is regulated by NF-xB, subjects TRAF6 and RIP1 to signal-
dependent negative regulation [83, 84]. Induced degradation of signalling
intermediates is another way by which signalling to NF-«B is negatively
regulated. For example, Bcll0 is subjected to negative regulation through
phosphorylations by IKK, inducing the ubiquitin-mediated proteasomal
degradation of Bcll0 and changes in the composistion of the CBM complex
after TCR simulation [85, 86]. As mentioned above, IKKa is likely to be
involved in promoting the nuclear degradation of RelA, which might suggest
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that signal-dependent alterations in the stability of NF-xB proteins also
regulate termination of the NF-kB response. Considering the importance of
NF-«B as a regulator of immune responses, inflammation and cell
proliferation, it is not unexpected that the activity of NF-kB must be tightly
controlled, in order to prevent autoimmune reactions, chronic inflammation
and tumour growth. Thus, the mechanisms of negative regulation of NF-«xB
will presumably prove to be as diverse and complex as the mechanisms of its
activation.

NF-xkB and disease

Even though there are many “safety systems” to secure a balanced NF-xB
response, the regulation of NF-kB activity sometimes fails and in most cases
this results in severe disease. Many disease states have been correlated to
some form of dysregulation of NF-kB, often with higher than normal NF-xB
activity. NF-kB-related diseases include chronic inflammatory disease such
as allergies, asthma, inflammatory bowel disease and rheumatoid arthritis
[87-89]. In addition, pathological states of the heart, such as ischemia and
atherosclerosis, have also been associated with over-activity of NF-«xB in the
affected areas, thereby enhancing the inflammatory process [90, 91]. NF-xB
also contributes to the disease process of neurodegenerative disorders such as
Alzheimer’s, Parkinson’s and Huntington’s disease [92, 93]. In line with the
increased activity of NF-xB found in many inflammatory disease states,
several anti-inflammatory drugs such as glucocorticoids and non-steroidal
anti-inflammatory drugs (NSAIDs) (e.g. aspirin and sodium salicylate) act (at
least in part) by inhibition of NF-xB. With the importance of NF-xB in
regulation of cell growth, it is not surprising to find that a large number of
human cancers, including several hematopoietic malignancies, are coupled to
increased NF-kB activity [94-96]. NF-kB can stimulate tumour progression
by several mechanisms, including stimulation of cell proliferation and
inhibition of apoptosis, but NF-«kB also increases tumorigenesis by the
production of cytokines, chemokines and adhesion factors that promote
metastasis and angiogenesis.

In some cases, it can be difficult to ascertain whether NF-«B is the primary
cause of disease or whether the increased NF-xB activity is a result of the
disease process. However, several genetic mutations in signalling to NF-xB
have been identified and correlated to human disease [97]. The REL gene is
often affected by amplifications, deletions and point mutations and changes in
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REL have been associated with a high number of human lymphomas. For
example, more than 50% of Hodgkin’s lymphomas are associated with
mutations within REL. Mutations within MALTI are also often associated
with lymphomas. Other examples of diseases caused by NF-kB mutations are
the inherited genetic disorders incontinentia pigmenti (IP) and anhidrotic
ectodermal dysplasia with immunodeficiency (EDA-ID) (NEMO), and
ulcerative colitis (NF-«B1).
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CALCIUM AND CALMODULIN

Ca?" as an intracelluar messenger

The concentration of calcium (Ca2+) differs more than four orders of
magnitude between the inside of the eukaryotic cell and the extracellular
milieu. Free levels of intracellular Ca®* are roughly 100 nM whereas
extracellular levels are 1-2 mM. This gradient makes Ca®* very suitable as an
intracellular messenger in cells, where changes in intracellular Ca*
concentration that arise after cellular stimulation can be decoded by Ca*'-
sensitive signalling proteins. Consistent with this, Ca** is recognised as the
most versatile intracellular messenger known, regulating important cellular
processes as diverse as muscle contraction [98-100], neuronal transmission
[101], cell proliferation and cell death [102], fertilisation and development
[103], and transcription [104, 105].

Ca®" homeostasis

The cytoplasmic Ca’* concentration is maintained at low levels by means of
different Ca®* extrusion, uptake and buffering mechanisms. The main
mechanisms are illustrated in Figure 6, and include (i) extrusion of Ca”
across the the plasma membrane via plasma membrane Ca’*-ATPases
(PMCAs) or Na*/Ca®* and Na*/Ca**-K* exchangers (NCXs and NCKXs); (ii)
uptake of Ca* into intracellular stores, by transport into the endoplasmic (or
sarcoplasmic) reticulum (ER/SR) via sarcoendoplasmic reticulum Ca**-
ATPases (SERCAs) or by transport into mitochondria via the Ca®* uniporter
(the Golgi, endosomes, and lysosomes are also considered to be potential
Ca®* storage sites [106]); and (iii) binding of Ca** to Ca** buffer and Ca®*
sensor proteins as discussed below.

Since high intracellular levels of Ca** or prolonged Ca** stimulations are
toxic to cells, the mechanisms of Ca’" homeostasis ensure that Ca" is only
briefly free before encountering an extrusion, uptake, binding or buffering
mechanism, and free Ca’* is thereby rapidly removed from the cytoplasm as
soon as it has carried out its signalling function.
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Figure 6 . Mechanisms of Ca®* homeostasis.

Ca** signalling

Ca®* signalling in cells is initiated by the entry of calcium from the outside of
the cell through plasma membrane Ca” channels or by the release of Ca®*
from intracellular stores. The mechanisms of initiation of Ca** signalling are
many and diverse, and are not covered in detail here (for review, see [107]).
The most common Ca** channels that allow influx of Ca®* from the outside of
cells are the voltage-operated channels (VOCs). These are found in excitable
cells such as neurons and muscle cells and generate the rapid Ca’* fluxes
controlling exocytosis at synaptic endings and muscle contraction,
respectively. In non-excitable cells, activation of tyrosine kinase receptors or
G protein-coupled receptors at the plasma membrane triggers the release of
Ca™* from intracellular stores such as the ER. Store depletion of the ER will
lead to activation of a modest, but highly specific entry of Ca** through store-
operated Ca®* channels (SOCs) at the plasma membrane [108]. Among these,
the calcium release-activated calcium channel (CRAC) is of particular
interest, since it is the main source of Ca®* signalling in lymphocytes, as
discussed below in the section Ca’* signalling in lymphocytes.

Ca®" signalling events can change the intracellular concentration of Ca**
from approximately 100 nM up to around 1 uM, and they can range in
duration from milliseconds to many seconds or even minutes [107, 109]. This
meets the differential need for rapid Ca®* pulses during i.e. synaptic
transmission and muscle contraction and also for more prolonged Ca* signals
that are required for the regulation of transcriptional responses.
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Specificity of Ca®" signalling

One of the challenges in the field of Ca® signalling is how one simple ion can
control so many divergent cellular processes. How is specificity achieved?
Exactly how a certain cell responds to a Ca®* signal depends on the signalling
mechanisms present. The cellular pattern of Ca®* channels, pumps, buffers
and sensors with different affinities for Ca®* and with different abilities to
buffer or transport Ca** determines the shape of the Ca** signal. Mitochondria
can also play a role in shaping the Ca® signal, since they rapidly sequester
Ca® during the development of the Ca®* signal and then slowly release it
back to the cytoplasm, thereby lowering the initial peak in Ca’* concentration,
but instead increasing the duration of the Ca®™ signal [110]. Each cell type
expresses a unique set of Caz+-signalling proteins that together enable
generation of intracellular Ca® signals; these can be of different duration,
amplitude and frequency, and be located in different sub-cellular
compartments or throughout the cell. This unique cellular Ca** fingerprint
involves information that allows Ca®* to control diverse cellular processes in
a highly specific manner. Because of their unique cellular pattern, Ca**
signals in cells have been divided into different types (reviewed in [111]).
Sparklets are formed as a result of the brief opening of the VOCs during
cardiac cell excitation and exocytosis at synaptic endings. Puffs are the result
of the release of Ca®* from intracellular stores, and they are also the building
blocks of Ca®* waves in cells. Ca** waves are found during prolonged
stimulation, where transients are repeated into regular Ca®* oscillations that
have been shown to be important for the regulation of many different Ca®
targets, including transcription factors of the NF-AT, APl and NF-«xB
families [112]. In addition, patterns of Ca®™ signals called sparks, spikes,
syntilla and blinks have also been characterised.

Ca®" signalling in lymphocytes

Ca* signalling in lymphocytes (reviewed recently in [113-116]) is initiated
by the activation of immunoreceptors, such as the antigen receptors and co-
stimulatory receptors, as well as through activation of some chemokine
receptors. The main source of Ca®* signals in lymphocytes is influx of Ca®*
through CRAC channels in the plasma membrane. The resulting Ca® signals
act in concert with other signalling events of lymphocyte receptor activation
to regulate lymphocyte activation, proliferation and differentiation, and they
are therefore important determinants of the adaptive immune responses.
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The main events of Ca®* signalling in lymphocytes, as described below, are
summarised in Figure 7. Engagement of antigen receptors that belong to the
tyrosine kinase receptors results in the activation of PLC-y and the production
of DAG, which activates PKC and IP;. IP; binds to the IP; receptor (IPsR),
which is a Ca* channel situated in the ER membrane, causing the release of
Ca”* from the ER to the cytoplasm. The release of Ca”* from the ER causes a
transient Ca”* puff but due to the small size of the ER in lymphocytes (~ 1%
of the cytoplasm by volume [117]), this Ca® signal must be supported by
other Ca®* signalling events. Emptying of the ER triggers Ca®* influx through
store-regulated opening of CRAC channels in the plasma membrane,
allowing sustained Ca™ signals that are required for gene expression and
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Figure 7. Ca®* signalling in lymphocytes.

Influx of Ca* through CRAC channels is undoubtedly the most important
mechanism for generation of Ca®* signals in lymphocytes. For many years,
the components of the channel and the mechanisms of its activation through
store depletion remained a mystery. It was only recently that STIM1 was
identified in several independent studies as a sensor of Ca®* depletion in the
ER. STIML is a single transmembrane protein situated in the ER membrane,
and with an EF-hand motif facing the lumen of the ER, STIM1 acts as a
sensor of luminal Ca®" levels. When Ca®" levels drop in the ER, STIMI1
oligomerises and relocalises to specialised regions of junctional ER
(structures of the ER located within 10-25 nm of the plasma membrane). At
approximately the same time as the discovery of STIM1, ORAIl was
identified as a pore-forming subunit of the CRAC channel. STIM1 and
ORALI1 have been found in close contact at junctional ER, and it is believed
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that STIM1 activates the influx of Ca®* through the CRAC channel, possibly
by direct interaction with ORAIL.

The CRAC channel Ca** current in lymphocytes is modulated by the
general Ca®* homeostasis mechanisms shared by other cell types, such as
extrusion, uptake into intracellular stores and binding and buffering by Ca®*
binding proteins. In addition, other Ca®* regulators such as the transient
receptor potential channels (TRPs) and the ryanodine receptors (RyR“s) have
also been suggested to modulate Ca* signals in lymphocytes, but the
requirements of these appear to be different between B and T lymphocytes
and their relative functions have not been clearly evidenced.

Even though some of the Ca’’-dependent signalling events in
lymphocytes, such as regulation of motility or exocytosis of cytotoxic T
lymphocytes, are regulated by Ca®* signals of short duration, most of the
Ca**-dependent processes such as proliferation and differentiation require
prolonged Ca®* signalling and regulation of gene transcription. Prolonged
Ca* signalling emanating from Ca®™* entry through CRAC channels is crucial
for the activation of transcription factors that together drive the expression of
a plethora of genes regulating cell proliferation, differentiation and cytokine
production of lymphocytes. Examples of Ca2+—regu1ated genes in
lymphocytes are cytokine genes such as those encoding IL-2 and IL-4, and
also granulocyte macrophage colony-stimulating factor (GM-CSF), TNF-a
and IFN-y, which (in different ways) are important for adaptive immunity.
Ca® signals in lymphocytes regulate transcription by acting on the
transcriptional repressor DREAM and also on transcription factors of the
NFAT, MEF-2, E-protein and AP-1 families—and importantly also, the NF-
kB family. NF-AT, AP-1 and NF-kB are three of the most important
transcription factor families regulated by Ca** in T lymphocytes, and it has
been shown that their requirement for optimal activation is dependent on
different patterns of Ca®™ signalling [112]. Transient high Ca®™ signals are
sufficient to activate AP-1 and NF-xB whereas NFAT requires prolonged
Ca™ signals, but lower amplitudes are adequate [118]. It has also been shown
that oscillations can enhance the sensitivity of transcription factors to Ca**
signals, and that their transcriptional activity can be modulated by the
frequency of oscillation. For example, while low-frequency oscillations were
found to potentiate NF-xB activity, high-frequency oscillations were found to
activate NF-kB, AP-1 and NFAT together [119]. Since decoding of the Ca®
signals allows differential activation of transcription factors, Ca®* signalling
offers a great opportunity to modulate the specificity of the immune response.
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Ca®"-binding proteins

Many proteins have adapted to bind Ca™, perhaps early in evolution and
mainly to chelate a toxic ion but later also to use such binding for signal
transduction. Ca2+—binding proteins are divided into either Ca®* buffers or
Ca®* sensors, on the basis of their main function. The purpose of Ca** buffers
(i.e. parvalbumin, calbindin and calreticulin) is primarily to chelate Ca**, but
in doing so they also have a role in shaping Ca* signals by sequestering Ca**
at local spots or transporting Ca** to a different location in the cell. Ca®*
sensors capture transient Ca™ signals in cells and translate them into more
prolonged signals. Binding of Ca”™ to Ca”™ sensor proteins induces a change
in their shape and charge that alters the function of the protein, allowing
transmission of the Ca** signal. Some Ca”* sensors—such as PI3K and certain
members of the PKC family—are directly regulated by Ca®*, whereas others
(e.g. troponin C, S100 proteins and calmodulin) act as intermediates by
binding to and altering the properties of target proteins. The most thoroughly
studied Ca2+—binding protein is without doubt the Ca®* sensor calmodulin.

Calmodulin

Calmodulin (CaM) is a small (17-kD) protein. It is regarded as the major
sensor of Ca** signals in mammals. CaM is ubiquitously expressed in
animals, plants, fungi and protozoa, and is highly conserved throughout
evolution [120]. All higher vertebrate species that have been analysed share
100% sequence identity for this protein, indicating that all residues of CaM
are indispensable. CaM is known to bind to and control the activity of more
than one hundred proteins, including ion channels and pumps, various
enzymes, cell cycle regulators, cell motility and contraction proteins, and
transcription factors. Because of the participation of CaM in the regulation of
so many vital processes, deletion of the CaM gene in yeast, which in contrast
to mammals has only one CaM gene, was found to be lethal [121].

CaM belongs to the large EF-hand family of Ca**-binding proteins and
binds Ca®* with high affinity through repeated helix-loop-helix domains (EF-
hands). CaM contains two pairs of EF-hands separated by a flexible linker,
and binds a total of four Ca™ ions. Since eukaryotic cells can have calmodulin
concentrations of up to 10 uM [122], CaM can bind substantial amounts of
Ca”. The two pairs of EF-hands of CaM bind Ca** with different affinities
and co-operability, and the affinity is often increased by interaction with
target proteins, allowing CaM to sense Ca”* signals over a large range of
concentrations.
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Target binding by Calmodulin

CaM interacts with most of its targets through a classical “wrap-around”
binding, where CaM contacts a single binding region of the target with both
of its Ca2+—binding domains [123]. By wrap-around binding, CaM transmits
the Ca®" signal in a two-step process as illustrated in Figure 8. At resting
levels of Ca**, CaM is mainly found in its Ca’**-free form (apo-CaM). (i)
Binding of Ca” to CaM exposes hydrophobic surfaces on each Ca** binding
domain, which allows CaM to bind to its targets; (ii) after target interaction,
CaM collapses around the binding domain of the target protein (hence wrap-
around binding) and thereby induces changes in the properties of the target
protein that complete the process of the Ca™ signal.

. ca?' Target binding
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Figure 8. Target binding by CaM.

The structural changes induced by Ca®* binding allow CaM to specifically
bind to and regulate many divergent target proteins. A high proportion of
flexible methionine residues in the hydrophobic binding pockets of CaM, and
their connection through a highly flexible central linker, allow CaM to adapt
to differences in the surfaces of its target proteins [123, 124]. This permits
CaM binding to a diversity of targets with very little sequence homology, but
with some general features in common. CaM usually binds a-helical
segments containing basic and hydrophobic stretches, and depending on the
spacing of the hydrophobic anchoring residues, the targets are classified by
their different CaM-binding motifs [124]. The conventional wrap-around
binding is the most common mode of interaction of CaM to its targets, but
other modes of binding have also been described. For example, some targets
of CaM such as the RyR [125, 126], neuromodulin, adenylate cylase and
some VOCs bind CaM in its Ca**-free form [126]. Different modes of target
regulation by CaM increase the specificity and versatility by which CaM can
transmit the Ca”* signals.
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Calmodulin-regulated phosphatases and kinases

The conventional binding of CaM to its targets changes the properties of the
target protein in such a way that it gains a new function, and targets are
thereby often activated by binding of Ca**-loaded CaM (Ca**/CaM). Targets
that are activated by Ca**/CaM include the CaM-dependent phosphatase
calcineurin (CaN) and the CaM-dependent kinases (CaMKs). The CaMKs are
a large family of structurally related Ser/Thr kinases that are dependent on
Ca’*/CaM for their activation. While some members, such as CaMKII, are
fully activated by binding of Ca**/CaM alone (Figure 9), others such as
CaMKI and CaMKIV are further activated by phosphorylation in the
activation loop by the upstream kinase, CaMK kinase (CaMKK).

In addition to activation of many targets by Ca®/CaM, there are some
targets, including certain G-protein-receptor kinases and IP3R type 1 that are
instead inhibited by binding of Ca®*/CaM [127], thus adding to the diversity
of target regulation by CaM.

Structure and regulation of CaMKII

CaMKII is expressed from four different genes in mammals, CaMKII a., B, v,
and 9, and transcripts of each of these genes are further subjected to extensive
alternative processing, resulting in a large family of multi-functional protein
kinases. Whereas the isoforms of o and 3 are mainly restricted to brain tissue,
the y and o isoforms are widely expressed [128]. The structure and regulation
of the different isoforms appear to be very similar. CaMKIla was the first to
be cloned, and therefore most of the work on CaMKII has been done with this
isoform. The function of CaMKIla in brain has been studied rigorously and it
has been shown to play important roles in the processes of learning and
memory. CaMKIla has been knocked out in mice, and these animals were
shown to have defects in learning as well as memory [129].

The sophisticated structure and regulation of CaMKII gives this kinase a
unique ability to decode the frequency of intracellular Ca®* oscillations, and
its activity is therefore highly sensitive to the temporal pattern of Ca®
oscillations [130]. The structural features and activation of CaMKII are
illustrated in Figure 9 and reviewed in [131-133]. In an inactive state, the
catalytic domain is sequestered by an interaction with the auto-inhibitory
domain. Binding of Ca**/CaM to CaMKII releases this interaction, resulting
not only in activation of the kinase, but also in auto-phosphorylation of Thr**
(Thr**” in CaMKIIP, y and &) in the catalytic domain. This auto-
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phosphorylation allows CaMKII to retain its activity even after the Ca®
signal has been removed, this by sterically preventing the auto-inhibitory
domain from sequestering the catalytic domain, but it also increases the
affinity for Ca®*/CaM by more than 1,000-fold by a phenomenon called
“CaM trapping”. This gives CaMKII the unique feature of storing previous
Ca™ messages in the form of auto-phosphorylations, and thereby
“remembering” a Ca®™ signal. In addition, CaMKII forms holoenzymes of two
stacked hexameric rings with the catalytic ends of the kinases pointing
outwards, to form a flower-like structure. Within the holoenzymes, inter-
molecular auto-phosphorylations potentiate Ca**/CaM binding to adjacent
subunits and thus the ability to form holoenzyme structures also increases the
sensitivity of the kinase to Ca®* signals, where recurrent Ca®" signals will lead
to a higher overall activity of the holoenzyme.

A) B)
catalytic
iia
7N
autoinhibitory calmodulin

?Ca”/calmodulln .

autophosphorylation - Ca®*lcalmodulin

Figure 9. A) Structure and regulation of CaMKII activity
B) The CaMKII holoenzyme.

When the Ca** signal is removed, CaMKII will slowly be inactivated in two
steps. First, Ca**/CaM will disassociate from the autoinhibitory domain. This
will reveal two more auto-phosphorylation sites, Thr’*> and Thr’ 06 (Thr 00307
in CaMKIIB, y and 3). Phosphorylation of these sites prevents Ca”**/CaM from
re-associating with the kinase, thereby preventing further activation.
Secondly, the auto-phosphorylation at Thr™®® will be removed by protein
phosphatase (PP1,2A or 2C) or by the dedicated CaMK phosphatase
(CaMKP) (reviewed in [134]).
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Calmodulin regulation of transcription in lymphocytes

CaM is highly involved in interpreting intracellular Ca® signals into changes
in gene transcription in lymphocytes, both by direct action on some
transcriptional regulators and by indirect action through activation of CaN,
CaMKII and IV.

MEF?2 is a family of transcription factors that are directly regulated by
binding of Ca®*/CaM. MEF2 is constitutively bound to DNA in the absence
of Ca™ signals, but kept inactive by interactions with the transcriptional
repressors Cabinl and HDAC 4, 5 and 7. Ca®*/CaM has dual functions in the
regulation of MEF2-dependent transcription. First, binding of Ca®/CaM to
MEF2 disrupts the interaction with the repressors [135, 136], and secondly,
activation of CaMKIV leads to phosphorylation and nuclear export of both
Cabinl and the HDACsS, thereby relieving repression of MEF2-dependent
transcription [137-139]. The transcriptional repressor DREAM is also directly
regulated by Ca®*/CaM. DREAM binds to DRE sites in the promoters of
many Ca2+—regu1ated genes. Binding of Ca*/CaM to DREAM proteins
releases DREAM from DNA and relieves repression of gene transcription
[140]. Ca**/CaM also binds directly to E-proteins of the basic helix-loop-
helix family that are highly involved in the regulation of lymphocyte
development and immune responses. Binding of Ca”**/CaM to E-proteins
inhibits their DNA binding and transcriptional activity [141, 142].

NFAT is a family of transcription factors that are involved in the activation
and/or repression of about 75% of Ca2+—dependent genes in T lymphocytes
[143]. NFAT is indirectly activated by CaM, through Ca2+/CaM—dependent
activation of CaN. In resting cells, NFAT proteins are phosphorylated and
reside in the cytoplasm. A rise in intracellular Ca** concentration results in
activation of CaN, which rapidly dephosphorylates NFAT. This reveals the
NLS of NFAT, leading to its rapid nuclear translocation and transcription of
target genes. NFAT also collaborates with other transcription factors (such as
AP-1) in gene transcription. AP-1 is formed by a dimer of proteins of the jun
and fos family that are activated through the MAPK pathway; thus,
cooperation of NFAT with AP-1 allows communication between the two
pathways. Ca®/CaM also indirectly regulates gene transcription through,
CaMKII-dependent phosphorylation of Ets1 transcription factors [144].
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AIMS

The general aim of this thesis was to investigate the functional roles of CaM
in signalling pathways to NF-xB activation of lymphocytes. In particular, the
aim was to investigate the role of CaM in the pathway from the antigen
receptor to NF-kB activation and the mechanism(s) by which Ca®* signals can
be integrated in the immune response. The specific aims were:

. To search for direct interactions between CaM and NF-kB proteins and
signaling intermediates in the pathway from the antigen receptor to NF-
kB activation, and to define the functional consequences of these
interactions.

. To investigate the functional role of CaMKII in the pathway from the
TCR to NF-«xB activation.
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RESULTS AND DISCUSSION

In this section, the main findings of the four papers of this thesis are presented
and discussed. The figures are referred to by the Roman numeral of the article
in which they are found, followed by their figure number in the article.

CaM interacts with the NF-xB proteins c-Rel and RelA
and thereby differentially regulates their nuclear
localisation (Paper I)

Interaction of CaM with c-Rel and RelA

Based on the previous finding that CaM can interact with the basic-helix-
loop-helix family of transcription factors [142], the possibility that other
transcription factors could interact with CaM was investigated. A preparation
of nuclear proteins from calf thymus was analysed by a series of
chromatographic steps, selecting for proteins with DNA-binding properties
and ability to bind to CaM Sepharose in the presence of Ca®". Proteins eluted
from the CaM Sepharose with the Ca** chelator EDTA at the last step of
purification were analysed for their ability to bind to DNA by electrophoretic
mobility shift (EMSA). The eluate was found to contain proteins that bound
to a sequence of the Ig x light chain enhancer known to bind NF-xB (I,
Figure 1A). This suggested that CaM could perhaps interact directly with NF-
kB proteins. Analysis of the interaction of in vitro-translated NF-xB proteins
to CaM Sepharose revealed a Ca2+—dependent interaction of CaM with c-Rel
and RelA, but not with NF-xB1 (I, Figure 1B). To characterise the interaction
further, the ability of cellular c-Rel and RelA to bind to CaM Sepharose was
analysed in Jurkat T cells. CaM was found to inducibly interact with c-Rel
and RelA from cellular extracts (I, Figure 2A). The interaction occurred
mainly in the cytoplasm and could be blocked by the addition of recombinant
IkBa (I, Figure 2B and C). Immunoprecipitation experiments further showed
that over-expressed c-Rel and RelA could bind to endogenous CaM in DG75
B cells, further supporting that the interaction occurs also in cells (I, Figure
3D). In this cell line, the NF-kB system is constitutively “on”, thereby by-
passing the need for cellular stimulation. Taken together, these results
suggested that CaM interacts with c-Rel and RelA in the cytoplasm of cells
after the signal induced degradation of IxBoa. The interaction could be
induced by co-stimulation with phorbol ester and Ca** ionophore and also by
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TNF-a, suggesting that binding of CaM to NF-«xB is a regulatory step shared
by different signalling pathways.

Binding of CaM to to c-Rel regulates the nuclear entry and
thereby also the transcriptional activity of c-Rel on IL-2 and
GM-CSF cytokine promoters

To investigate the functional relevance of the interaction of CaM with c-Rel
and RelA, a series of CaM-binding mutants was created. First, the interaction
site was identified by deletion mapping. CaM was found to bind to a short
segment of RelA just C-terminal to the RHD (I, Figure 3A). CaM is known to
bind to targets with an a-helical conformation and rich in basic and
hydrophobic amino acids, where the basic and hydrophobic amino acids are
critical for the CaM interaction [123, 124]. The sequence of RelA that
interacts with CaM has been shown to form an a-helical structure when in
complex with p50 and IxkBa [145], and was found to have a high proportion
of basic and hydrophobic amino acids (I, Figure 7). A similar region was also
found in c-Rel, and mutation of selected basic and hydrophobic amino acids
within the presumed CaM binding domains of c-Rel and RelA prevented
CaM binding both in pull-down experiments and in co-immunoprecipitation
experiments (I, Figure 3B-D). These mutants were still functional in terms of
their ability to bind DNA, dimerise and interact with IxBa (I, Figure 4). In
the region of NF-kB1 that corresponds to the CaM-binding sites of c-Rel and
RelA, a proline with a-helix-destabilising properties was found, together with
other destabilising amino acids. This could explain why CaM did not bind to
NF-xB1 (I, Figures 2A and 7). These destabilising amino acids were also
conserved in NF-kB2 and RelB, thus making it unlikely that these NF-xB
proteins would bind CaM (I, Figure 7).

With CaM binding mutants of c-Rel and RelA at hand, the functional
relevance of CaM binding to c-Rel and RelA for the regulation of
transcription of IL-2 and GM-CSF cytokine promoters was assessed (I,
Figure 5). These promoters were chosen due to their regulation both by NF-
«B and Ca* [146-148]. Jurkat T cells were transiently transfected with wild-
type c-Rel or RelA, or their mutant derivatives, together with the cytokine
reporter genes. While expression of c-Rel activated both the IL-2 and the
GM-CSF reporter in a Ca®* dependent manner, expression of RelA did not.
Interestingly, the CaM-binding mutants of c-Rel activated the IL-2 and GM-
CSF reporters more potently than the wild-type, whereas transcription of the
cytokine genes was unaffected by mutation of the CaM binding site of RelA.
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This established the functional importance of the CaM binding site of c-Rel in
vivo, since CaM binding to c-Rel was found to be important for the Ca**-
dependent regulation of the cytokines IL.-2 and GM-CSF. In addition, it also
revealed a differential regulation of c-Rel and RelA by CaM.

Since the interaction of CaM with c-Rel and RelA occurred to a large
extent in the cytoplasm, this suggested that CaM binding perhaps
differentially affected the nuclear localisation of c-Rel and RelA. To address
this question, the nuclear localisation of wild-type c-Rel and RelA or CaM
binding mutants of c-Rel and RelA was investigated in Jurkat T cells
stimulated with phorbol ester alone, phorbol ester plus Ca®* ionophore or
TNF-a (I, Figure 6). All three stimuli induced the nuclear localisation of both
c-Rel and RelA. Most interestingly, while the nuclear localisation of RelA
was unaffected by mutation of the CaM binding site, the CaM binding
mutants of c-Rel accumulated more efficiently in the nucleus than wild-type
irrespective of stimulus. This suggested that the nuclear localisation of c-Rel
is regulated by CaM, and that binding of CaM to c-Rel prevents or delays
nuclear entry of c-Rel while having no effect on RelA.

Differential effect of CaM binding to c-Rel and RelA

Together, these results suggest a differential effect of CaM binding to c-Rel
and RelA. For c-Rel, the function of the CaM interaction is at least partly to
regulate the nuclear localisation of the protein and thereby c-Rel-dependent
transcription. The function of this regulation might be to selectively delay c-
Rel nuclear localisation and transcriptional responses, thereby regulating the
specificity of NF-xB-dependent gene expression. RelA has in fact been
shown to accumulate much more rapidly in the nucleus than c-Rel [149, 150].

There are different mechanisms by which binding of CaM to c-Rel might
act to regulate the nuclear entry of c-Rel. One alternative is that since CaM
binds to a sequence just C-terminal to the NLS, CaM may compete with the
nuclear import receptor importin-o. for the same binding sequence and
thereby prevent the nuclear import of c-Rel. Another alternative is that
binding of CaM may change the structure of the NLS in such a way that it is
no longer recognised by importin-a.. Since binding of CaM to c-Rel is likely
to induce an a-helical conformation of the NLS due to the target recognition
properties of CaM, and since importin-a is known to bind to its targets in an
extended conformation [151], this could be a likely scenario. However, the
nuclear localisation of RelA was found to be unaffected by CaM binding,
which suggests that CaM binding affects the nuclear import of RelA and c-
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Rel in different ways. It could be that binding of CaM to c-Rel and RelA
changes the availability of the NLSs to different extents, thereby allowing
import of RelA but not c-Rel. Another possibility is that c-Rel and RelA
interact with distinct importin-a receptors and that CaM differentially affects
these interactions. Differences in specificities to importin-o. isoforms have
been demonstrated for c-Rel, RelB and p52 [152]. There is also a possibility
that c-Rel and RelA preferentially form dimers with distinct NF-kB members
and that nuclear localisation of the heterodimers is regulated in different ways
by CaM. It might also be that modifications of c-Rel and RelA selectively
allow nuclear entry of one, but not the other. Several modifications have been
described for the different NF-xB proteins, especially for RelA, which has
been studied most intensively [14, 153]. RelA is heavily regulated by
acetylations and phosphorylations, both in the cytoplasm and in the nucleus,
and these modifications have been shown to be involved in both nuclear
localisation and transcriptional activity of RelA. Interestingly, even though no
effect was seen by mutation of the CaM binding site of RelA on the IL-2 and
GM-CSF promoters, it was found to increase the transcriptional activity of
RelA on an NF-kB-dependent reporter with binding sites for NF-xB (data not
shown). CaM may therefore positively regulate the transcriptional activity of
RelA on certain promoters. CaM has previously been shown to regulate
RelA-dependent transcription by CaMKIV-dependent phosphorylation at
serine 535, which is important for the interaction of RelA with the co-
activator CBP [154]. Since CaMKIV is a nuclear protein, binding of RelA to
CaM in the cytoplasm may be an event that primes the nuclear activity of
RelA in the recruitment and activation of CaMKIV. In summary, the
differential regulation of c-Rel and RelA by CaM may be regulatory
mechanisms that are used to achieve increased specificity of transcriptional
responses by the NF-xB family.

CaMKII mediates phorbol ester- and TCR-induced
activation of NF-xB (Paper Il)

Based on the previous finding that in addition to direct regulation of c-Rel
and RelA, CaM also acts at a step prior to phosphorylation and degradation of

IxkBa [155], the functional mechansm behind this action of CaM in different
signalling pathways to NF-kB was investigated.
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CaMKIll is required for activation of IKK

Since CaM was found to regulate the phosphorylation of IkBa, it was
possible that the CaM-dependent step involved the activation of a putative
CaMK in the pathway. Thus, the effect of inhibitors of CaM (W7) and
CaMKII (KN93) on the induced degradation of IkBa in Jurkat T cells was
analysed, and both inhibitors were found to prevent IkBa degradation
induced by phorbol ester (II, Figure 1). The effect of CaM and CaMKII
inhibitors on IkBa phosphorylation was due to inhibition of the activity of
CaMKII, since neither drug had any effect when a derivative of CaMKII that
is insensitive to these inhibitors was expressed (II, Figure 2). Furthermore,
CaM and CaMKII inhibitors were found to specifically block degradation of
IkBa through PKC dependent pathways, by phorbol ester and TCR
stimulation, but had no effect on the ability of TNF-a or the phosphatase
inhibitor calyculin A to induce degradation of IkBa (II, Figures 3-5). Since
phorbol esters are analogues of DAG and thus directly activate PKC, these
results indicated that CaMKII acts at a step downstream of PKC but prior to
IkBa degradation. IKK is the kinase of IkBa for PKC-dependent pathways,
and it was therefore considered likely that CaMKII is involved in the
regulation of IKK activation. To investigate this, IKK was
immunoprecipitated from cellular extracts and analysed for the ability to
phosphorylate recombinant IkBa in a kinase assay (II, Figure 6). CaM and
CaMKII inhibitors were found to prevent phorbol ester-induced activation of
IKK and subsequent phosphorylation of IkBa, thereby placing CaMKII
upstream of IKK. Furthermore, expression of wild-type or constitutively
active CaMKII resulted in the activation of NF-kB, as evidenced by an
increased nuclear localisation of IkBa (II, Figure 7). Since IxBa is a target
gene of NF-kB, this indirectly supports an activating role for CaMKII on NF-
kB. Altogether, this implicated CaMKII as a mediator of IKK activation and
thereby NF-kB activation, specifically in response to phorbol ester and TCR
stimulation.

It might seem odd that a kinase that is activated by Ca**-loaded CaM
should be required for signals by stimulation with phorbol ester alone. It has,
however, been demonstrated that the phorbol ester PMA used in our
experiments, even though not increasing the intracellular Ca® level, still
activates CaMKII in Jurkat T cells [156]. The authors also showed that the
increased activity of CaMKII was caused by PMA-dependent production of
oxygen radicals that act (at least in part) by inhibition of protein phosphatase
2A (PP2A). As discussed in the section Structure and regulation of CaMKII,
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PP2A is one of the phosphatases that reverses the auto-phosphorylation of
T286 of CaMKII; thus inhibition of PP2A could lead to increased activity of
CaMKII. In support of this, the same authors also previously published an
article showing a requirement for CaMKII in the degradation of IxkBa
induced by hydrogen peroxide in Jurkat T cells [157]. We have found,
however, that CaM is also required for both PMA- and hydrogen peroxide-
induced NF-«B activation in Jurkat T cells (II, Figure 1 and data not shown).
This argues against a CaM-independent activation of CaMKII by PMA. It
might instead be that signalling events in the pathway regulate the Ca®
dependence or the Ca®* affinity of CaM/CaMKII, thereby either
circumventing the need for Ca® or increasing the sensitivity of CaM to
steady-state intracellular Ca®* levels. An increased affinity of CaM for Ca®*
has been demonstrated for CaM bound to a CaMK (myosin light chain
kinase) and the affinity was increased further upon binding of the CaMK to
its target [158, 159]. However, a combination of phorbol ester and Ca**
ionophore is a much more potent inducer of IxBa degradation and NF-xB
activation than phorbol ester alone (I, Figures 5 and 6, IV, Figures 4 and 6A
and data not shown), and combined stimulation is likely to reflect a more
physiological response to antigen receptor stimulation.

At this point, when paper II of this thesis was published, the signalling
pathway from PKC to IKK activation after TCR stimulation was to a large
extent unexplored. A few signalling candidates had been suggested, but their
functional role had not been established. At about this time, the interest of the
NF-xB research field in this pathway dramatically increased and since then
this has yielded a large number of publications on the topic. Many of these
studies have concentrated on the activation of IKK by Carmal, Bcll0 and
Maltl (the CBM complex) as described in the section Antigen receptor
signalling to IKK.

Interaction of CaM with Bcl10 modulates NF-xB
activation (Paper lll)

CaM interacts with the CARD domain of Bcl10

In an attempt to identify a possible direct interaction partner for CaM in the
signalling pathway from the TCR to NF-kB activation, the ability of
recombinant full-length Bcl10 and a Carmal (1-160) derivative (amino acids
1-160) to bind to CaM Sepharose was analysed. Interestingly, Bcll0 was
found to bind to CaM Sepharose in a Ca**-dependent manner, whereas no
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interaction was seen for Carmal (1-160) (III, Figure 1A).
Spectroflourimetric analysis of the binding of Bcll0 to dansyl labelled CaM
further showed that the binding was of high affinity, with a Ky of
approximately 160 nM (III, Figure 1B). Since in vivo concentrations of CaM
can be in the pM range and since many targets of CaM have binding strengths
of that level, this is a binding strength of high biological significance. The
binding was found to be cooperative in nature and was predicted to occur at a
1:1 ratio, suggesting that the interaction occurs through a typical wrap-around
binding by CaM.

To investigate the functional relevance of the interaction of CaM with
Bcll0, a mutant with reduced binding to CaM was created. First, the
interaction site was identified by deletion mapping. Interestingly, CaM was
found to bind to the CARD domain of Bcll0 (III, Figure 2). The CARD
domains constis of repetetive a-helixes [123, 124], and since CaM preferably
binds to a-helical segments, this would make an a-helix in the CARD
domain of Bcll0 a possible target for CaM. An area of special interest was a
sequence including the sixth o-helix of the CARD domain, which was also
rich in basic and hydrophobic amino acids that are important for target
recognition by CaM [123, 124] (I1I, Figure 3A and B). Indeed, mutation of a
selected basic amino acid within the likely CaM binding sequence in the
CARD domain of Bcll0 reduced binding of Bcll0 to CaM Sepharose by
approximately 65%, suggesting that this is the segment to which CaM binds
(IML, Figure 3C). The CaM binding mutant of Bcl10 was still able to bind
Carmal (III, Figure 4B), supporting that the CARD domain of the mutant is
structurally intact and that the effect of the mutation is not caused by general
structural changes. In the corresponding region of Carmal, a proline with o-
helix-destabilising properties was found, which together with fewer basic and
hydrophobic amino acids, might well explain why CaM did not bind to the
CARD domain of Carmal (III, Figure 3A and B).

Interaction of CaM with Bcl10 modulates the binding of
Bcl10 to Carmal and thus NF-xB activation

One key event in signalling to IKK from the TCR is the recruitment of Bcl10-
Maltl to Carmal after the PKCB-induced phosphorylation of Carmal [65,
160, 161]. This interaction occurs through the conserved CARD interaction
domains of Carmal and Bcll0, and is crucial for the activation of NF-xB
[162]. Since the CARD domain of Bcll0 (to which CaM binds) is also
mediating the important interaction with Carmal, this suggested that binding
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of CaM to Bcll0 could affect the interaction between Bcll0 and Carmal.
Interestingly, pre-incubation of recombinant Bcll0 protein with Ca**/CaM
was found to reduce binding of BcllO to Carmal (1-160) Sepharose in a
dose-dependent manner (III, Figure 4A). The CaM-binding mutant of Bcl10
was not inhibited by CaM (III, Figure 4B), suggesting that Ca® signalling
through CaM regulates the interaction between Bcl10 and Carmal.

To explore the functional relevance of regulation of Bcl10 by CaM, the
effect of mutating the CaM binding site of Bcl10 on the ability of Bcll0 to
activate NF-xB was investigated. Jurkat T cells where endogenous levels of
Bcl10 had been down-regulated, were therefore transiently transfected with
the wild-type or the CaM binding mutant of Bcl10, together with an NF-kB-
dependent reporter. The CaM binding mutant of Bcl10 was found to activate
the NF-kB reporter 1.5-2-fold more potently than wild-type Bcll0, both in
the absence and the presence of cellular stimulation (III, Figure 5),
suggesting that binding of CaM to Bcl10 is negative for NF-xB activation in
vivo.

Together, our results suggest a negative role for the binding of CaM to
Bcll0 in regulation of NF-kB activation that is likely to occur through
inhibition of the interaction between Bcll0 and Carmal. The in vivo
relevance of this interaction, however, requires further verification. Also, to
investigate the full extent of the negative effect of CaM binding on NF-xB
activation, a mutant of Bcll0 where CaM binding is completely disrupted
would be necessary. Construction of a novel mutation within this domain is,
however, hazardous, since it could easily affect the structure of the CARD
domain or its interaction with Carmal or another component of the large
protein complex. Recently, the CARD domain of Bcll0 was also shown to
mediate an interaction with Maltl [163]. One of the mutations used in their
analysis was in a directly neighbouring amino acid to our mutation site. This
mutant was still able to bind both Carmal and Maltl1-and, interestingly,
similar to our CaM-binding mutant of Bcll0, was found to increase the
transcriptional activation of NF-xkB by Bcl10. This supports the idea that our
mutant is likely to be functional in terms of binding to both Carmal and
Maltl, and confirms that this domain of Bcll0 is subjected to negative
regulation, which is likely to occur by the identified CaM-mediated inhibition
of the interaction between Bcl10 and Carmal.
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CaMKIl targets Bcl10 in TCR-induced activation of NF-xB
(Paper 1V)

CaMKIll is recruited to the immunological synapse

Based on the previous finding that CaMKII mediates TCR-induced activation
of IKK and that this activation is PKC-dependent (Paper II), the functional
mechanism(s) behind this role of CaMKII was investigated. PKCO has been
found to rapidly translocate to the immunological synapse upon TCR
stimulation [164]. To determine whether CaMKII is also recruited to the
immunological synapse, the TCR and the co-receptor CD28 of Jurkat T cells
were stimulated and the localisation of endogenous PKC6 and CaMKII was
studied by immunohistochemistry. Together with PKCO, CaMKII was found
to relocate to the site of the cross-linked receptors (IV, Figure 1A) The
induced degradation of IxkBoa seen in cellular extracts prepared from the
cross-linked cells confirmed that NF-«xB was activated (IV, Figure 1B),
which suggests that a structure similar to an immunological synapse had been
formed. Signalling from the TCR takes place in specialised regions of the
membrane termed lipid rafts [165]. Carmal is constitutively present in the
lipid rafts, whereas PKCO and Bcll0 are recruited upon TCR engagement
[166, 167]. At the synapse, PKCO phosphorylates and thereby activates
Carmal, which allows binding of Carmal to Bcl10-Maltl and subsequent
NF-xB activation [65, 160, 161]. Immuno-histochemical analysis of the
localisation of CaMKII and BcllO after cross-linking of the lipid rafts in
Jurkat T cells revealed that CaMKII and Bcl10 both relocated to the lipid raft
fraction of the membrane (IV, Figure 1C). Together, these results suggested
that CaMKII was recruited with PKCO and components of the CBM complex
to the immunological synapse.

CaMKII modifies the interactions within the CBM complex

One possible function of CaMKII at the immunological synapse may be to
modulate the important interactions within the CBM complex. This
hypothesis was supported by the fact that NF-xB activity induced by over-
expression of either Bcl10 or Carmal in Jurkat T cells over-came inhibition
by CaM and CaMKII inhibitors (IV, Figure 2). NF-kB activation induced by
phorbol ester together with Ca®* ionophore was readily inhibited by both
inhibitors (IV, Figure 2), and since phorbol ester is a direct activator of PKC,
and PKC is a direct activator of Carmal [65, 160, 161], the results placed the
functional role of CaMKII at the level of the interaction between Carmal and
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Bcl10. Co-immunoprecipitation further revealed an inducible interaction
between over-expressed CaMKII and endogenous Bcl10 in Jurkat T cells (IV,
Figure 3A). Over-expression of CaMKII also appeared to change the
interactions of Bcll10 with its known interaction partners Carmal and Maltl.
While over-expression of CaMKII was shown to potentiate the interaction of
Bcll0 with Carmal, the interaction of BcllO with Maltl was instead
disrupted by active CaMKII (IV, Figure 3B and C). The interaction between
Bcl10 and Maltl1 is subject to negative-feedback regulation by IKK [86, 168].
The dissociation of BcllO0 and Maltl could therefore be explained by
activation-induced negative feedback regulation caused by over-expression of
CaMKII. Together, the results suggested that CaMKII plays a role at the
immunological synapse by modifying the interactions within the CBM
complex.

A redistribution of CaMKII to the immunological synapse of T cells has
also been demonstrated by Ishiguro ef al. [169]. In this study, they found that
phosphorylation of serine 109 of Carmal by CaMKII could enhance the
interaction between Carmal and Bcl10, and thereby also activation of NF-«xB.
This supported a potential role for CaMKII in the pathway from the TCR to
NF-kB by modulation of the interaction between Carmal and Bcl10, but it
also raised the question whether phosphorylation at this site was the only
mechanism by which CaMKII regulated NF-kB activation. When exploring
this question, NF-kB activation induced by Carmal with a serine 109 to
aspartate mutation, mimicking a phosphorylation, was still inducible by
phorbol ester and ionomycin and was found to be readily inhibited by
CaMKII inhibitor (IV, Figure 4), suggesting that phosphorylation of serine
109 of Carmal is not the only CaMKII regulatory event.

Phosphorylations of Bcl10 by CaMKIl modulates NF-xB
activation

Since CaMKII was found to inducibly interact with Bcl10 in Jurkat T cells
(IV, Figure 3A), Bcll0 could perhaps also be a target of CaMKII activity.
Indeed, analysis of the sequence of Bcll0 revealed putative CaMKII target
sites at serine 48 (S48) and threonine 91 (T91) within the CARD domain (IV,
Figure 5A). Furthermore, in vitro phosphorylation of recombinant Bcl10 and
Carmal revealed that Bcll0 was much more potently phosphorylated by
CaMKII than Carmal (IV, Figure 5B). This identified Bcll0 as a
phosphorylation target of CaMKII. To determine the functional relevance of
phosphorylation of Bcl10 by CaMKII for NF-kB activation, we mutated S48
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and T91 of Bcl10 to alanine, which cannot be phosphorylated, or to aspartate,
mimicking a phosphorylation. Combined mutation of putative CaMKII
phosphorylation sites, to alanines reduced in vitro phosphorylation of Bcll0
by CaMKII, supporting that S48 and T91 of Bcl10 are target sites of CaMKII
(IV, Figure 5C and D). Interestingly, S48 and T91 mutants of Bcll0 were
defect in their ability to activate an NF-kB reporter in a Jurkat-derived T cell
line where endogenous expression of BcllO had been down-regulated (IV,
Figure 6A), suggesting that CaMKII dependent phosphorylations of Bcll0
regulate NF-xB activation. Mutation of S48 to alanine slightly reduced
activation of NF-kB induced by phorbol ester, alone or together with Ca®
ionophore, whereas the S48 aspartate mutant was close to wild-type,
suggesting that a phosphorylation of Bcll0 at S48 might promote NF-kB
activation. Surprisingly, mutation of T91 to either alanine or aspartate was
negative for the induction of NF-kB activation, and combined mutation with
S48 showed that the T91 mutation was dominant. The mutants were,
however, still functional in their ability to co-operate with Carmal in
activation of NF-xB, or to interact with Carmal in vitro (IV, Figure 6B and
C), suggesting that the effects of the mutations on NF-kB activation are not
caused by unspecific general structural changes. Furthermore, since the S48
and T91 aspartate mutants of Bcl10 were not affected in their ability to bind
Carmal in vitro, this suggested that the functional role of phosphorylation by
CaMKII was presumably not, as we had first thought, to directly regulate the
interaction between Bcl10 and Carmal.

CaMKIl protects Bcll0 from signal-induced ubiquitin-
mediated degradation

The stability of BcllO is known to be regulated by IKK-dependent
negative feedback [168]. Since mutation of CaMKII phosphorylation sites on
Bcl10 did not appear to change the interaction of Bcll0 with Carmal, the
effect of the mutations on the stability of Bcl10 was explored instead. The
induced degradation of wild-type Bcll0 or CaMKII phosphorylation site
mutants of Bcll0 was analysed in Jurkat T cells after stimulation with
phorbol ester and Ca* ionophore (IV, Figure 7A). Interestingly, the T91
aspartate mutant was more abundant than the wild-type and the other mutants,
and stimulation induced degradation of wild-type Bcl10 and all the mutants of
Bcll0, except for the T91 aspartate mutant. This suggested that
phosphorylation of T91 of Bcll0 by CaMKII could protect BcllO from
signal-induced degradation. Interestingly, Lobry et al. showed that
phosphorylations in close proximity to T91 recruited the ubiquitin ligase
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BTrCP, which resulted in K48-linked ubiquitin-mediated degradation of
Bcl10 [168]. This led us to investigate whether perhaps a phosphorylation at
T91 could protect BcllO from ubiquitination by BTrCP. Most interestingly,
while the T91 to alanine mutant was slightly more ubiquitinated than wild-
type Bcll0, the ubiquitination of the T91 to aspartate mutant was severely
reduced (IV, Figure 7B). This suggested that CaMKII regulates the stability
of BcllO by phosphorylation of T91, thereby preventing the signal-induced
ubiquitination and degradation of Bcl10.

In summary, CaMKII was found to be recruited to the immunological
synapse where regulatory phosphorylations of Bcll0 by CaMKII modulate
NF-«B activation (Figure 10). The mechanistic role of phosphorylation at S48
has to this point not been elucidated. In vitro binding experiments suggested
that the function of phosphorylation at S48 was not likely to improve the
interaction between Bcl10 and Carmal. There is, however, still a possibility
that CaMKII-dependent phosphorylation of BcllO could regulate the
interaction between Bcl10 and Carmal in vivo, but this has not been explored.
The S48 to aspartate mutant was expressed at similar level as wild-type and
still degraded after stimulation. However, the S48 to alanine mutant was
expressed at a slightly reduced level, suggesting that a phosphorylation at this
position could perhaps act to increase the stability of Bcll0. In addition,
Bcl10 has been shown to be regulated also by K63-linked ubiquitin chains,
which are important for the recruitment of IKKy and subsequent NF-xB
activation [170]. It may be that phosphorylation at S48 might promote this
ubiquitination, thereby regulating the ability of Bcll0 to activate NF-«B. In
addition, the CARD domain of Bcl10 may mediate contacts with a signalling
mediator(s) that has not yet been characterised, and that phosphorylation of
S48 and/or T91 could possibly affect such an interaction.

The mechanistic role of phosphorylation at T91 was found to be in part
due to protection of BcllO from negative-feedback regulation by ubiquitin-
mediated degradation, suggesting that CaMKII could stabilise the interaction
between Bcll0 and Carmal and thereby prolong and improve signalling to
NF-«xB at the immunological synapse. The finding that a T91 to aspartate
mutant was defect in signalling to NF-kB could be explained by secondary
effects of long-term over-expression in a sensitive signalling system that is
subject to extensive negative feedback regulation, or by that a
phosphorylation at T91 should be either temporary or accompanied by other
signals to avoid negative regulation and abrogation of NF-«xB signaling. The
strong negative effect of the T91 to alanine mutant on NF-«xB activation was
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at first surprising. It could be that a phosphorylation at T91 initially is
important for the initiation of signalling to NF-«B by modulation of
interactions within the immunological synapse. Interestingly, T91 does
overlap with the identified CaM interaction sequence of Bcl10 (Paper III),
and a T91 to aspartate mutant of Bcl10 showed approximately 45% reduction
in CaM binding (data not shown). In the T91 to alanine mutant, however,
negative charges cannot by added by phosphorylation and the inhibition by
CaM may therefore not be relieved, which could contribute to the negative
effect of this mutant on NF-kB activation. This suggested that
phosphorylation at T91 of Bcll0 by CaMKII might also be a mechanism to
remove CaM inhibition of the interaction between Bcl10 and Carmal, and
thereby allow NF-«xB activation.

Figure 10. Regulation of NF-kB by CaMKII at the T cell
immunological synapse.

In conclusion, CaMKII is recruited to the immunological synapse where it
regulates activation of NF-kB, possibly by several distinct mechanisms
(Figure 10 and IV, Figure 8): (i) phosphorylation at S109 of Carmal
enhances the interaction between Bcll0 and Carmal [169]. (ii)
phosphorylation at S48 of Bcl10 promotes NF-kB activation by an unknown
mechanism, (iii) phosphorylation at T91 of Bcll0 releases its inhibition by
CaM, thereby allowing its binding to Carmal, (iii) phosphorylation at T91
protects Bcll0 from degradation by negative feedback regulation and thereby
stabilises the interactions within the CBM complex.
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CONCLUDING REMARKS

CaM regulates NF-kB at multiple levels

The studies of NF-xB signalling in lymphocytes presented here reveal that
CaM is involved, both directly and indirectly, in the regulation of NF-kB, and
that the regulation by CaM occurs at multiple levels. CaM was found to
directly and Ca”* dependently interact with the NF-xB proteins RelA and c-
Rel after their signal induced release from IxB, and thereby differentially
regulate their nuclear localisation. CaM was also shown to interact directly
and Ca®" dependently with Bcll0, an interaction that was negative for the
ability of Bcl10 to bind Carmal and activate NF-kB after TCR stimulation. In
addition, CaM was found to positively regulate NF-xB activation through
activation of CaMKII. CaMKII was found to be recruited to the
immunological synapse after TCR engagement, where it inducibly interacted
with and phosphorylated Bcll0 at sites important for the ability of BcllO to
activate NF-xB.

It is interesting that CaM appears to be able to play opposite roles in TCR
induced activation of NF-kB, this both by direct inhibition and by indirect
enhancement of the interaction between Carmal and BcllO. Changes in
intracellular Ca®* levels are important for the regulation of T cell activation,
and NF-kB activity is known to be regulated by the different patterns of Ca**
signals created by TCR activation [112, 113, 118, 119, 171]. High Ca’
transients, such as those induced by pathogenic stimulation of the TCR,
activate NF-xB, whereas more modest Ca’t signals, such as those resulting
from stimulation of the TCR by self-antigens, are insufficient for NF-xB
activation. The inhibitory effect of CaM on NF-«kB activation may therefore
be of importance during incomplete TCR stimulations when activation of NF-
kB should not be allowed. In contrast, when a proper immunological synapse
is formed, high fluctuations in Ca®* in concert with other signalling events
induced allows CaM to positively regulate NF-kB through activation of
CaMKII. The unique features of CaMKII, as described in the section
Structure and regulation of CaMKII, allow CaMKII to “remember” a
previous Ca®* signal in the form of auto-phosphorylations. This potentiates
the activation of CaMKII by recurrent Ca** signals and it is therefore
tempting to speculate that activation of CaMKII could be a “switch” that is
part of the determination of T cell fate by antigenic stimulation. Since
CaMKIla has been heavily implicated in learning and memory in brain [129,
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172-174], it is also possible that CaMKII could play a role in T cell memory
by potentiating the response to restimulation. Interestingly, studies of
transgenic mice expressing a constitutively active CaMKIlyp suggest that
CaMKII plays a role in modulation of the T cell response to antigen and
formation of T cell memory [175-177]. The experimental evidence in support
of this are however still vague, and therefore the importance of CaMKII for
the modulation of T cell responses will have to await further studies. It seems
likely that a similar regulation of CaMKII could also regulate responses of B
cells to antigen, however, this has not yet been explored. Also, CaMKII
might have additional targets beside Carmal and Bcl10 at the immunological
synapse that have not yet been identified. Since Carmal appears to act as a
signalling platform recruiting, in addition to Bcll0-MALTI, also IKKy,
Caspase-8, TRAF6, and TAK1 [178], it is possible that these proteins also
could be regulated by CaMKII.

In addition, CaM plays a role in TCR signalling to NF-kB through
activation of the Ca**/CaM dependent phosphatase, CaN. The role of CaN in
NF-kB activation is not really understood, but it appears to accelerate
phosphorylation and degradation of IkBa [179, 180]. CaMKIV has also been
implicated in TCR induced NF-«xB activation, this by enhancing stimulation
of IxBa degradation by hydrogen peroxide, and by a post-translational
modification increasing the transcriptional activity of RelA [154, 157].

In summary, Ca**/CaM plays multiple roles in the activation of NF-kB and
may therefore act as a modulator of NF-xB activation by different stimuli,
thereby increasing the selectivity by which NF-kB can regulate gene
transcription and cellular responses.
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