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Abstract

NF-xB has long been known to play an important role in autoimmune diseases such as rheumatoid
arthritis (RA). Indeed, as our understanding of how NF-«B is utilized has increased, we have been
hard put to find a process not associated with this transcription factor family in some way.
However, new data originating, in part, from genome-wide association studies have demonstrated
that very specific alterations in components of the NF-xB pathway are sufficient to confer
increased risk of developing disease. Here we review the data which have identified specific
components of the NF-xB pathway, and consider what is known of their mechanisms of action
and how these mechanisms might play into the disease process. In addition, the use of genetic
information to predict RA is considered.
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l. INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease of the joints in which synovial
cells proliferate and intermix with infiltrating immune cells to form a pathological tissue
termed “pannus.” A complex network of cytokines including TNFa, IL-1, IL-6, IL-17, and
others is produced leading to a state of inflammation and the secretion of reactive
compounds and destructive enzymes such as matrix metalloproteinases (MMPs) and
collagenases. These molecules work together to degrade cartilage and extracellular matrix
and expose bone cells to the inflammatory environment. Osteoclasts become activated and
begin to mobilize hydroxyapatite thus removing bone from the joint. Osteoblasts respond by
rebuilding the bone; however, as patterning information has become corrupted, the process
leads to the progressive malformation of the joint and crippling of the patient. The cytokine
network plays a major role in disease progression. Inflammatory cytokines program the cells
comprising pannus to assume their pathological character. Macrophages are considered one
of the major contributors of cytokines to this process, producing TNFa, IL-1, and IL-6 in
large quantities. Programmed by IL-23, T cells differentiate into Th17 cells which secrete
IL-17. IL-17, in turn, promotes neutrophil migration and activation. B cells secrete
autoantibodies such as rheumatoid factor and anti-cyclic citrullinated protein (anti-CCP)
antibodies. Anti-CCP antibodies are currently of great interest as they are both quite
predictive of disease and mark a specific subset of RA.2 In addition to secreting
autoantibodies, B cells are extremely efficient antigen presenting cells and so act to continue
activating T cells. Fibroblast-like synoviocytes as well as other cells secrete MMPs and
RANKL which activate osteoclasts, leading ultimately to the bone malformations that
characterize late stage RA.
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NF-xB has long been appreciated as a central player in many of the processes underlying the
progression of RA. This is not surprising as NF-xB plays a central role in the mediation of
inflammation and the immune response.3 NF-xB is comprised of a family of five DNA-
binding proteins; relA (p65), relB, c-rel, p50 (derived from the p105 precursor), and p52
(derived from the p100 precursor), which can mix and match to form a large number of
dimeric transcription factors. These dimers are held by cytoplasmic inhibitors until their
release via signal-mediated degradation of those inhibitors. In the most canonical example,
p50/rel A dimers are held in the cytoplasm by IxBa. An inflammatory signal such as TNFa.
induces the activation of the 1xB kinase (IKK) complex to phosphorylate members of the
IxB family. Phosphorylated 1xB becomes ubiquitinated and is then targeted for degradation
by the proteasome. The NF-xB dimers can then translocate to the nucleus and activate the
transcription and/or repression of genes. NF-xB has been implicated in cytokine release,
activation of virtually all immune cells, osteoclast activation, autoantibody production,
cellular proliferation, inhibition of apoptosis, and numerous other processes associated with
RA. Tremendous energy has been expended on the generation of NF-xB inhibitors and,
indeed, numerous inhibitors have been (and are continuing to be) synthesized.
Unfortunately, most have toxicities that render them unusable in the clinic. One reason for
this is that NF-«xB plays a role in differentiation, metabolism, and certain aspects of CNS
function in addition to its role as a mediator of inflammation (for review see 4°). A more
nuanced approach, which is now being pursued, involves the targeting of subsets of NF-xB
activities which, hopefully, will target pathogenic processes while leaving physiological
processes largely intact. The depth and complexity of regulatory nodes within the NF-xB
system is amenable to this strategy.

In some ways, the discussion above paints NF-kB as part of the necessary substratum of
circuitry linking signals to responses and making possible all of the processes we
collectively think of as RA. However, new data emerging over the past decade have
demonstrated that subtle changes in the NF-xB circuitry can have measurable effects on RA
susceptibility as well as disease progression. These data derive, in part, from the advances
that have been made in high throughput screening of genetic sequences along with the
creation of large collections of genetic material from RA patients throughout the world.
Additionally, the creation of new statistical tools with which these data may be analyzed has
been essential to this effort. Single nucleotide polymorphisms (SNPs) serve as a basic unit of
human genetic variation.® These are high frequency events with (for example) 75% of
alleles within the entire human population at some position having a G residue and with
25% of alleles having an A residue at that same location. In contrast, a rare event such as an
allele that confers retinitis pigmentosa would be referred to as a mutation rather than a SNP.
While SNPs can have functional consequences such as changing the coding sequence of a
gene or an important enhancer within a promoter, more often they serve as markers of a
genomic region. SNPs, which are found more often than statistics would predict in patients
with a particular disease, are said to be associated with that disease. Healthy people who
carry that SNP are at an increased risk for developing that disease. The interpretation is that
SNPs lie close enough to some unidentified functional change in DNA sequence such that
during recombination they almost always segregate with that sequence. Currently, several
hundred thousand SNPs have been catalogued and many have been placed on arrays such as
the Affymetrix platform, allowing the entire genome to be assessed in one measure. This has
spawned genome-wide association studies (GWAS) which are making great strides in the
understanding of the genetic basis for human diseases.’ Indeed, as will be described below,
several GWAS in recent years have identified components of the NF-«xB circuitry as risk
factors in RA. Understanding exactly how these changes in certain NF-xB circuits are
manifest and how they contribute to RA will both increase our understanding of who is at
risk as well as our understanding of how RA develops. Given our need to identify methods
of inhibiting subsets of NF-xB circuits, the identification of the specific circuits which place
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people at risk may identify therapeutic targets as well. Here, we will consider some of the
direct components of the NF-xB regulatory circuitry that have been identified by GWAS
and review what is currently known about their function and their role in RA.

Il. REGULATION OF NF-kB ACTIVATION

Two major pathways of NF-xB activation have been delineated (for recent reviews

see 38-12) In the classical pathway, relA/p50 dimers (for example) are held in the cytoplasm
by a member of the kB family. 1xB is phosphorylated on two serines to create an
ubiquitination signal which targets IxB for degradation via the proteasome. The degradation
of 1xB unmasks a nuclear localization signal on relA/p50, allowing it to translocate to the
nucleus and regulate the transcription of genes. Phosphorylation of 1xB is mediated by a
protein complex referred to as IKK. IKK in turn is associated with a number of different
upstream pathways, allowing NF-kB to be activated by a rather large number of different
signal transduction events. Examples of signals that activate NF-kB via the classical
pathway include antigen receptors, cytokine receptors such as TNFR1 and IL-1R, and Toll-
like receptors (TLR). The relA subunit is often part of the classically activated NF-xB
dimer. The alternative (noncanonical) pathway of NF-xB activation involves complexes of
NF-kB subunits associated with p100 or p105. P100 and p105 are precursors to p52 and p50
subunits, respectively. The C-termini of these proteins contain an l«B-like domain which is
cleaved in the creation of p52 and p50 but when intact, can serve the same function as 1B,
folding over and masking the nuclear localization sequence. Processing of these precursors
is regulated by the NF-xB inducing kinase (NIK). NIK, in turn, is activated by the IKK
complex. Examples of signals that activate NF-xB via the alternative pathway include the
TNFR superfamily members such as CD40, the lymphotoxin-f3 receptor, and BAFFR. The
IKK complex consists of IKKa and IKKp associated with the scaffold protein, IKKy/Nemo,
an essential regulatory subunit of the IKK complex.13 It is IKKp which targets members of
the IxB family while it is IKKa which targets NIK. In this fashion, the IKK complex serves
as an important regulatory switch. Given that NF-xB is associated with so many different
processes, the question of specificity immediately arises. In part, specificity is achieved by
the different homo- and heterodimers of NF-xB subunits that can be created, each of which
binds to partially overlapping but ultimately different populations of DNA-binding sites.14
However, it is becoming apparent that specificity also comes from chromatin states,
exposing some sites while hiding others in a cell-and context-specific fashion.1516

Ubiquitin, a small protein expressed in all eukaryotic cells, plays a major role in the
regulation of NF-xB activation. Its most celebrated role is to be attached to proteins as a
post-translational modification. Attachment is often a three-step process (for reviews

see 17:18) Ubiquitin is activated via an E1 enzyme, conjugated to an E2 enzyme, and then
finally targeted for attachment to a specific protein by an E3 ubiquitin ligase. This is not
necessarily a permanent alteration. There also exist de-ubiquitinating enzymes (DUBS)
which remove the ubiquitin modification. Ubiquitin may attach as a monomer or it may be
concatenated into long chains. In this regard, ubiquitin has several internal lysine residues
which serve as connection points (K48 and K63, for example). The C-terminus of one
ubiquitin is attached to the lysine of a second ubiquitin which then through multiple
iterations creates chains of varying length which are finally attached to the target protein via
the E3 ligase. Additionally, linear ubiquitin chains are concatenated by the E3 complex; the
linear ubiquitin chain assembly is complex'9 and appears to play an important role in NF-xB
activation by a variety of signal transduction pathways. Different chains confer different
signals, thus allowing ubiquitin to be used for many different purposes within the cell
including cellular trafficking, regulation of transcription, responding to DNA damage, and
of course, targeting proteins for degradation.2°
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Activation of NF-xB via engagement of TNFR1 has been extensively analyzed and provides
several important examples of ubiquitin utilization. Engagement of TNFR1 by TNFa causes
trimerization and the assembly of a receptor complex including TRADD, TRAF2, RIP, and
clAP1/2. RIP is ubiquitinated by clAP1/2 which has E3 ligase activity. TRAF2 also has E3
ligase activity and may serve to facilitate clAP1/2. The ubiquitination of RIP (which occurs
via K63 linkages) creates a scaffold to which additional proteins bind. TAK1 interacts with
ubiquitinated RIP via ubiquitin-binding adaptors, TAB2 and TAB3. IKK is also recruited
via the ability of IKKy/ Nemo’s ubiquitin-binding domain to interact with the RIP ubiquitin
chains. The complex is additionally stabilized through linear ubiquitination of IKKy/Nemo
by linear ubiquitin chain assembly complex, which appears to be necessary for efficient
activation of NF-xB. TAK1 can then phosphorylate IKKf leading to the activation of IKK
and the phosphorylation of 1xB. Phosphorylated 1B is then ubiquitinated by a different E3
ligase leading to its targeting for proteasomal degradation.

lll. GENETIC LOCI AFFECTING RA: EARLY WORK

While the etiology of RA remains elusive, it is likely that the disease arises through an
interaction between environmental exposures and the genetics of the exposed individuals.
Family studies generated the earliest data identifying a genetic component contributing to
RA which was mapped via linkage analysis to the HLA-DRB1 locus.?! Subsequent work
overcame the significant linkage disequilibrium characteristic of this region to further
dissect this region and reveal non-DRB1 HLA associations with anti-CCP positive RA.22-24
With the development of large SNP databases, consortia of laboratories were able to amass
sufficiently large populations to identify non-MHC loci such as PTPN22.25 PTPN22
encodes a protein tyrosine phosphatase which negatively regulates T cell function and is
probably a general autoimmunity locus as SNPs within this locus associate with multiple
autoimmune diseases.28 These two loci represent the low hanging fruit of association studies
with high levels of statistical significance.

IV. THE TNFAIP3 LOCUS

The identification of single nucleotide polymorphisms (SNPs) and the development of
technology to allow high throughput analysis of thousands of SNPs paved the way for
genome-wide association studies (GWAS).” One of the first large scale GWAS was
performed by the Wellcome Trust Case Control Consortium (WTCCC) and examined 1,860
patients suffering from one of seven major diseases (of which one was RA) and compared
them to 2,938 controls.2” Of the many associations found, several SNPs were identified on
chromosome 6423 that had a moderate association with RA. This was validated in an
independent cohort of 5063 RA patients and 3849 controls.28 An independent group
examined 397 RA patients and compared this cohort to individuals from the Framingham
Heart Study as a control group and identified two independent SNPs in the same region.°
The 6g23 region is intergenic; lying between the genes encoding the oligodendrocyte
lineage transcription factor 3 and the tumor necrosis factor-a-induced protein 3 (TNFAIP3,
also known as A20).28 It was appreciated from the beginning that these SNPs were not
causal, but rather were tightly linked genetically with one or more causal mutations that
were not yet identified. As with PTPN22, the TNFAIP3/ oligodendrocyte lineage
transcription factor 3 locus appears to be associated with multiple autoimmune diseases such
as type | diabetes, Sjogren’s syndrome, and systemic lupus erythematosus among
others.30-32 Additional GWAS have replicated the association of the TNFAIP3/
oligodendrocyte lineage transcription factor 3 locus with autoimmune diseases in a variety
of specific ethnic groups around the world, further strengthening the ability of this locus to
affect disease in a variety of genetic backgrounds.33-35
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TNFAIP3 is a negative regulator of NF-xB signaling associated with several important
signal transduction pathways including TNFR1, TLR4, and CD40 among others. It was
originally identified by virtue of its upregulation by TNFa and it became known as an
inhibitor of TNF signaling because high expression levels were associated with resistance to
TNFa-mediated apoptosis.3® It was clear from the knockout that TNFAIP3 was a critical
regulator of NF-kB activity as TNFAIP3~~ mice rapidly died due to systemic inflammation
and MEFs derived from these mice had spontaneously activated NF-«xB.37 More recently, a
myeloid-specific knockout of TNFAIP3 was constructed.38 The mice developed a
spontaneous polyarthritis similar to rheumatoid arthritis strongly implicating the TNFAIP3
gene as the conveyer of risk identified in GWAS.

Using a combination of SNP analysis, genomic sequence data from the 1000 Genomes
Project,® and resequencing of TNFAIP3 regions from nine individuals with SLE, one group
identified a TT>A polymorphic dinucleotide variant in a conserved extragenic region likely
to contain regulatory sequences.39 They tested this region for DNA-binding factors and
found reduced avidity for NF-xB binding. Others have examined these data and consider it
likely that the actual disruption is in a BCL-binding motif which, in turn, acts to decrease
NF-xB binding.#? This study is of note as it uses the TNFAIP3 GWAS data as a test for a
database annotation system for genomic data (RegulomeDB) which allows for the
generation of testable hypotheses from large data sets. Sequencing of the TNFAIP3 gene
region in patients with multiple autoimmune diseases has also found polymorphisms within
the TNFAIP3 gene itself.41 The authors reported 14 exon polymorphisms and 18 intron
polymorphisms; however, no expression analysis or functional testing was performed. It will
be of great interest to see exactly how these mutations affect TNFAIP3 function.

TNFAIP3 was found to interact with TRAF242 and with TRAF6,43 a mediator of I1L-1
activation of NF-xB. Remarkably, it was found that TNFAIP3 had both DUB activity and
E3 ligase activity via different domains.**4 Kinetic analysis demonstrated that TNFAIP3
first removes the K63 ubiquitin chains from RIP1 within minutes of activation and then
some time later (3—6 hours) TNFAIP3 uses its E3 ligase activity to place K48 ubiquitin
chains on RIP1 resulting in RIP1 degradation via the proteasome (Fig. 1). This mechanism
has recently been further elucidated with the construction of gene targeted mice containing
mutant forms of TNFAIP3 which have either lost their E3 ligase or their DUB activity.4®
The authors found that both activities were necessary for efficient regulation of NF-xB.
How-ever, unlike the TNFAIP3 knockout mouse, these mice did not develop any
spontaneous inflammatory disease. Importantly, they found that the E3 ligase domain
appeared to be necessary for recruiting TNFAIP3 to ubig-uitinated RIP1 and that its loss
resulted in increased RIP1 ubiquitination. Interestingly, the two mutants, when co-
expressed, could complement each other through dimerization. These data suggest that the
coordination of different functions of TNFAIP3 occur within the context of higher order
complexes rather than in single molecules.

In addition to TNFAIP3 modulating ubiquitin others have found that TNFAIP3 can also
inhibit IKK complex activity through a mechanism that is independent of ubiquitin. One
group found, upon overexpression of TNFAIP3 in an HEK293 cell line that also
overexpressed the IL-1R, that TNFR1 complexes still contained polyubiquitinated RIP1
upon TNFa binding even though NF-B was strongly inhibited.#” They ultimately found
that TNFAIP3 was physically interacting with an N-terminal domain within IKK+y/Nemo.
This was occurring through the seventh zinc finger domain (ZnF7) of TNFAIP3 and
required the polyubiquitination of IKKy/Nemo. In the presence of TNFAIP3 bound to IKKy/
Nemo, TAK1 was unable to phosphorylate IKKf in an in vitro system. The authors
speculated that their results differed from those of Wertz et al.*® due to their use of a
different cell type implying that TNFAIP3 might inhibit NF-«xB differently in different
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tissues. This work was repeated and extended by several groups to show that the
polyubiquitin chains of IKKy/ Nemo are linear in nature and thus mediated by linear
ubiquitin chain assembly complex.48:49

The model which then emerges is one in which TNFAIP3 is a pleiotropic inhibitor of NF-xB
that can interact with numerous other proteins, enzymatically modulates ubiquitin chains,
and oligomerizes into higher order structures. It will be important to determine if altered risk
for RA is mediated primarily by downregulation of expression of fully functional TNFAIP3
or if there exist mutations which selectively alter some subsets of TNFAIP3 functions.

V. TRAF LOCI

A GWAS performed by the North American RA Consortium (NARAC) in collaboration
with the Swedish Epidemiologic Investigation of RA (EIRA) examined >300,000 SNPs
within 1522 RA patients scoring positive for the presence of anti-CCP antibodies and 1850
controls.%9 In addition to PTPN22 and HLA-DRB1 the authors found a SNP with an odds
ratio of 1.32 on chromosome 9, lying between the TNF receptor associated factor 1
(TRAF1) and complement component 5. This work was extended by others, finding
associations throughout the TRAF1 gene region into the TRAF1-complement component 5
intergenic space but excluding the complement component 5 coding region,®! thus
identifying TRAF1 as the most likely disease modifying candidate. As with the TNFAIP3
locus, this association has been replicated in different ethnic groups.>2-55 Interestingly,
several groups have begun dissecting various aspects of RA and querying if the TRAF1
susceptibility locus associates with isolated disease components. Thus, for example, SNPs
within the TRAF1 locus are associated with radiological severity of disease and may serve
as a predictor®®:57 but are not associated with increased cardiovascular risk.%8 As of yet, no
work has been published examining TRAF1 expression levels in these patients.

TRAF1 was originally identified as an adaptor protein associated with TNF receptor 2 22
where it binds in combination with TRAF2. Subsequently, TRAF1 was found to interact
with other TNFR superfamily members including CD40, receptor activator of NF-xB,
4-1BB, and others.5% Unlike TRAFs 2—-6 which encode an E3 ligase activity within the
RING domain, TRAFL1 is missing this function, suggesting that it should function somewhat
like a dominant negative TRAF2. Its role in the regulation of NF-xB has turned out to be
complex and is both context and tissue dependent. Early work found that overexpression of
TRAF1 in human embryonic kidney cells resulted in the inhibition of TNFa-mediated NF-
kB activation while overexpression in HeLa cells resulted in potentiation of TNFq.61.62
Knockout of TRAFL1 resulted in a T cell population which responded more vigorously to
anti-CD3 stimulation than wild-type T cells and responded to TNFa by proliferating, a
response not seen in controls.53 However, examination of TRAF1 and TRAF2 knockout B
cell lines indicated that TRAF1 and TRAF2 cooperate to promote NF-kB activation upon
CD40 stimulation.5* When CDA0 is activated, TRAF2 translocates into lipid rafts in a RING
domain-dependent process which appears to be necessary for kinase activation. In a
subcellular localization study, TRAF1 was found to displace CD40/TRAF2 from lipid rafts
but appeared to be necessary for sustained activation.5> Examination of IKKp interactions
using a two-hybrid screen uncovered an interaction with TRAF1.56 TRAF1 was found to
both activate and inhibit the IKK complex depending on dose; low amounts of TRAF1 were
stimulatory while high levels were inhibitory. Others have found that TRAF1 can interact
differentially with components of the classical and alternative NF-xB pathways. In a study
of CD8 T cell survival and the role of TRAF1 in the function of the co-stimulatory receptor
4-1BB, it was found that TRAF1 was required for maximal stimulation via the classical
pathway but acted to repress NIK-mediated activation.5” Conversely, another group,
studying pulmonary epithelial cells, found that TRAF1 interacted with NIK and stabilized it
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from TRAF2/cIAP-mediated degradation.®® Clearly, the role of TRAF1 will need to be
carefully dissected in each tissue before we have a clear idea of how exactly it functions
during RA. The identification of structural TRAF1 mutations affecting RA risk will be
especially useful.

Other TRAF loci have been associated with RA. Using a more directed analysis of just
SNPs associated with TRAF loci, a screen of 1273 RA cases with 2463 healthy controls
identified a single SNP which mapped upstream of TRAF5 and was placed within a putative
enhancer sequence.59 A recently developed functional genomics tool, GRAIL (gene
relationships across implicated loci), allows SNPs with association P values that are
suggestive to be further analyzed’® and this has resulted in the identification of several new
loci to be associated with RA including TRAF6.71 The tool is novel enough that it is worth
considering it in more detail. GRAIL uses established statistical text mining methods to
query a database of 250,000 published abstracts and create a connectivity or relatedness map
between genes (Fig. 2). Known disease loci are fed into the program (the seed regions) and
unknown loci are then supplied as the queries. GRAIL returns a P value based on the
functional connectedness of the unknown loci to the known loci. The authors tested their
tool on the ability to identify validated loci in RA by taking a subset of known RA-
associated genetic loci as seeds and querying with other validated loci. GRAIL returned a
significant P value 83% of the time. When a large number of irrelevant loci were provided
as seeds, approximately 5% returned significant P values, thus, establishing the false
positive rate for the process. The authors then used as queries 179 SNPs from their previous
GWAS that were close to significance, but had not made the cutoff. The program returned
significant P values for 22 of these SNPs (the false positive rate predicted a return of 9-10
SNPs as significant). They then genotyped the 22 SNPs in an independent study involving
7957 RA patients and 11,958 controls and found that seven of the SNPs showed a
significant association with RA; CD2-CD58, CD28, PRDM1, TAGAP, PTPRC, TRAF6-
RAG1, and FCGR2A.

TRAFG6 is of interest in regards to osteoclast function. The main osteoclast activating
receptor is called the receptor activator of NF-xB. Upon engagement of its ligand, RANKL,
TRAFG6 is recruited to the cytoplasmic domain of receptor activator of NF-xB where it
functions as an E3 ubiquitin ligase. The importance of TRAF®6 in osteoclast function was
underscored by the phenotype of TRAF6 knockout mice.”? Osteoclasts from these mice
were defective in NF-kB activation and developed bone that was abnormally dense and
prone to breakage. TRAF6 associates with p62, a scaffold for the atypical PKCs.”2 This
complex then contributes to IKK activation. TRAF6 also interacts with IRAK1 to mediate
the activation of certain Toll-like receptors (TLRs).”* TLR signaling has been implicated in
RA. While a pathogenic cause of RA remains controversial, it is clear that endogenous
danger signals (DAMPS) are present in the joints of RA patients and TLRs are activated.”®
Association studies have provided mixed results. A GWAS of a Dutch population found no
association with TLR loci’® while a meta-analysis including both European and Asian
patients found an association with TLR2 and TLR9 but not TLR4.77

VI. THE CD40 LOCUS

The CD40 locus was associated with RA through a meta-analysis of two previous GWAS
involving 3393 RA cases and 12,462 controls.”® The associations were then tested against
independent populations of 3929 autoantibody positive RA cases and 5807 matched
controls. While this association did not replicate in a cohort of 1128 Korean RA patients,”®
it was validated in a study of 3962 British RA patients8? and in a Northern Indian RA
patient population.81 The CDA40 risk allele was found to associate with more severe disease
as measured by the degree of joint destruction.82 Extending these results with dense SNP
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analysis and exonic sequencing in a large cohort of RA patients it was found that the risk
allele corresponds to a gain of function mutation resulting in an increase of approximately
33% in B cell expression of CD40.83

CDA40, a member of the TNFR superfamily, is a receptor found on lymphoid cells and
synovial fibroblasts.34 CD40 engagement by its ligand, CD154, directly activates B cells
and can induce expression of autoantibodies including anti-CCP autoantibodies. On T cells,
activation of CD40 can provide a costimulatory function.8% CD40L is upregulated in T cells
of RA patients86:87 and promotes the downregulation of the inhibitory receptor, CD32B, on
B cells via CD40 signaling. Synovial fibroblasts, cultured with activated T cells, secrete
cytokines in a CD40-dependent manner as well as RANKL. CD40 must recruit a signaling
complex to function. The cytoplasmic region of CD40 contains a site for the binding of
TRAF6 and another site for the binding of either TRAF2, 3, or 5. When the CD40 receptor
is activated, TRAF1 will either dimerize with TRAF2 or associate with the TRAF2/3/5 site,
displacing the activating TRAF.%°

The identification of CD40 as an RA risk allele has invoked the concept of a genetically
delineated full signaling circuit. Both TRAF1 and TNFAIP3 function to modulate CD40
signaling. Antibodies targeting either CD40 or CD40L were found to ameliorate arthritis
when administered before disease in the collagen induced arthritis (CIA) model and in the
K/BxN model.88-90 However, treatment with the anti-CD40L antibody after disease was
established had little to no effect in either model.88:8° This could argue that the CD40
pathway may be important in the early stages of human RA but less so in later stages. In this
case, the genetic data described above have delineated an important mechanism by which
the dysregulation of an NF-xB pathway leads to an autoimmune disease. However, others
are pursuing the concept that modulation of CD40 signaling in human RA patients will be
therapeutically efficacious. Using a high throughput screen followed by testing with human
B cells, two novel compounds were identified which, presumably, will move towards
clinical testing in the near future.83

VII. THE REL LOCUS

The next component of the NF-xB pathway to be identified by GWAS was REL itself.
This work underscores the importance of large sample sizes, improved mapping technology,
and more robust statistical filters. A previous GWAS (described above®) was reanalyzed
using the Illumina HapMap370 Bead Array typing platform with new cases added. In total,
2418 cases and 4504 controls were examined and the data replicated in a case-control data
set consisting of 2604 cases and 2882 controls. Clusters of cases and controls were matched
to create structured associations. This association was confirmed in a study of an RA patient
population from the United Kingdom.92

Activation of relA-containing dimers has been observed to be rapid and transient while
activation of c-rel-containing dimers is somewhat delayed and more persistent.?3 In T cells,
c-rel activation is critically dependent on CD28 co-stimulation, unlike relA-containing
dimers which are activated by a variety of costimulatory signals.94 It has been appreciated
for some time that different NF-xB subunits have different functions. In a classic study,
relA, p50, and c-rel knockout mice were examined for dendritic cell properties.®® Mice
doubly deficient in relA and p50 were significantly impaired in their ability to generate
dendritic cells while mice doubly deficient in c-rel and p50 generated dendritic cells which
were deficient in CD40 signaling. This is especially interesting given the observation,
described above, that certain CD40 alleles can confer an increased risk of RA. C-rel is also
required for the expression of FoxP3, making c-rel essential for T regulatory cell
development.9® Consistent with these data, it was found that the E3 ubiquitin ligase, Pelil,
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negatively regulates c-rel and in Pelil knockout mice there develops a spontaneous
autoimmune disease in which c-rel accumulates in the nucleus.%” Thus, one could imagine
that perturbations of c-rel in either direction could play a role in RA.

VIIl. PREDICTIONS OF THERAPEUTIC EFFICACY

The class of therapeutics termed Biologicals has had great success in treating RA. These are
protein therapeutics which target either specific cytokines, T cells, or B cells. In many cases,
these therapeutics indirectly induce a decrease in the activity of various NF-xB circuits via
the blockade of upstream ligands or receptors. Therapeutic success is far from complete,
however. While many patients respond, only a subset of patients responds significantly. For
example, in a study of the TNFa blocker, adalimumab, it was found that after 1 year only
41% of patients improved by 50% or better.9 Addition of methotrexate increased this to
62% of patients. Given the high cost of these therapeutics along with the possibility of
serious adverse effects much effort has gone into attempting to predict response. Numerous
potential biomarkers have been examined including clinical parameters, radiological
parameters, serum proteins such as autoantibodies or cytokine signatures, as well as the
genetics of the patient.9° Focusing here on anti-TNFa therapeutics, numerous studies have
found predictive biomarkers; however, they seem to vary from study to study. In one such
study that examined 617 RA patients’ response to either etanercept, adalimumab, or
infliximab it was found that low disease activity, higher levels of education, not smoking,
lack of anti-CCP antibodies, and no glucocorticoid use were predictive of response.1% In
another study involving 2625 RA patients’ response to adalimumab it was found that high
disease activity along with good functional ability and young age was predictive of
response.191 Additionally, a pilot study found high levels of anti-CCP antibodies a good
predictor of efficacy for patients taking infliximab.192 These results show a clear need for
standardization of disease as well as a careful assessment of patient characteristics.
Examination of SNPs has also generated some small successes; however, the associations
are modest and hard to reproduce. GWAS data from the Wellcome Trust Case Control
Consortium?2” were utilized to analyze anti-TNF treatments in 566 RA patients. They found
seven SNPs which showed association with response to treatment; however, no obvious
connections could be made between SNP locations and RA pathology. Another GWAS
study made use of 13 different patient collections, analyzing 2706 RA patients treated with
either etanercept, infliximab, or adalimumab.193 They found an association with CD84 with
response to etanercept but not infliximab or adalimumab. CD84 is a receptor expressed on T
cell and B cells and plays an immunomodulatory role.194 Hypothesis driven genetic studies
have also shown some limited success. One group found SNPs associated with the p38
MPAK pathway in an analysis of 1102 RA patients taking either etanercept, infliximab, or
adalimumab.195 Another group examined the TNFa, promoter in 2127 RA patients taking
either etanercept, infliximab, or adalimumab and found that a G at position —308 conferred a
better response.1%8 Thus, while some progress has been made in identifying potential
biomarkers, clearly combinations of biomarkers will need to be identified to provide a
robust form of personalized medicine capable of predicting response with some accuracy.

CONCLUSION

Genomic analysis has made enormous advances over the past decade. As the cost of
genomic sequencing continues to fall we will eventually have large data sets of complete
genomes along with medical histories. From this wealth of information, once suitable
analytic tools are developed to effectively mine these data, we will truly begin to understand
how the alteration of signaling circuits contributes to disease. The current form of GWAS
may be considered an intermediate stage in this process. Nevertheless, GWAS in its current
form is a powerful tool. Through GWAS, NF-xB pathways have emerged as potential risk
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factors for RA. While we have appreciated for decades that NF-xB mediates many of the
processes involved in disease progression, we now can see that specific perturbations in a
subset of NF-xB pathways may themselves play a causative role. Much yet needs to be
done. There most certainly will be structural mutants which, when found, may shed
important light on how subtle perturbations in the NF-xB network may lead to disease.
Additionally, it is likely that these genes do not work alone. Gene interaction analysis will
need to be performed and may give us an unparalleled ability to predict both disease risk and
potential response to therapeutics. Finally, we may unearth important new targets that will

fu

rther advance our ability to help those suffering from the crippling end point of RA.
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FIGURE 1.

TNFAIP3/A20 regulates NF-kB through both deubiquitinase and E3 ligase activities. (A)
Upon engagement of TNFR1, clAP1/2 and TRAF2 promote the K63 ubiquitination of RIP1
while LUBAC promotes the linear ubiquitination of the IKK complex. These are brought
together, in part, through the actions of the ubiquitin-binding adaptors TAB1 and TAB2.
TAK interacts with TAB1 and TAB2 and phosphorylates IKKf thus activating the IKK
complex and initiating the NF-xB activation process. (B) TNFAIP3 (labeled as A20),
functioning as a deubiquitinase, removes the K63 ubiquitin chain from RIP1 thus
destabilizing the complex and blocking the ability of TAK to phosphorylation IKKB. (C)
Subsequently, TNFAIP3/A20, functioning as an E3 ligase, places K48 ubiquitin chains on

For Immunopathol Dis Therap. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scheinman

Page 19

RIP1 thus targeting it for proteasomal degradation. In addition, TNFAIP3/A20 escorts
TRAF2 to the lysosome (in an ubiquitin-independent manner) where it is degraded as well.
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FIGURE 2.

GRAIL text mining shows functional connectivity among genes known to be associated
with RA. Upon input of SNPs known to be associated with RA, the GRAIL utility returns a
list of genes near those SNP locations and their connection strengths as measured by mining
the abstract database. SNPs known to be associated with RA are shown in the outer ring.
Genes which are near the SNPs are represented in the inner ring. For example, CD40 shows
strong associations with TRAF1, IL2, and 1L21 and a somewhat weaker association with
TNFAIP3. PTPN22 shows strong associations with HLA loci, PADI4, and BTNL2. Figure
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