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Regulation of the NF-κB and p53 Pathways by the Aryl Hydrocarbon
Receptor Nuclear Translocator

Kacie Alicia Thomas Gardella, Ph.D.
The University of Texas at Austin, 2015

Supervisor: Casey Wright

Nuclear factor-κB (NF-κB) signaling is critical for the proper function of the
immune system, and when deregulated, promotes the development of immune disorders
and cancer. It is important to understand the complex regulatory mechanisms that govern
NF-κB activity so that we can improve therapies for cancer and immune diseases.
Notably, the aryl hydrocarbon receptor nuclear translocator (ARNT) has been shown to
regulate the chromatin binding activity of the NF-κB subunit RelB, in turn promoting
RelB-p50 DNA binding, a process that inhibits canonical NF-κB signaling. However,
ARNT is expressed as two alternatively spliced isoforms, isoforms 1 and 3. Whether each
isoform has a specific role in NF-κB signaling is unclear. In the first project, ARNT
isoforms 1 and 3 are shown to contribute in distinctive ways to lymphoid cancer cell
growth through regulating RelB and p53. Importantly, suppression of isoform 1 in
lymphoid cancer cell lines triggered S-phase cell cycle arrest, spontaneous apoptosis, and
sensitized cells to doxorubicin treatment. Furthermore, co-suppression of RelB or p53
vi

with ARNT isoform 1 prevented cell cycle arrest and blocked doxorubicin-induced cell
death. Together these findings reveal that certain hematological malignancies rely on
ARNT isoform 1 to potentiate proliferation by antagonizing RelB and p53-dependent cell
cycle arrest and apoptosis.
In Chapter 4, the individual functions of ARNT isoforms 1 and 3 in NF-κB
signaling were investigated. The results from this study point to ARNT as a regulator of
RelB-p52/p100 nuclear import in a cell-type specific manner. Furthermore, while both
ARNT isoform 1 and 3 were necessary for regulating RelB-p52/p100 nuclear import in
Karpas 299 cells, isoform 3 was found to be a negative regulator of NF-κB target gene
expression, whereas ARNT isoform 1 neither promoted nor inhibited NF-κB signaling.
While in HEK 293T cells, the presence of both ARNT isoform 1 and 3 promoted p100
nuclear translocation and co-localization with RelB. Together, these data indicate that
ARNT isoform 1 and 3 form a complex with RelB and p52/p100 to fine-tune NF-κB
nuclear translocation and activity. Significantly, our results give insight into a novel
regulatory mechanism of NF-κB activity and identify ARNT as a potential target for
anticancer therapies.
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CHAPTER 1: INTRODUCTION
1.1 Background: The NF-κB Pathway
The NF-κB family of transcription factors is a critical regulator of the immune
system and other cellular functions such as cell survival, differentiation, and proliferation.
Such a diversity in function is achieved, in part, through differential dimerization of five
subunits: RelA (p65), RelB, c-Rel, p50, and p52 (Illustration 1.1) (Staudt, 2010; Hayden
and Ghosh, 2012; Hayden and Ghosh, 2008).

The

subunits

homo

and/or

heterodimerize to form active transcriptional factors, each dimer with unique target gene
specificities (Ben-Neriah and Karin, 2011). The inactive dimers are held in the cytoplasm
by inhibitor of κB (IκB) proteins until an activating signal is received. Upon activation, a
signaling cascade results in the ubiquitylation and proteasomal degradation of the IκB
proteins, allowing the dimers to translocate to the nucleus to control gene transcription.
To promote or repress transcription, the NF-κB subunits have to recruit histone
acetyltransferases (HATs) or histone deacetylases (HDACs) because they lack intrinsic
enzyme activity (Hayden and Ghosh, 2012; Zhong et al., 1998). While all the NF-κB
subunits contain the characteristic Rel homology domain (RHD), only cRel, RelA, and
RelB have transactivation domains (TAD) that allow them to recruit HATs to activate
gene transcription. The subunits p50/p105 and p52/p100 do not contain a TAD.
Therefore, when bound to a promoter, p52 and p50 homodimers typically act as
transcriptional repressors because without a TAD they can only bind HDACs. Evidence
1

suggests p52 and p50 homodimers can constitutively occupy promoters to force a signal
threshold before a gene can be activated. (Bartke et al., 2010; Angelov et al., 2004).
There are two major signaling branches in the NF-κB pathway which are defined by
the activation mechanism and subunits utilized. Canonical and noncanonical signaling
can be activated individually or concurrently, but they have distinct mechanisms and
regulatory functions (Illustration 1.2) (Bonizzi and Karin, 2004). In canonical signaling,
IκBα is targeted by an IκB kinase (IKK) complex consisting of IKKγ, IKKα, and IKKβ,
which leads to ubiquitylation and proteasomal degradation of IκBα. The degradation of
IκBα allows the RelA-p50 dimers to translocate to the nucleus (Staudt, 2010; Kanarek
and Ben-Neriah, 2012; Hayden and Ghosh, 2008; Hayden and Ghosh, 2012). In contrast,
the noncanonical pathway involves the partial proteasomal processing of p100 to p52,
which releases RelB-p52 dimers to move to the nucleus to regulate gene transcription
(Sun, 2012; Sun, 2011; Sun and Ley, 2008).
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Illustration 1.1: The five NF-κB subunits.
Shown here are the structures of the five subunits of NF-κB: RelA (p65), RelB, c-Rel,
p105 (NF-κB1), and p100 (NF-κB2), with the latter processed to p50 and p52,
respectively. RHD, Rel homology domain; TAD, transactivation domain; LZ, leucine
zipper domain; GRR, glycine rich repeats; ARD, Ankyrin repeat domain; DD, death
domain; NRD, NIK-responsive domain.
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Illustration 1.2: An overview of canonical and noncanonical NF-κB pathways.
The canonical NF-κB pathway is characterized by activation of the IKK complex and
IκBα degradation, which releases the RelA-p50 dimer to move into the nucleus and bind
the κB sites within target gene promoters. In the noncanonical pathway, stabilized NIK
activates IKKα, which leads to partial degradation of p100, freeing RelB-p52 dimers to
bind κB sites and regulate gene transcription.
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1.1.1 THE CANONICAL NF-κB PATHWAY

The canonical NF-κB pathway is activated by receptors, such as toll-like
receptors (TLR) and tumor necrosis factor receptors (TNFR), that sense intracellular and
extracellular pro-inflammatory signals, which include microbial signatures, cytokines,
and mitogens (Akira et al., 2006; Kagan and Medzhitov, 2006; Schutze et al., 2008).
TLRs initiate the NF-κB response through MyD88-dependent signaling in response to
pathogen-associated molecular patterns.

In the early phase of a response, the TLR

signals through assembly of a multiprotein complex consisting of MyD88, TRAF6,
cIAP1/2, and TRAF3. The formation of this complex activates TRAF6 to K63autoubiquitylate itself and conjugation of K63-ubiquitin chains from cIAP1/2 (Kawai and
Akira, 2010; Vandenabeele and Bertrand, 2012). These ubiquitin chains then serve as
scaffolds to recruit and activate TGF-β activated kinase 1 (TAK1), currently the only
generally accepted IKK kinase (Chen, 2005; Israel, 2010).
However, most of our studies involve TNFR-initiated signaling pathways. In
TNFR signaling, once the respective ligand binds to its receptor, TRADD, TRAF2/5, and
RIP1 are recruited to the receptor to form a higher-order signaling complex. Once the
signaling complex is formed, it initiates NF-κB signaling by inducing K63-linked
polyubiquitylation of RIP1 to form a scaffold for the recruitment and activation of TAK1.
While the details are still unknown, IKK activation is thought to occur by two
mechanisms: phosphorylation via TAK1 or transphosphorylation (Shim et al., 2005; Sato
5

et al., 2005). The IKK complex consists of IKKα, IKKβ, and IKKγ (ΝΕΜΟ). IKKα and
IKKβ are serine/threonine kinases with homologous N-terminal kinase domains that can
phosphorylate multiple IκB proteins (Zandi et al., 1997; DiDonato et al., 1997). IKKγ
does not contain a kinase domain, but it is necessary for IKK complex activation in
canonical signaling as cells without IKKγ cannot activate canonical NF-κB signaling
(Rothwarf et al., 1998; Yamaoka et al., 1998; Rudolph et al., 2000). Oligomerization of
IKKγ is thought to promote transphosphorylation of IKKα and IKKβ. It is important to
note that these two mechanisms are not mutually exclusive, as transphosphorylation
could initiate TAK1 phosphorylation and vice versa (Tegethoff et al., 2003; Tang et al.,
2003).
Once the IKK complex is phosphorylated, IKKβ initiates the proteasomal
degradation of the IκB proteins by phosphorylating two N-terminal destruction box
serines. Interestingly, while their traditional role is to sequester the otherwise active NFκB subunits in the cytoplasm, the IκB proteins have a very heterogeneous list of
functions in NF-κB signaling, including coactivator recruitment and nuclear shuttling of
the subunit dimers. The most studied IκB, IκBα, contains a nuclear export signal that
keeps the NF-κB dimer localized to the cytoplasm. Additionally, IκB proteins sterically
mask the nuclear localization signals (NLS) of the NF-κB subunits (Baeuerle and
Baltimore, 1988; Hayden and Ghosh, 2012).
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There are three main IκB family members that are defined by their multiple
ankyrin repeat domains: IκBα, IκBβ, and IκBε. Additionally, the precursor proteins
p105 (IκBγ) and p100 (IκBδ) contain ankyrin repeat domains in their C-terminal regions,
and therefore, act as IκB proteins by either direct dimerization of the RHD or by forming
high molecular weight complexes with NF-κB monomers (Basak et al., 2007; Tao et al.,
2014; Savinova et al., 2009). The high molecular weight complex formed by
p105/IκBγ sequesters two NF-κB monomers, forming a 2:2 complex (Savinova et al.,
2009). In the canonical pathway, p105 can undergo constitutive or signal-induced
phosphorylation and proteasomal processing to form p50, which can bind with RelA to
form a transcriptionally active dimer (Lin et al., 1998a; Cohen et al., 2004).
After IκBα degradation, the canonical dimers RelA-p50 translocate to the nucleus
and bind κB promoter sites to regulate gene transcription (Ghosh and Baltimore, 1990;
Henkel et al., 1993; Lin et al., 1995). Among the κB-containing target genes are negative
regulators of NF-κB that constitute negative feedback loops to prevent prolonged NF-κB
activation. The classic example is NFKBIA, the gene encoding IκBα. Active RelA-p50
dimers bind to the κB site upregulating expression of NFKBIA. The newly synthesized
IκBα binds and exports nuclear RelA-p50 to the cytoplasm, thereby shutting down
canonical NF-κB activation (Chen et al., 2007; Hoffmann et al., 2002). In fact, the
importance of IκBα negative feedback in normal T cell homeostasis and autoimmunity
prevention is underscored by the fact that mice with mutated κB sites in the promoter of
7

NFKBIA spontaneously develop autoimmunity due to chronic NF-κB activation, elevated
levels of activated T cells, and impaired T cell homeostasis (Peng et al., 2010). In
addition to sequestration, the activity of the NF-κB subunits is also determined by many
post-translational modifications, including phosphorylation, acetylation, methylation, and
ubiquitylation. However, the full effects of these modifications are complex and
incompletely understood or altogether unknown. Post-translational modifications of RelA
are the best understood, Ser468 and Ser536 phosphorylation in particular, which function
in multiple capacities, such as mediation of degradation, activation, nuclear translocation,
and target gene specificity of RelA (Geng et al., 2009; Moreno et al., 2010; Bohuslav et
al., 2004).
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Illustration 1.3: Canonical NF-κB signaling.
In canonical signaling, ligands such as TNF, interleukins, and LPS bind to their
respective receptors and cause trimerization of the receptor. A signaling complex is
formed on the C-terminal portion of the receptor that includes the adapter proteins
TRADD, TRAF2/5, and RIP1. RIP1 is K63 polyubiquitylated to serve as a scaffold to
recruit and activate TAK1. Next, the IKK complex is phosphorylated by TAK1, and in
turn, phosphorylates IκBα, which is K48 polyubiquitylated and degraded by the 26S
proteasome. After IκBα degradation, the NLS of the RelA-p50 dimer is uncovered,
leaving the dimers free to translocate to the nucleus and bind the κB sites present in the
target gene promoters.
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1.1.2 THE NONCANONICAL NF-κB PATHWAY
In contrast to the canonical NF-κB pathway, which is rapid and independent of
protein synthesis, activation of the noncanonical pathway is relatively slow and
dependent on protein synthesis (Sun, 2012). Additionally, while canonical signaling
typically modulates the immune system response, noncanonical signaling regulates bone
metabolism, secondary lymphoid organogenesis, thymic epithelial cell and T cell
differentiation, and dendritic cell and B cell maturation and survival (Novack et al., 2003;
Yilmaz et al., 2003; Gerondakis and Siebenlist, 2010; Zhu and Fu, 2010; Hofmann et al.,
2011). Noncanonical signaling is initiated from a subset of TNFR receptors, including
CD30, LTβR, BAFFR, and CD40 (Wright et al., 2007; Dejardin et al., 2002; Claudio et
al., 2002; Coope et al., 2002; Novack et al., 2003; Munroe and Bishop, 2004).
Noncanonical signaling depends on the NF-κB-inducing kinase (NIK), a serine/threonine
kinase in the MAP3K family. In unstimulated cells, NIK is continuously degraded
through the functions of TRAF3, TRAF2, c-IAP1, and c-IAP2 (Illustration 1.4). TRAF3
binds the N-terminus of NIK to bring NIK into the complex (Liao et al., 2004). TRAF2
binds to TRAF3 and c-IAP1/2 to bring NIK-TRAF3 into the proximity of the c-IAPs.
The c-IAPs are the functional units of the complex, both containing ubiquitin ligase
activity, and therefore, are functionally redundant (Gardam et al., 2011). The formation
of the c-IAP1/2:TRAF2:TRAF3:NIK complex enables NIK K48-linked ubiquitylation by
c-IAP1/2 to initiate its degradation by the 26S proteasome (Vallabhapurapu et al., 2008;
10

Zarnegar et al., 2008). Additionally, NIK contains a IAP-binding motif that enhances
NIK turnover by reinforcing the recruitment of TRAF3:NIK to c-IAP1:TRAF2 (Lee et
al., 2014).
After receptor stimulation, NIK is stabilized by the K48-linked ubiquitylation of
TRAF3, which is mediated by the c-IAP1/2:TRAF2:TRAF3 complex recruitment to the
receptor. After recruitment to the cytoplasmic portion of the receptor, TRAF2 initiates
K63-linked ubiquitylation of c-IAP1/2, which activates c-IAP1/2 to ubiquitylate TRAF3
(Vallabhapurapu et al., 2008). Only after TRAF3 degradation can de novo synthesized
NIK initiate noncanonical signaling by inducing p100 processing. Interestingly, all
known cell stimuli that activate noncanonical signaling rely on NIK for this process
(Xiao et al., 2001).

The accumulated NIK transphosphorylates T559 within the

activation loop (Lin et al., 1998b). Activated NIK phosphorylates IKKα, which in turn
phosphorylates p100 to target it to the proteasome. While details are still unclear, it is
likely that NIK induces p100 processing through formation of a NIK-IKKα-p100
complex that results in phosphorylation of p100 at Ser866 and Ser870 (Senftleben et al.,
2001; Ling et al., 1998; Xiao et al., 2001; Xiao et al., 2004). Once phosphorylated by
IKKα and NIK, p100 is proteolytically processed to p52. This process releases the RelBp52 dimer to translocate to the nucleus and regulate gene expression (Sun, 2011; Sun,
2012).
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Illustration 1.4: Noncanonical NF-κB signaling.
In unstimulated cells, NIK is continually targeted for degradation through K48-linked
polyubiquitylation by the c-IAP1/2:TRAF2:TRAF3 complex. Once a ligand like CD30L,
LTβ, or BAFF binds to its respective receptor, the c-IAP1/2:TRAF2:TRAF3 complex is
recruited to the cytoplasmic tail of the receptor where c-IAP1/2 polyubiquitylate TRAF3
to initiate its degradation by the proteasome. The degradation of TRAF3 allows newly
synthesized NIK to become stabilized and activated. Stabilized NIK phosphorylates
IKKα, which phosphorylates the C-terminal tail of p100. After phosphorylation, p100 is
polyubiquitylated and partially degraded by the proteasome, forming p52 and uncovering
the NLS of p100. The RelB-p52 dimers translocate to the nucleus and bind kB responsive
elements in noncanonical target genes.gene promoters.
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1.1.3 THE PROCESSING AND FUNCTION OF P100
The noncanonical precursor subunit p100, encoded by NFKB2, is unable to bind
DNA until processed into p52 (Naumann et al., 1993; Scheinman et al., 1993). Under
physiological conditions, with the exception of B cells, endogenous p100 is not processed
to p52 (Betts and Nabel, 1996). The lack of endogenous processing is due to the Cterminal structure of p100, which contains a processing-inhibitory domain (PID), an
ankyrin repeat domain (ARD), and a NIK-responsive domain (NRD). Both the PID and
ARD contribute to the prevention of p100 processing. The PID contains a death domain
(DD), while the ARD masks the N-terminal NLS of p100 found in the RHD. The
mechanism of how the ARD and DD inhibit p100 processing is incompletely understood.
However, p100 C-terminal truncation mutants undergo constitutive processing that
requires their nuclear translocation, suggesting that the ARD and DD form a structure
that prevents p100 processing (Liao and Sun, 2003). Additionally, another study showed
constitutive p100 processing required DNA binding, indicating that association with the
promoter may facilitate cleavage to p52 and subsequent degradation of the C-terminal
fragment. In fact, DNA-bound p52 is more stable in vitro supporting this model (Qing et
al., 2007).
As mentioned in earlier sections, p100 (IκBδ) is a unique IκB because it can
broadly inhibit the other NF-κB subunits, including RelA, c-Rel, and RelB. Solving the
X-ray crystal structure of the C-terminal domains of p100 greatly facilitated the
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mechanistic understanding of how it can inhibit the NF-κB subunits (Tao et al., 2014). A
large 4:4 complex, referred to as the “kappaBsome”, is formed with a p100 tetramer and
four NF-κB subunits (Tao et al., 2014). In addition, cells transfected with oligomerization
mutants of p100 were defective in p52 formation after LT-βR stimulation, indicating the
formation of the kappaBsome is necessary for proper generation of p52 (Tao et al., 2014).
The kappaBsome can mediate subunit availability after a stimulus as p100-associated
RelA decreased in response to LT-βR stimulation and LT-βR stimulation of nfkb2-/- cells
were deficient in RelA activation (Basak et al., 2007).
The signal-dependent initiation of p100 processing is regulated by both p100
phosphorylation and ubiquitylation. The C-terminal NRD contains a region that
resembles the phosphorylation site of IκBα, where IKKα phosphorylates Ser866 and
Ser870, creating a βTrCP-binding site within this region (Xiao et al., 2001; Senftleben et
al., 2001; Amir et al., 2004). Once phosphorylated, p100 is polyubiquitylated at K856 by
βTrCP, the substrate binding subunit of the SKP1/culin/F-box (SCF TrCP) ubiquitin ligase
β

complex (Fong and Sun, 2002; Amir et al., 2004). The post-ubiquitylation events of p100
processing are poorly understood. However, what is known is the glycine rich region
(GRR) of p52/p100 is required for p52 production and determines the site of proteasomal
processing (Heusch et al., 1999). Also, a component of the 19S regulatory particle of the
proteasome, S9, binds to the DD of p100, an association that requires ubiquitylation of
p100 (Fong and Sun, 2002).
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While p100 is able to bind several NF-κB subunits, it is most closely associated
with RelB. In fact, RelB binds primarily with p52/p100 and even requires p100 for
stability (Solan et al., 2002; Fusco et al., 2008). Additionally, p100 expression can
facilitate the exchange of RelA-containing dimers with RelB/p52 dimers, Because RelBp52 dimers are resistant to the IκBα negative feedback, the switch in dimers promotes a
late-stage transcriptional response capable of circumventing IκBα-mediated negative
feedback (Saccani et al., 2003; Basak et al., 2007; Shih et al., 2009). RelB, which was
originally discovered as an inhibitor of NF-κB transcriptional activity, also acts as a
transcriptional repressor in a promoter-dependent manner. In this case, RelB-p50 dimer
presence at the promoter prevents RelA-p50 dimers from binding and activating
transcription until a signal is received. After a stimulus, RelA-p50 replaces the RelB-p50
dimer to initiate transcription, and after a prolonged signal, RelB-p50 again binds to the
promoter displacing RelA-p50, effectively shutting down transcription (Saccani et al.,
2003; Marienfeld et al., 2003; Ruben et al., 1992; Wright and Duckett, 2009).

1.1.4 NF-κB IN INFLAMMATION AND CANCER

1.1.4.1 Inflammation and the Immune System
Inflammation is a fundamental protection mechanism of multicellular life and a
product of the function of the immune system, necessary for clearing pathogens from an
organism and promoting repair of damaged tissues. There are two branches of the
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immune system: the innate and adaptive systems. The innate immune system is
composed of sensory receptors, signaling elements, reactive oxygen species, cytokines
and chemokines, and antibacterial peptides (Ben-Neriah and Karin, 2011; Janeway and
Medzhitov, 2002). Many cell types function within the innate immune system, including
white blood cells other than B and T cells. These cells, including macrophages and
dendritic cells, become activated through pattern recognition receptors recognizing and
binding their respective ligand. For example, the TLR family of receptors can recognize
viral and bacterial products, the best known of which is TLR4 and its ligand
lipopolysaccharide (LPS) (Medzhitov et al., 1997; Poltorak et al., 1998). Following
ligand binding, a variety of adaptor proteins are activated ultimately resulting in the
activation of many cell signaling pathways, such as the PI3K-AKT, NF-κB, and MAPK
signaling (Deng et al., 2000; Arbibe et al., 2000). The adaptive immune system can be
categorized into cell-mediated and antibody-mediated responses. B and T cells are the
main effector cells within the adaptive immune system. B cells are the antibody
producing cells, while T cells can have a variety of functions including activating B cells
to produce antibodies (helper T cells) and targeted killing of virus-infected or cancerous
cells (killer T cells). Both can become so-called memory B or T cells that maintain our
immunological memory to the pathogens we encounter (Cooper, 2015).
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1.1.4.2 Inflammation and NF-κ B
NF-κB was first discovered as the transcription factor that bound to the
immunoglobulin kappa light chain enhancer element in B cells (Sen and Baltimore,
1986). Ever since, both the canonical and noncanonical NF-κB pathways have been
inextricably linked to many immune system functions. In fact, NF-κB is a key regulator
of inflammation, illustrated by the fact that NF-κB binding sites have been found in the
promoters of most cytokine and chemokine genes and is essential for the expression of
those genes during the inflammatory response (Smale, 2011; Bonizzi and Karin, 2004).
NF-κB can have both pro- and anti-inflammatory functions. Illustrating its proinflammatory role, chronically activated NF-κB has been associated with many
inflammatory conditions such as inflammatory bowel disease, rheumatoid arthritis, and
psoriasis (Neurath et al., 1996; Tak et al., 2001; Lizzul et al., 2005). Evidence of its antiinflammatory function was found in conditional knockouts of IKKγ in mice. Mice
lacking IKKγ in intestinal epithelial cells develop a severe inflammatory condition, and
when lacking IKKγ in keratinocytes, mice develop a psoriasis-like condition (Nenci et al.,
2007; Pasparakis, 2009). NF-κB is critical in both the initiation and resolution of
inflammation, both of which are necessary to prevent inflammatory diseases.
Furthermore, NF-κB-mediating feedback loops, like the IκB feedback loop discussed
earlier, are important for this self-limiting and self-resolving nature of inflammation
(O'Dea and Hoffmann, 2010). The adaptive immune response also depends heavily on
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NF-κB signaling. For example, T cells require a low level of NF-κB signaling from the T
cell receptor (TCR). It is thought that increased TCR signaling caused by deregulation of
NF-κB results in an increased population of autoimmune T cells and autoimmunity
development (Theofilopoulos et al., 2001).

1.1.4.3 Inflammation, Cancer, and NF-κ B
During normal growth, tissues carefully regulate production of growth promoting
signals, energy metabolism, cell proliferation, and death. Cancer cells are cells that have
developed mechanisms to circumvent these controls. In 2000, Hanahan and Weinberg
described six hallmarks of cancer: evading growth suppressors, activating invasion and
metastisis, enabling replicative immortality, inducing angiogenesis, resisting cell death,
and sustaining proliferative signaling (Hanahan and Weinberg, 2000). Ten years later the
authors extended the characteristics to include some emerging hallmarks and enabling
characteristics: deregulating cellular energetics, avoiding immune destruction, genome
instability and mutation, and tumor-promoting inflammation (Hanahan and Weinberg,
2011). Specifically, approximately 20% of cancers are linked to inflammation (Karin and
Greten, 2005).
Importantly, NF-κB has been linked to cancer ever since it was discovered to
have homology to the viral oncogene, v-Rel, more than 20 years ago (Rice et al., 1986;
Stephens et al., 1983; Gilmore, 2003). The NF-κB pathway has become increasingly
18

linked to nearly all of the hallmarks of cancer. Aberrant NF-κB activity can begin
through mutations, deletions, or upregulation of mediators of the pathway. As described
earlier, under normal circumstances, the NF-κB gene program initiates the immune
response to cope with an invading organism, which involves cytokines, chemokines and
receptors that regulate cell survival, proliferation, and adhesion. There are two forms of
aberrations of NF-κB signaling in cancer. Oncogenes and other positive regulators of NFκB can obtain gain-of-function mutations that continuously activate the IKK complex.
Additionally, mutations can occur within negative regulators of NF-κB that prevent them
from shutting down NF-κB activity (Ben-Neriah and Karin, 2011). Interestingly, outside
of amplification of REL and a translocation of NFKB2 that causes truncation of p100 and
constitutive p52 formation in B and T cell lymphomas, mutations in the NF-κB subunits
themselves are rare (Courtois and Gilmore, 2006; Perkins, 2012). NF-κB can be
proapoptotic, suppress metastasis, inhibit proliferation, induce senescence, and promote
DNA repair, all of which can promote tumors (Perkins and Gilmore, 2006; Wang et al.,
2009; Chien et al., 2011).

1.1.4.4 NF-κ B as a Drug Target
Because of its importance in inflammation and cancer, it would be logical to
develop chemotherapy and immunomodulatory drugs targeted to components of the NFκB pathway. The goal is to inhibit NF-κB signaling to prevent the tumor promoting
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functions of NF-κB, therefore reducing malignancy and aiding tumor cell killing by
current cancer therapies (Perkins, 2012). Bortezomib, a proteasome inhibitor, indirectly
inhibits NF-κB signaling and has been successfully used to treat a range of solid and
haematological malignancies. However, it is a general inhibitor of the proteasome and
does not specifically target NF-κB, and therefore it has other effects in many other
pathways (Roccaro et al., 2006). So far, drugs that specifically inhibit NF-κB have
remained elusive as the subunits themselves are not readily druggable. However, some
natural products seem to specifically target NF-κB subunit DNA binding by chemically
modifying a conserved cysteine residue in the RHD (Gilmore and Herscovitch, 2006; Oh
et al., 2011). Many IKK inhibitors have been developed, but while they had antitumorigenic effects experimentally, none have been approved for use in clinics as they
have several NF-κB-independent effects, imparting a high risk of side effects (Amschler
et al., 2010; Lam et al., 2005; Schon et al., 2008). Because NF-κB activity is necessary
for epithelial homeostasis and other basic cellular functions, global IKK inhibition would
have severe consequences, such as the development of chronic skin inflammation
(Pasparakis, 2009). Other strategies have been proposed to target NF-κB directly or
indirectly including targeting specific protein-protein interaction sites, parallel signaling
pathways that regulate NF-κB (PI3K and MAPK), and transcriptional co-regulators.
However, to obtain a successful chemotherapy drug that targets any of these components,
much more needs to be understood about how NF-κB activity is regulated, in particular
when involving parallel pathways and transcriptional co-regulators. Therefore, to
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successfully target NF-κB subunits therapeutically, defining the regulatory mechanisms
of the NF-κB subunits is imperative (Perkins, 2012). With this in mind, the goal of this
dissertation was to describe how a component of the AHR pathway, ARNT, regulates
NF-κB signaling with the aim of directly targeting ARNT, rather than NF-κB, to provide
a safer therapeutic option.

1.2 The AHR/ARNT Signaling Pathway
For decades, the aryl hydrocarbon receptor (AHR) has been recognized as the
coordinator of the cellular response to environmental pollutants, including many
polycyclic aromatic hydrocarbons (PAHs) and halogenated hydrocarbons (HAHs)
(Kewley et al., 2004). The AHR is a member of the basic helix-loop-helix/Per-ARNTSim (bHLH-PAS) family of transcription factors. This family is characterized by the
presence of a basic DNA binding region adjacent to a helix-loop-helix dimerization
region, both of which are required for DNA binding, and the presence of a conserved
PAS domain that mediates protein-protein interactions and ligand binding among PAS
family members. The PAS domain consists of two adjacent repeats of approximately 130
amino acids referred to as PAS A and PAS B (Illustration 1.6). The bHLH-PAS family is
divided into two classes according to their dimerization characteristics. Class I bHLHPAS members, such as AHR and hypoxia-inducible factor-1α (HIF-1α), cannot
homodimerize or heterodimerize with other Class I proteins. In contrast, Class II bHLHPAS proteins, including the aryl hydrocarbon receptor nuclear translocator (ARNT) and
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BMAL1, promiscuously homodimerize and heterodimerize with Class I members
(Kewley et al., 2004).
Intriguingly, AHR is the only bHLH-PAS family member to be activated by
ligands. For many years, the only known AHR ligands were environmental pollutants,
such as benzo(a)pyrene and 2,3,7,8-tetrachlorodibenzodioxin (TCDD) (Kewley et al.,
2004). However, nuclear AHR was observed in unstimulated cell culture and tissue
systems, leading to speculation that an endogenous AHR ligand existed (Abbott et al.,
1994; Singh et al., 1996). Additionally, hydrodynamic shear stress was found to activate
AHR-mediated CYP1A1 expression (Mufti and Shuler, 1996). The best evidence for an
endogenous AHR ligand comes from examination of AHR null mice, which exhibit
decreased body weight, reduced liver size, vascular abnormalities, decreased fertility, and
portal tract fibrosis (Mimura et al., 1997; Schmidt et al., 1996; Fernandez-Salguero et al.,
1995). Therefore, it was no surprise when several endogenous ligands were found to
activate AHR, including several tryptophan metabolites and flavonoids, and indolecontaining compounds (Opitz et al., 2011; Van der Heiden et al., 2009; Bjeldanes et al.,
1991).
Prior to ligand-binding, the AHR is found in the cytoplasm bound to two Hsp90
molecules, p23, and hepatitis B virus X-associated protein (XAP2) (Illustration 1.5).
Hsp90 is the unit responsible for masking the AHR NLS and maintaining it in a highaffinity ligand binding conformation. After ligand binding, the AHR undergoes a
conformational change that exposes its NLS. The Hsp90-AHR complex translocates to
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the nucleus where ARNT binds to the AHR, and the AHR dissociates from the Hsp90p23-XAP2 complex. The AHR-ARNT heterodimer is now capable of recognizing the
dioxin response elements (DREs) with the conserved core sequence (A/T)NGCGTG in
the promoter regions of AHR-responsive genes, like CYP1A1, CYP1B1, and other genes
involved in metabolism (Kewley et al., 2004; Beischlag et al., 2008). Termination of gene
transcription occurs as the AHR-ARNT complex dissociates from the DNA, and the
AHR is exported to the cytoplasm for degradation by the proteasome (Pollenz, 2002).
Additionally, the AHR repressor (AHRR) gene transcription is activated by AHR-ARNT.
The AHRR is similar to AHR in structure but lacks a C-terminal TAD and acts as a
transcriptional repressor of AHR-targeted genes through competition for ARNT and DRE
sites (Denison et al., 2011).
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Illustration 1.5: The AHR/ARNT signaling pathway.
Unliganded AHR is held in the cytoplasm by the Hsp90-XAP2-p23 complex. The AHR
ligands diffuse through the cytoplasmic membrane and bind AHR. Ligand binding
exposes the NLS of AHR, allowing the complex to translocate to the nucleus. Once in the
nucleus, ARNT binds to AHR, and the Hsp90-XAP2-p23 complex dissociates from
AHR. The AHR-ARNT dimer is now free to bind DRE sites and activate transcription.
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1.2.1 STRUCTURE AND REGULATION OF ARNT
ARNT (or HIF-1β) is a common binding partner in the bHLH-PAS family.
ARNT is able to homodimerize or heterodimerize with other PAS containing proteins,
such as the AHR and HIF-1α (Chandel and Simon, 2008; Maltepe et al., 1997; Kewley et
al., 2004). ARNT is a widely expressed, predominantly nuclear protein with an Nterminal NLS and a C-terminal transactivation domain, in addition to the PAS region
(Illustration 1.6) (Whitelaw et al., 1994). Additionally, ARNT can bind to DRE
sequences with AHR, hypoxia response elements with the HIFs, or to E-box sequences
(CACGTG) as a homodimer. As it contains a TAD, ARNT homodimers can recruit
coactivators such as CBP/p300 to initiate transcription of E-box-containing genes
(Kobayashi et al., 1997; Sogawa et al., 1995). Recently the crystal structure of the PAS
domains of ARNT with HIF-1α and HIF-2α were described. Through this study, it was
revealed that the three ARNT domains do not interact with each other and only became
constrained once bound to its partner. It was postulated that the lack of constraint
between the domains of ARNT imparted ARNT with promiscuity in forming
heterodimers (Wu et al., 2015). Notably, ARNT was originally cloned from Hepa c4 cells
as two alternatively spliced isoforms, isoform 1 and 3 (Illustration 1.6). ARNT isoform 1
contains an extra exon that encodes 45 amino acids; while, ARNT isoform 3 simply lacks
this exon. (Hoffman et al., 1991; Reisz-Porszasz et al., 1994). However, most of what we
know about the regulation of ARNT comes from studies of its binding partners. Very few
studies have examined the post-translational modifications and regulation mechanisms of
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ARNT itself. What we do know is that ARNT phosphorylation is required to
heterodimerize with AHR, and a subsequent study identified Ser348 as a phosphorylation
site using phosphoamino acid analysis (Berghard et al., 1993; Levine and Perdew, 2001).
However,

Ser348

was

found

not

to

affect

ARNT

homodimerization

and

heterodimerization with AHR as well as DNA binding (Levine and Perdew, 2001).
Notably, the extra exon found in isoform 1 is located just prior to the N-terminal bHLH
region. Interestingly, another study found a putative casein kinase II phosphorylation site
at Ser77 within this region that was found to inhibit Ebox binding of ARNT homodimers
(Kewley and Whitelaw, 2005). Therefore, an important goal of this study was to elucidate
the individual roles of the ARNT isoforms and how they potentially regulate signaling
pathways.
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Illustration 1.6: Schematic of AHR and the ARNT isoform domains
AHR, ARNT isoform 1, and ARNT isoform 3 protein structures are depicted here with
important domains highlighted. The region coded by the alternatively spliced exon (Ex.
5) present only in isoform 1 is shown as well. bHLH, basic helix-loop-helix domain; PAS
A and B, Per-ARNT-Sim domains; TAD, transactivation domain.
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1.2.2 AHR/ARNT, NF-κB, AND THE IMMUNE SYSTEM
In addition to xenobiotic metabolism, evidence has accumulated indicating AHR
mediates many other cellular processes, such as the cell cycle, cell migration, epithelial
barrier function, and immune functions (Murray et al., 2014). Notably, AHR has many
functions within the immune system regulating dendritic cells, macrophages, T cells and
B cells, particularly regulatory T cells (TReg) and T helper 17 (TH17) cells (Lee et al.,
2007; Kimura et al., 2009; North et al., 2010; Quintana et al., 2008). In one study,
TCDD-treated mice developed profound immunosuppression exhibited by decreased
development of experimental autoimmune encephalomyelitis by inducing TReg cell
development. Another AHR ligand, 6-formylindolo[3,2b]carbazole, induces TH17 cell
development followed by an increase in EAE severity and progression (Quintana et al.,
2008).
Because AHR and NF-κB share functions within similar cell types and cellular
processes, it is not surprising that AHR and NF-κB interact through both indirect and
direct mechanisms. For example, AHR and NF-κB can act as a check-and-balance system
to maintain tissue homeostasis. For example, NF-κB activation imparts protection from
TCDD-induced cleft palate (Holladay et al., 2002). More specifically, AHR can bind
RelA to either repress or activate the transcriptional activity of RelA, and AHR and RelB
bind together at DRE sites within the RELB and Il8 promoters (Kim et al., 2000; Vogel et
al., 2007). Importantly, RelA and AHR are both constitutively active and physically
associate in breast cancer cells, causing an increase in cmyc gene expression in those cells
(Kim et al., 2000). Additionally, the Il6 promoter contains both DRE and κB sites, and in
one study, both AHR and RelA were required for the TCDD-induced synergism of IL-6
expression in response to inflammatory signals (DiNatale et al., 2010). In a more recent
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study, LPS-induced AHR expression in human DCs and mouse embryonic fibroblasts
was NF-κB dependent, and more specifically, a RelA-p50 binding site was identified in
the Ahr promoter, indicating that RelA is a critical component of AHR-dependent gene
expression in immune cells (Vogel et al., 2013). In addition, studies from the same group
showed that AHR increased nuclear RelB levels in DCs and, as a result, modified DC
maturation by regulating cytokine and chemokine gene expression (Vogel et al., 2013).
Additionally, NF-κB was shown to increase ARNT expression and protein levels in
response to TNF-α in both human, mouse, and Drosophila cells (van Uden et al., 2011).
Furthermore, our laboratory has shown that ARNT interacts with RelB and increases
RelB-p50 presence at κB sites in common NF-κB gene promoters in response to CD30
stimulation as part of a negative feedback pathway (Illustration 1.7) (Wright and Duckett,
2009). We postulated that prior to receiving a signal ARNT-RelB-p50 complexes are
bound to NF-κB target gene promoters preventing transcription. Upon stimulation with
CD30L, RelA-p50 dimers replace the RelB-p50 dimers to initiate gene expression. To
limit NF-κB activation, ARNT-RelB-p50 complexes return to the promoters during latestage signaling to shutdown gene transcription (Illustration 1.7) (Wright and Duckett,
2009). Furthermore, we demonstrate in Chapter 3 that ARNT isoform 1 promotes blood
cancer cell proliferation by preventing RelB and p53-dependent cell cycle arrest and
apoptosis.
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Illustration 1.7: ARNT regulation of CD30-mediated NF-κB gene transcription.
Prior to a stimulus, ARNT-RelB-p50 complexes are bound to NF-κB target gene
promoters, preventing needless transcription. Upon stimulation with CD30L, RelA-p50
dimers replace the RelB-p50 dimers to initiate the transcriptional program. To prevent
prolonged NF-κB activation, ARNT-RelB-p50 complexes bind to the promoters during
late-stage signaling to shutdown gene transcription (Wright and Duckett, 2009).

30

1.3 The p53 Signaling Pathway and NF-κB
The transcription factor p53 was originally described as a protein that formed a
complex with the SV40 tumor-virus oncoprotein, large T-antigen (Lane and Crawford,
1979; Linzer and Levine, 1979). Since then, p53 has been shown to be involved in
multiple cellular processes including cell cycle arrest, apoptosis, and senescence, all three
of which can suppress tumor formation (Kastan et al., 1991; Kastan, 2007). Cellular
stress such as DNA damage leads to activation of p53-mediated repair mechanisms that
prevent genomic instability, which is why p53 is known as “the guardian of the genome”
(Lane, 1992). Control of DNA repair by p53 is particularly important in the context of
cancer as mice with a loss-of-function mutation in the p53 gene, Trp53, developed
tumors much earlier than wild type counterparts. Additionally, 50% of all human cancers
contain mutations in TP53, most of which are missense mutations that produce a fulllength p53 protein. Many of these mutant p53 proteins are highly expressed and exhibit
gain-of-function properties that include inactivating wild type p53 proteins (Olivier et al.,
2010; Bartek et al., 1991; Weisz et al., 2007).
In unstressed cells, p53 binds to double minute-2 (MDM2), an E3 ubiquitin
ligase, which ubiquitylates p53 to initiate its degradation by the proteasome (Illustration
1.8) (Toledo and Wahl, 2006). When a cell encounters DNA damage, hypoxia, oncogene
activation, or translation and replication stress, p53 is activated either through direct
phosphorylation by signal-mediating kinases or through stabilization by MDM2
inhibition (Illustration 1.8). One well-studied signal-mediating kinase that activates p53 is
Ataxia telangiectasia mutated (ATM) protein kinase. Single or double stranded DNA
breaks activate ATM to phosphorylate and activate p53 to initiate cell cycle arrest,
apoptosis, or senescence (Kastan et al., 1991; Kastan et al., 1992). As alluded to above,
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MDM2 negatively regulates p53 by physically blocking its transactivation domain
(Momand et al., 1992). After a stress signal, MDM2 is activated by a signal-mediating
kinase to polyubiquitylate itself, which stabilizes p53 (Lin et al., 1994; Kubbutat et al.,
1997). Either process increases the half-life of p53 from minutes to hours, allowing p53
to bind as a dimer of dimers to the p53 response element (p53 RE) where it can mediate
transcriptional activation or repression. Importantly, the gene that encodes MDM2 is a
p53-regulated gene, which creates a negative feedback mechanism to limit p53 activity
(Wu et al., 1993). To date, there have been over 125 genes and non-coding RNAs found
to be regulated by p53 highlighting the importance of the p53 signaling pathway (Riley et
al., 2008).
It has been noted that NF-κB is the major responder to extrinsic stress signals,
while p53 responds to intrinsic stress signals (Lane and Levine, 2010). Therefore, it is not
surprising that the two transcription factors have a long history of antagonistic and
reciprocal crosstalk mechanisms and even share common target genes. Through multiple
mechanisms, active NF-κB signaling can prevent p53-mediated responses. Conversely,
activated p53 can inhibit NF-κB target gene expression (Gudkov and Komarova, 2010).
In fact, the NF-κB subunit p52 can bind directly to the promoters of p53 target genes and
regulate their transcription. Specifically, p52 can inhibit the gene expression of a wellknown p53 target gene, p21, and cooperates with p53 to increase gene expression of other
p53 target genes, Puma, DR5, and Gadd45 (Schumm et al., 2006). Additionally, Perkins
and colleagues have revealed that p52 and RelB suppress p53-mediated senescence
through activation of the tumor promoter EZH2, a p53 and NF-κB target gene.
Suppression of p52 and RelB promoted stability of p53, inhibited EZH2 expression, and
increased p53-mediated cell senescence (Iannetti et al., 2014). The Perkins laboratory has
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also described a mechanism in which p53 regulates cyclin D1 transcription by repressing
Bcl-3 expression, which caused a switch from p52-Bcl-3 transcriptional activating
complexes to inhibitory p52-histone deacetylase 1 (HADC1) complexes (Rocha et al.,
2003). Not only can the noncanonical subunits crosstalk with p53, but the canonical
subunit RelA can interact with p53 as well. For example, p53 can inhibit RelA
mitochondrial localization, which results in inhibition of oxidative phosphorylation, and
RelA is required for glucose starvation-initiated p53 expression to induce oxidative
phosphorylation (Mauro et al., 2011).
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Illustration 1.8: General scheme of p53 activation
Many signal-mediating kinases can activate p53 in response to a plethora of cellular
stresses, like DNA damage, hypoxia, and glucose starvation. These kinases can either
directly phosphorylate and activate p53 or inhibit MDM2 ubiquitylation of p53. Either
method increases the half-life of p53, allowing it to bind p53 RE sites in target gene
promoters to initiate DNA repair, cell cycle arrest, apoptosis, and senescence. Modified
from (Riley et al., 2008).
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1.4 Dissertation Objectives
1.4.1 ARNT AND P53 CELL CYCLE REGULATION
Our laboratory previously showed that ARNT regulates NF-κB signaling by
promoting the DNA binding activity of the RelB subunit (Illustration 1.7) (Wright and
Duckett, 2009). However, our initial study of ARNT-mediated RelB modulation was
based on simultaneous suppression of the two ARNT isoforms, isoform 1 and 3, and
prevented the examination of their individual functions. We have noted that, as compared
to primary human B and T cells, lymphoid cancer cell lines contain increased protein
levels of ARNT isoform 1 and decreased protein levels of ARNT isoform 3. Given these
observations, we hypothesized that excessive amounts of ARNT isoform 1 contributed to
cancer proliferation and survival. Corroborating our hypothesis, suppression of isoform 1
in a HMCL and ALCL cell line triggered S-phase cell cycle arrest, spontaneous
apoptosis, and sensitized cells to doxorubicin treatment. Furthermore, co-suppression of
RelB or p53 with ARNT isoform 1 prevented cell cycle arrest and blocked doxorubicin
induced apoptosis. These data reveal that certain blood cancers rely on ARNT isoform 1
to potentiate proliferation by antagonizing RelB and p53-dependent cell cycle arrest and
apoptosis. The results described in Chapter 3 suggest that ARNT isoform 1 and 3 contain
differential activities in regards to regulation of RelB and p53.

In conclusion, our

findings underscore the need for careful evaluation of unique ARNT isoform activities
and how they collectively regulate the multitude of cellular functions associated with
ARNT and NF-κB.
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1.4.2 ARNT AND NONCANONICAL NF-κB SIGNALING
Previously, we identified a role for ARNT in inhibiting CD30-mediated canonical
NF-κB signaling (Wright and Duckett, 2009). In this earlier study, ARNT was found to
promote the DNA binding of RelB-p50 dimers at κB sites in NF-κB target promoters to
prevent RelA-p50 dimers from binding and activating transcription under basal
conditions. After CD30 stimulation, RelA-p50 replaces the RelB-p50 dimer to initiate
transcription, and as the CD30 signal begins to subside, RelB-p50 again binds to the
promoter in an ARNT-dependent fashion displacing RelA-p50 to effectively shut down
transcription (Illustration 1.7) (Wright and Duckett, 2009). However, it is unclear
whether ARNT also regulates noncanonical NF-κB signaling, given its preferential
binding to RelB.
It is noteworthy that only one study has examined the role of the isoforms
independently, and in that study, ARNT isoform 1 phosphorylation was suggested to
inhibit ARNT DNA binding to Ebox promoter sites. Therefore, given the change in DNA
binding initiated by ARNT isoform 1 phosphorylation, we hypothesized that the ARNT
isoforms may function uniquely to regulate noncanonical NF-κB signaling. With this in
mind, we generated two isoform specific siRNA duplexes and utilized a unique nuclear
translocation reporter assay to analyze each isoform in the absence and presence of an
NF-κB stimulus. In this study, we showed that the ARNT isoforms act in a context and
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cell-type specific manner to regulate NF-κB subunit localization and target gene
expression. In HEK 293T cells, both ARNT isoforms are necessary to promote p100
nuclear localization and co-localization with RelB through a mechanism that requires the
NLS of both isoforms. In ALCL cells, we found that nuclear levels of p100 and RelB
increased after suppression of both isoforms, and p52 nuclear levels increased with
suppression of either isoform. As a result, it was surprising to find that only ARNT
isoform 3 is able to inhibit NF-κB-mediated gene expression. This work in combination
with our previous study, suggests the ARNT isoforms are able to regulate the pool of
available NF-κB dimers by regulating nuclear import of the RelB and p52/p100 subunits.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Cell Culture and Reagents
OPM2, NCI-H929, KMS-11, KMS-11 adherent, KMS-18, L363, normal human B
cells, KMH2, Raji, normal human T cells, Karpas 299, Jurkat, and L540 cell lines were
cultured in RPMI-1640 (Corning) containing 10% fetal bovine serum (Gemini) and 2
mM glutamine (Life Technologies) at 37 °C and 5% CO2. HEK 293T cells were cultured
in DMEM (Corning) containing 10% FBS and 2 mM L-glutamine at 37°C and 5% CO2.
Chinese hamster ovary (CHO) cells and CD30 ligand+ (CD30L+) CHO cells were
cultured in Ham’s F-12 (Corning) media containing 10% FBS and 2 mM L-glutamine at
37°C and 5% CO2 (Wright et al., 2007).

2.2 ARNT Copy Number Analysis
HMCLs were analyzed by array comparative genomic hybridization (aCGH) on
the Agilent 44k platform. The aCGH data was segmented using CBS algorithm as
described (Keats et al., 2007). Data was supplied by P. Leif Bergsagel (Mayo Clinic,
Scottsdale,

AZ.)

and

is

available

at

the

MMRC

genomics

portal

(http://www.broadinstitute.org/mmgp/home).

2.3 Antibodies and Immunoblotting
Whole cell lysates were prepared by incubating cells for 20 minutes on ice in
radioimmune precipitation assay (RIPA) buffer (PBS containing 1% Nonidet P-40, 0.5%
[w/v] deoxycholic acid, 0.1% SDS, 1 mM PMSF, and 1 mM DTT) supplemented with
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complete mini protease inhibitor tablets (Roche) or protease inhibitor cocktail (Sigma).
Lysates were resolved on denaturing NuPAGE 4-12% Bis-Tris polyacrylamide gels (Life
Tech), transferred to 0.45 µm nitrocellulose (Whatmann), and blocked with 5% powdered
milk (w/v) in TBS containing 0.1% Tween-20. The membranes were incubated with the
indicated primary antibodies, followed by horseradish peroxidase-conjugated secondary
antibodies (GE Healthcare). Peroxidase activity was detected by the Supersignal West
Pico Chemiluminescent Substrate (Pierce). Antibodies used were: ARNT (BD
Pharmigen); Actin and Flag (Sigma); p53 (Invitrogen); HRP-conjugated p53 and
phosphorylated p53S15 (R&D Systems); RelB, RelA, phosphorylated RelASer 536, tubulin,
and Lamin A/C (Santa Cruz); p100 (Millipore); and IκBα (Upstate).

2.4 Cell Growth, Cell Cycle, and Cell Death Analysis
For cell growth analysis, Karpas 299 and KMS-18 cells were electroporated with
the indicated siRNAs. Twenty-four hours after transfection, cells were placed at 1.7 × 105
cells/mL (Karpas 299) and 0.5 × 105 cells/mL (KMS-18) per well in 6-well plates in
triplicate. Cells were counted at 24-hour intervals for a total of 72 hours or 96 hours using
a Z2 Beckman Coulter Particle Count and Size analyzer. For cell cycle analysis, cells
were incubated with 100 ng/mL Annexin-FITC for 8 minutes and PI was added just prior
to flow cytometry analysis. For cell death, cells were pelleted at 300 × g for 5 minutes,
washed with PBS, and resuspended in 1 mL annexin V binding buffer (10 mM HEPES,
pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) and incubated with 100 ng/mL Annexin-FITC for
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8 minutes. Cell cycle and cell death data were analyzed using FlowJo (Tree Star Inc.).
Bar graphs were generated by compiling data from 3 individual experiments.

2.5 Protein Stability
To assess protein half-life, cycloheximide (Sigma) was added to cells
(electroporated with the indicated siRNAs) at 100 μg/mL 60 hours post-transfection.
Cells were harvested at the indicated time points and analyzed by immunoblotting.

2.6 Mutagenesis
The ARNT isoform NLS deletion mutants and wobble mutants were generated
using QuikChange Site-directed Mutagenesis kit (Agilent Technologies) following the
manufacturer’s protocol. The ARNT isoform 3 NLS deletion mutant (ARNT3ΔNLS) was
described previously (Wright and Duckett, 2009). The ARNT isoform 1 NLS
(ARNT1ΔNLS) was deleted using the following primers: forward-5’-GGA GCC ATT
GTC CAG TGT GAT GAT GAT CAG-3’ and reverse-5’-CTG ATC ATC ATC CAC
CTG GAC AAT GGC TCC -3’. The ARNT isoform wobble mutants (A1W and A3W)
were mutated to contain a silent mutation within the region targeted by the siA-1/3
siRNA, enabling the individual expression of one isoform or another. The primers used
were: forward 5’-CTG CTA AGA CTC GGA CGT CCC AGT TTG GTG TGG GC-3’
and reverse 5’-GCC CAC ACC AAA CTG GGA CGT CCG AGT CTT AGC AG-3’.
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2.7 Co-immunoprecipitation and GST pulldown
HEK 293T cells were transfected with the indicated plasmid(s) using a standard
calcium phosphate precipitation protocol as previously described (Muro et al., 2014).
Cells were lysed by RIPA buffer as described above. Cell lysates were incubated with
anti-Flag on a rotator for 1 hour at 4°C, followed by incubation with 30 µL of 50% slurry
of protein G agarose beads (Life Tech) for 1 hour. Beads were washed 4 times with 1
mL of RIPA buffer, and protein complexes were eluted with lithium dodecyl sulfate
buffer (Life Tech). The eluate was analyzed by immunoblotting as described above. For
the glutathione S-transferase (GST) pulldown assay, GST-tagged proteins were
overexpressed in HEK 293T cells, and cells were lysed after 24 h of incubation. RIPA
cell lysates were prepared, as described for the co-IP experiments, and incubated with 30
µL of a 50% slurry of glutathione (GSH) sepharose beads (GE Healthcare) by rotating for
2 h at 4 °C. Beads were eluted and eluate analysis performed as described above for coIP experiments.

2.8 RNA Interference
Cells were electroporated as previously described with 2 µM of target siRNA
duplexes (Wright et al., 2007). Double RNAi experiments were normalized with control
siRNA. Ficoll-Paque spins were performed at 16 hours post-transfection and cells were
transferred to RPMI-1640 medium containing 10% FBS and 2 mM glutamine at 0.5 × 106
cells/mL until analyzed. Target sequences are as follows (Sigma): siControl 5’- CAU
GCC UUG CUU UAC GCA UTT-3’; siARNT-1/3 5’- UCC AGU CUC AGG AGC
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AAA G-3’; siARNT-1 5’- UGC CAG GUC GGA UGA UGA GCA-3’; sip53 5’-CCG
GAG GCC CAU CCU CAC C-3’; siARNT-3 5’-CGG UUU GCC AGG GAA AAU C3’; siRelB 5’-GAC UGC ACC GAC GGC AUC U-3’; siRelA 5’-GCC CUA UCC CUU
UAC GUC-3’.

2.9 Nuclear Fractionation
Approximately ~10x106 Karpas 299 cells were harvested and washed with 1 mL
cold 1x PBS. Then the cells were resuspended in 300 mL of Buffer #3 [0.025M HEPES,
5mM KCl, 0.5mM MgCl2, 1mM PMSF, 1mM DTT, 1% NP-40, and complete mini
protease inhibitor tablets (Roche) or protease inhibitor cocktail (Sigma)], and rotated to
mix for 15 min at 4oC. The samples were then centrifuged samples at 2500 RPM for 1
min at 4oC. The supernatant was collected as the cytosolic fraction. The remaining pellet
was washed with 300 mL of Buffer #3, centrifuged at 2500 RPM for 1 min at 4oC, and
the supernatant aspirated. Finally, the pellet was resuspended in 100 mL of Buffer #5
[0.025M HEPES, 10% Sucrose, 350mM NaCl, 1mM PMSF, 1mM DTT, and complete
mini protease inhibitor tablets (Roche) or protease inhibitor cocktail (Sigma)] and rotated
for 1 hour at 4oC. After centrifuging at maximum speed for 10 min at 4oC, the
supernatant was collected as the nuclear fraction.

2.10 Real-time PCR
RNA was isolated using the PureLink RNA mini kit (Life Tech) according to the
manufacturer’s instructions. Total RNA was reverse transcribed using TaqMan
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Multiscribe Reverse Transcriptase (Applied Biosystems). The resulting cDNA was
analyzed with the indicated TaqMan probe using the Bio-Rad CFX96 real-time system
C100 thermal cycler. Samples were normalized to glyceraldehyde-3-phosphate
dehydrogenase levels to determine relative gene expression.

2.11 Fluorescence Microscopy
HEK 293T cells were plated in 30 mm glass bottom culture dishes (MatTek) at
50% confluence and were co-transfected by calcium phosphate transfection with the
plasmids indicated in the figure legends. After 24 h of incubation, cells were stained with
Hoechst (Sigma) for 30 minutes before analysis by fluorescence microscopy at room
temperature (Nikon ECLIPSE Ti-S; Nikon CFI S Plan Fluor ELWD 60X/0.7 objective;
Nikon DS-Qi1Mc camera). The acquisition software used for all images was NISElements-BR. To obtain percent GFP or Cherry expression, pictures were taken for three
fields of view in each culture dish, and the number cells with translocation was divided
by the total number of GFP-positive or Cherry-positive cells in each field. All scale bars
indicate 20 µm.

2.12 CD30 Activation
Karpas 299 cells were physiologically stimulated with CD30L as previously
described (Wright et al., 2007). Briefly, Karpas 299 cells were resuspended at 1x106
cells/mL in RPMI media. To stimulate CD30, 4x106 Karpas 299 cells were layered on top
of either control CHO cells and CD30L+ CHO cells that were plated the day before at
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9x105 cells per 60 mm dish and incubated together for 10 minutes. The Karpas 299 cells
were removed by gentle pipetting and allowed to incubate separately for a further 4-6
hours, as described in the figures, at which point the cells were harvested.

2.13 Statistical Analysis
All experiments were performed at least 3 times, in triplicate. Data are graphed as
mean ± s.e.m. Cell cycle and cell death data were analyzed using FlowJo (Tree Star Inc.).
Statisical significance was determined by student’s t-test. For non-normal data, or data
with significantly different variances, the non-parametric Mann-Whitney Ranks Sum test
was used. Results were considered significant when p<0.05.
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CHAPTER 3: ARNT ISOFORMS CONTROL LYMPHOID CANCER
CELL PROLIFERATION THROUGH DIFFERENTIALLY
REGULATING TUMOR SUPPRESSOR P53 ACTIVITY
3.1 Introduction
As mentioned above, hematological malignancies often contain genetic
amplification events that alter gene expression and allow unrestrained survival and
proliferation (Albertson, 2006). In particular, MM and ALCL tumors often exhibit a gain
of chromosome 1q21, which is a prognostic indicator of poor overall survival (Kuehl and
Bergsagel, 2012; Walker et al., 2010). High levels of ARNT expression, a gene contained
within the amplified region of chromosome 1q21 (1q21.3), are associated with an
unfavorable outcome in MM patients (Hassen et al., 2015). Based on these observations,
we examined whether ARNT regulated the proliferation and survival of malignant blood
cells. As described in the above sections, ARNT is a transcription factor that
predominantly heterodimerizes with the AHR or HIF-1α (McIntosh et al., 2010; Kewley
et al., 2004; Swanson, 2002). Deregulation of AHR and HIF-1α activity can promote
various disease states including cancer cell proliferation. Importantly, ARNT has been
shown to be essential in supporting these pathophysiological characteristics (Chandel and
Simon, 2008; Maltepe et al., 1997; Shi et al., 2009; Bersten et al., 2013).
Independent of its role in AHR and HIF signaling, ARNT has also been reported
to support the proliferation and survival of a number of tumor cell lines through
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regulation of various cellular processes (Chan et al., 2013; Gu et al., 2013; Huang et al.,
2015; Shieh et al., 2014). Previously, we found that ARNT promoted RelB DNA binding
to block the activity of RelA-p50 dimers, i.e. in the absence of ARNT protein, RelB DNA
binding was decreased, RelA DNA binding was increased, and NF-κB activity was
augmented (Wright and Duckett, 2009). Not surprisingly, constitutively active NF-κB is
found in 17% of MM tumors and 40% of human MM cell lines (HMCL), and multiple
studies have demonstrated that aberrant NF-κB activity is vital to the proliferation and
survival of these cancer cells (Annunziata et al., 2007; Demchenko et al., 2010; Keats et
al., 2007; Perkins, 2012). It is surprising that so many lymphoid malignancies exhibit
both ARNT amplification and high levels of NF-κB signaling as our previous results
predict that an amplification of ARNT protein would inhibit NF-κB signaling.
Notably, ARNT is expressed as two alternatively spliced isoforms that differ by
the inclusion or exclusion of a short N-terminal exon that provides isoform 1 with an
extra 15 amino acids as compared to isoform 3 (Hoffman et al., 1991). In fact, specific
ARNT isoform 1 and 3 function has only been evaluated by a single study (Kewley and
Whitelaw, 2005). Since many of the experiments in this previous study utilized in vitro
and recombinant protein assays and our previous study did not examine isoform specific
functions, we sought to explore ARNT isoform activities in intact cells. Here we find
that while normal lymphocytes exhibit equal levels of isoform 1 and 3, lymphoid
malignancies express ARNT isoform 1 almost exclusively. This observation led us to
hypothesize that ARNT isoform 1 provides a proliferation advantage to cancer cells.
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Through targeted suppression, we uncovered a requirement for ARNT isoform 1 in
sustaining proliferation and supporting cancer cell survival. We observed that in the
absence of ARNT isoform 1, malignant blood cells exhibited slowed proliferation and
increased levels of cell death. Unexpectedly, the manifestations of these phenotypes
require RelB and p53 activity but are independent of NF−κB signaling. Importantly, our
findings suggest that a shift to ARNT isoform 1 production may be critical to the
oncogenesis of lymphoid malignancies.

3.2 Results
3.2.1 ARNT AMPLIFICATION IS PREVALENT IN HMCLS AND ALCL CELL LINES
Various HMCLs examined by array comparative genomic hybridization (aCGH)
displayed frequent focal amplifications of chromosome 1q21 leading to multiple copies
of the ARNT locus (Figure 3.1A). ARNT protein levels mostly correlated with copy
number except for KMS-11 cells (Figure 3.1B). Interestingly, analysis of the Oncomine
database revealed that ARNT is amplified in a number of diverse cancers (Figure 3.2).
To further ascertain the effects of ARNT amplification on ARNT protein levels, we
compared human primary B and T cells with human B and T cell cancer cell lines by
immunoblot analysis. Two protein entities were detected with the ARNT antibody,
which appeared at equal levels in naïve B and T cells, whereas in lymphoid cancers
increased levels of the higher molecular weight form were observed (Figure 3.1B and C).
As ARNT undergoes a variety of modifications, it was unclear whether the two products
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resulted from protein processing, post-translational alterations, or differential splicing.
Since the ARNT isoforms differ by only 15 amino acids, we speculated that the observed
proteins were ARNT isoform 1 and 3 (Figure 3.1D). Our hypothesis was confirmed by
introducing an isoform 1-specific siRNA duplex (siA-1) into KMS-18 (a HMCL) or
Karpas 299 (a Treg-like ALCL cell line with reported amplification of the 1q21 region),
which only suppressed the higher molecular weight product (Figure 3.4A) (Gogusev et
al., 2002). In contrast, targeting of a common sequence in isoform 1 and 3 (siA-1/3)
resulted in suppression of both products (Figure 3.4A).

These results confirm the

expression of ARNT isoform 1 and 3 and demonstrate that B and T cell cancers have
increased isoform 1 levels.
To gain insight into the elevated levels of ARNT isoform 1 found in these
cancers, we analyzed the epigenomic profile of the ARNT locus using data sets derived
from reference genomes by the NIH Roadmap Epigenomics Consortium (Kundaje,
2015). Interestingly, the resulting profile revealed a conspicuous pattern of acetylated
and methylated histones centered on the alternative exon 5 in primary lymphoid cells,
suggesting highly relaxed and accessible DNA in this region (Figure 3.3). Conversely,
cancer cell epigenomes showed loss of these exon 5-associated histone marks, suggesting
a lymphoid specific means of epigenetically regulating the exclusion of exon 5 (Figure
3.3) (Consortium, 2012).
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Figure 3.1: ARNT amplification in HMCLs and expression in lymphoid
malignancies.
(A) ARNT copy number, along with TP53 status, is shown for select HMCLs. (B) ARNT
protein levels in the indicated HMCLs were analyzed by immunoblotting (s.e., short
exposure; l.e., long exposure). β-actin serves as a loading control. (C) Normal human B
and T cells were isolated from whole blood by magnetic selection (Mylteni Biotec), and
ARNT protein levels were analyzed by immunoblotting. These immunoblots were
compared to ARNT immunoblots of whole cell lysates obtained from the indicated B and
T cell cancer cell lines. (D) Schematic representation of ARNT isoforms 1 and 3; b-HLH,
basic helix-loop-helix; PAS, Per-ARNT-Sim; TA, transactivation.
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Figure 3.2: Oncomine database analysis of ARNT expression.
Analysis ARNT copy number in diffuse large B-cell lymphoma, endometrial
adenocarcinoma, invasive ductal breast carcinoma, and lung adenocarcinoma using the
Oncomine database.
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Figure 3.3: The epigenomic profile of the ARNT locus.
Heat map depicting epigenomic data from NIH Roadmap Epigenomics Consortium
dataset. The red region is the transcriptional start site for ARNT. The red outlined area is
the region surrounding the alternatively spliced exon 5 (black arrow in center).
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Given the increased presence of ARNT isoform 1, we hypothesized that isoform 1
imparts an advantage to cancer cell proliferation.

This notion was confirmed by

suppression of ARNT isoform 1 in KMS-18 cells or Karpas 299 cells, which resulted in
significant proliferation reduction (Figure 3.4B).

Notably, the observed defect in

proliferation was specific to suppression of ARNT isoform 1, given that combining siA1/3 with siA-1 did not affect cell proliferation (Figure 3.4C).
Because ARNT has been reported to drive the expression of the cell cycle
inhibitor CDKN2B, we investigated whether the proliferation deficit associated with the
suppression of ARNT isoform 1 was a result of changes in the cell cycle (Aesoy et al.,
2014). Remarkably, reduction of ARNT isoform 1 in KMS-18 or Karpas 299 cells
triggered S phase cell cycle arrest (Figure 3.5A). In addition, analysis of a panel of cell
cycle inhibitors showed significant upregulation of CDKN1A and CDKN2B expression,
of which the product of CDKN1A, p21WAF1, has been shown to block S phase cell cycle
progression (Figure 3.5B) (Radhakrishnan et al., 2004; Zhu et al., 2004). Together these
data suggest that in the absence of ARNT isoform 1, ARNT isoform 1 gives a
proliferative advantage to lymphoid malignancies by promoting progress through the cell
cycle.
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Figure 3.4: ARNT isoform 1 promotes cancer cell proliferation.
(A) KMS-18 and Karpas 299 cells were electroporated with a control siRNA (siControl),
an siRNA targeting both isoforms (siA-1/3), or an siRNA targeting isoform 1 specifically
(siA-1). Protein levels were assessed by immunoblotting 48 hours post-transfection. βactin serves as a loading control. (B) Twenty-four hours after electroporation with
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24 hours for 72 hours. Data are presented as mean ± s.e.m. *p<0.001 compared to
siControl.
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3.2.3 RELB

PARTICIPATES

IN

ARNT

ISOFORM

1-MEDIATED

PROLIFERATION

REGULATION

Since we previously found that loss of the ARNT isoforms leads to modification
of RelB DNA binding, we sought to investigate whether the ARNT isoforms depend on
RelB for regulating cancer cell proliferation. Because KMS-18 cells are dependent on
RelB for survival and proliferation, we were unable to assess RelB in KMS-18 cells and
instead focused on Karpas 299 cells where suppression of RelB only partially affected
cell proliferation (Figure 3.6B) (Keats et al., 2007). Therefore, in Karpas 299 cells, RelB
protein was suppressed alone (siRelB) or in combination with ARNT isoform 1 (Figure
3.6A). Interestingly, co-suppression of RelB and ARNT isoform 1 significantly rescued
the defects in proliferation, cell cycle progression, and expression of cell cycle inhibitors
(Figure 3.6B-D).
Given the requirement for RelB in preventing proliferation after depletion of
ARNT isoform 1, we investigated whether NF-κB activity was affected after suppression
of ARNT isoform 1. In agreement with our previous study, suppression of both ARNT
isoforms augmented the expression of several NF-κB target genes (Figure 3.7A) (Wright
and Duckett, 2009). However, to our surprise, reducing ARNT isoform 1 had no effect
on NF-κB target gene expression, indicating that while RelB is essential for triggering
cell cycle arrest, NF-κB signaling, per se, has no role (Figure 3.7A). To further confirm
the lack of involvement of NF-κB activity, RelA was suppressed (siRelA) with ARNT
isoform 1. As expected, cell cycle analysis showed that RelA was dispensable for
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inducing S phase cell cycle arrest (Figure 3.7B and C). Thus, the cell cycle arrest signal
that is induced after depletion of ARNT isoform 1 requires RelB but does not depend on
NF-κB signaling.
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3.2.4 ARNT ISOFORMS 1 AND 3 REGULATE RELB EXPRESSION AND PROTEIN STABILITY
We noted that introduction of siA-1/3 into Karpas 299 cells resulted in increased
RelB protein levels as compared to cells that received control siRNA (Figure 3.6A).
Therefore, we examined both RELB gene transcription and protein stability. Analysis of
RELB transcription in cells devoid of both ARNT isoforms suggested that the higher
RelB protein resulted from elevated levels of transcription as suggested by previous
studies (Figure 3.8A) (Wright and Duckett, 2009). However, reduction of ARNT isoform
1 fails to alter RELB expression (Figure 3.8A). Additionally, we explored if the ARNT
isoforms regulate the stability of RelB protein, Karpas 299 cells were treated with
cycloheximide after transfecting with siControl, siA-1/3, or siA-1. Immunoblot analysis
of control treated cells demonstrated that under normal conditions RelB has a half-life of
approximately 5 hours (Figure 3.8B). Interestingly, suppression of both ARNT isoforms
stabilized RelB by increasing the protein half-life to over 10 hours.

However,

suppression of ARNT isoform 1 only modestly diminished RelB stability (Figure 3.8B).
These data indicate that both ARNT isoforms 1 and 3 potentially contribute to RelB
expression and turnover.
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siA-1.
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3.2.5 ARNT ISOFORMS 1 AND 3 CONTROL P53 PROTEIN STABILITY AND ACTIVITY
RelB has been shown to suppress cell senescence and promote tumorigenesis by
disrupting the stability of the tumor suppressor p53 (Iannetti et al., 2014).

These

findings, coupled with the fact that the ARNT isoforms modulate RelB protein levels and
the expression of cell cycle inhibitors, led us to postulate that the ARNT isoforms
influence p53 protein levels. To investigate our hypothesis, we assessed p53 protein
levels and activity in Karpas 299 cells after introduction of siControl, siA-1/3, and siA-1.
Strikingly, we observed that in the absence of both ARNT isoforms, p53 protein levels
are significantly reduced (Figure 3.9A). Additionally, suppression of ARNT isoform 1
resulted in increased levels of serine 15 phosphorylated p53, which is an activation
marker of p53 (Figure 3.9A). Quantitative PCR revealed that the reduction in p53 protein
was not a consequence of transcriptional control since TP53 expression was similar
between siControl, siA-1/3, and siA-1 (Figure 3.9B). Interestingly, despite no changes in
gene expression, suppression of ARNT isoform 1 resulted in dramatic stabilization of p53
protein (Figure 3.9C). These findings suggest that the S phase arrest associated with
lowering ARNT isoform 1 occurs through activation of p53, in part, caused by increased
p53 protein stability. To examine this notion, cell cycle analysis was performed on cells
with reduced levels of ARNT isoform 1 and p53. As predicted, decreasing p53 protein
levels together with ARNT isoform 1 reversed the cell cycle arrest phenotype and
significantly lowered CDKN1A and CDKN2B expression (Figure 3.9D-G). Notably,
suppression of p53 alone resulted in an increase in ARNT protein levels, suggesting that
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p53 is inversely regulated by ARNT and vice versa, which is supported by a study
showing that ARNT mRNA levels are reduced through p53-mediated transcriptional
upregulation of microRNA-107 (Figure 3.9D) (Yamakuchi et al., 2010).
Cooperation between p53 and ARNT was also examined in KMS-18 cells (Figure
3.10A). Suppression of p53 along with ARNT isoform 1 also rescued the cell
proliferation defect with a significant reduction in the expression of CDKN1A and a trend
of lower CDKN2B expression (Figure 3.10B-D). Together these findings indicate that
ARNT controls p53 in cancer cells, which suggests the existence of a general mechanism
whereby the ARNT isoforms regulate p53 activity to control cell proliferation.
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Figure 3.9: ARNT isoforms 1 and 3 control p53 protein stability and activity in
Karpas 299 cells.
(A) Immunoblot analysis of p53 protein levels and phosphorylation state in Karpas 299
cells that were electroporated with siControl, siA-1/3, or siA-1. (B) qPCR analysis of
TP53 expression using total RNA isolated from Karpas 299 cells that had been
electroporated as in (A). (C) Karpas 299 cells electroporated as in (A) were treated with
100 µg/mL cycloheximide at 60 hours post-transfection and lysed at the indicated time
points. Cell lysates were analyzed by immunoblot for changes in p53 half-life. The βactin immunoblot corresponds to the siControl sample and is similar to β-actin levels
from the siA-1/3 and siA-1. (D) Karpas 299 cells were electroporated with siControl,
siA-1/3, siA-1, sip53 and siA-1, or sip53 and lysed 48 hours later. Protein levels were
analyzed by immunoblotting for p53 and ARNT. (E) Cell proliferation was measured in
Karpas 299 cells after introduction of the indicated siRNA duplexes, by counting them
every 24 hours for 72 hours. (F) Karpas 299 cells were electroporated as in (D). Fortyeight hours post-transfection the cell cycle was analyzed by PI staining and flow
cytometry. (G) qPCR analysis of CDKN1A and CDKN2B gene expression in Karpas 299
cells electroporated with siControl, siA-1/3, siA-1, sip53 and siA-1, or sip53. Data are
presented as mean ± s.e.m. *p<0.001 compared to siControl. **p<0.001 compared to
siA-1.
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64

3.2.6 ARNT

ISOFORM

1

IMPARTS CHEMO-RESISTANCE AND SURVIVAL TO CANCER

CELLS

Since p53 was stabilized and activated when ARNT isoform 1 was suppressed,
we predicted that in the absence of ARNT isoform 1, cells would be highly susceptible to
DNA damaging agents. To examine this hypothesis, we suppressed ARNT isoform 1 in
Karpas 299 cells and treated them with doxorubicin, a DNA-intercalating chemotherapy
drug used to treat many cancers (Tacar et al., 2013). Annexin V staining of these cells
revealed that loss of ARNT isoform 1 sensitized cells to doxorubicin as they exhibited an
approximately three-fold increase in apoptosis when compared to control cells or cells
with reduced levels of both isoforms (Figure 3.11A and B). As expected, co-suppression
of p53 with ARNT isoform 1 rescued cells from doxorubicin-induced death (Figure
3.10B).
Because ARNT coordinates with RelB to regulate different cellular processes we
also examined the role of RelB in the cell death caused by doxorubicin exposure.
Interestingly, suppression of RelB led to spontaneous apoptosis, which greatly increased
after doxorubicin treatment (Figure 3.11B). Based on these results, we expected that cosuppression of ARNT isoform 1 and RelB would increase the sensitization to cell death.
However, to our surprise, reducing RelB and ARNT isoform 1 together rescued the
apoptosis that was induced by depletion of either one alone (Figure 3.11B).

This

unexpected finding demonstrates that the observed cell death requires RelB or ARNT
isoform 1, suggesting redundant functions in controlling apoptosis.
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Remarkably,

suppression of ARNT isoform 1 in KMS-18 cells led to high rates of spontaneous
apoptosis in the absence of doxorubicin (Figure 3.11C). Collectively, our data uncover a
mechanism that is governed by ARNT isoform 1, RelB, and p53 to control the
proliferation and survival of cancerous blood cells.
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Figure 3.11: ARNT isoform 1 imparts chemo-resistance and survival to cancer cells.
(A) Karpas 299 cells were electroporated with siControl, siA-1/3, or siA-1, and 48 hours
later, were treated with vehicle control or 1 µM doxorubicin. Cell death was analyzed 36
hours post-treatment by annexin V staining. (B) Karpas 299 cells were electroporated
with siControl, siA-1/3, siA-1, sip53, sip53 and siA-1, siRelB, or siRelB and siA-1, and
48 hours later, were treated with vehicle control or 1 µM doxorubicin. Cell death was
analyzed 36 hours post-treatment by annexin V staining. (C) KMS-18 cells were
electroporated with siControl, siA-1/3, or siA-1, and 64 hours later, cell death was
analyzed by annexin V staining. Data are presented as mean ± s.e.m. *p<0.001 compared
to siControl. **p<0.001 compared to siA-1.
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3.3 Discussion
ARNT has been shown to regulate the anti-oxidant response and resistance to
chemotherapeutic drugs in diverse cancers and is important for AHR and HIF-1α
promoted tumors (Shi et al., 2009; Shi et al., 2010; Bersten et al., 2013; Chan et al., 2013;
Gu et al., 2013; Huang et al., 2015; Shieh et al., 2014). Whereas these previous reports
treat ARNT as a single protein, we have noted that, as compared to primary human B and
T cells, various lymphoid malignancy cell lines contain increased levels of ARNT
isoform 1 and decreased levels of ARNT isoform 3. Given these observations, we
surmised that excessive amounts of ARNT isoform 1 contributed to cancer cell
proliferation and survival. Having previously found cooperation between RelB and
ARNT we examined whether the ARNT isoforms affected RelB expression and stability
(Wright and Duckett, 2009). Interestingly, simultaneous suppression of the both ARNT
isoforms greatly stabilized RelB protein levels, in addition to increasing transcription of
RELB. Thus, ARNT isoforms control the transcription and half-life of RelB, which may
occur through alterations in the transcription of genes that regulate RelB stability or by
recruiting RelB into an AHR/ARNT cullin 4B ubiquitin ligase complex (Ohtake et al.,
2007). While future studies will address these possibilities, our current data support a
model where increased ARNT isoform 1 serves to block RelB from inducing cell cycle
arrest.
Intriguingly, RelB has been shown to promote the growth of primary human
fibroblast cells, and cells from chronic lymphocytic leukemia (CLL) patients, through
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regulating p53 stability, EZH2 expression, and Rb activation (Iannetti et al., 2014). Our
data are consistent with these results as depletion of both ARNT isoforms leads to p53
instability and increased RelB stability, whereas suppression of ARNT isoform 1 results
in p53 stability and activation and a slight decrease in RelB stability. It may be that
ARNT governs p53 stability and activation by modulating RelB protein stability and
thereby the expression of genes that control p53 activity. However, the half-life of RelB
is not affected after depletion of ARNT isoform 1, pointing to a supporting role for
ARNT isoform 3 in the stabilization of RelB.
We have noted that a common 1q21 focal amplification in MM and ALCL
contains the ARNT gene (Beroukhim et al., 2010; Walker et al., 2010). However, this
amplification would be predicted to result in higher levels of both ARNT isoforms. Thus,
the question arises as to how the levels of ARNT isoforms are differentially changed.
Analysis of the ARNT epigenetic landscape has provided important clues into possible
splicing regulation of alternative exon 5 (Figure 3.3) (Kundaje, 2015).

Primary

leukocytes exhibit a striking histone modification pattern (H3K27ac, H3K4me1) centered
on exon 5 of ARNT that is absent from most all other primary tissues and cancer cells.
This observation suggests that ARNT expression may be uniquely regulated in
hematopoietic cells, which is supported by the relative sensitivity of the immune system
to xenobiotic exposure and the dependence of adult and fetal hematopoietic stem cells on
ARNT for viability and homeostasis (Krock et al., 2015; Stockinger et al., 2014).
Although H3K27ac and H3K4me1 are well-characterized histone marks associated with
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promoters and enhancer regions, there is another possibility to consider (Ernst and Kellis,
2010; Ernst et al., 2011). It is now accepted that alternative splicing of pre-mRNA occurs
co-transcriptionally in a manner that is directed by recruitment of the splicing machinery
to specific histone marks (Luco et al., 2010; Luco et al., 2011). Furthermore, histone
marks affect the elongation rate of RNA polymerase II, and the elongation rate can
dictate whether or not an alternative exon is included in the processed mRNA. A slow
rate leads to increased inclusion of an alternative exon whereas a faster elongation rate of
RNA polymerase II, which occurs when there is a more relaxed chromatin structure, such
as hyper-acetylated chromatin, causes skipping of the alternative exon (Luco et al., 2011).
While future investigation is needed to fully understand the importance of these histone
marks that surround exon 5, it is reasonable to predict that in primary B and T cells
alternative exon 5 would be skipped more readily whereas, in cancers that have lost the
H3K27ac and H3K4me1 marks, alternative exon 5 would be included more often.
Importantly, these predictions based on the Epigenome Roadmap data are supported by a
previous study and by our immunoblot analysis of ARNT isoform levels in primary B
and T cells versus various lymphoid malignancies (Figure 3.1) (Podlaha et al., 2014).
Altogether, our data demonstrate that suppressing ARNT isoform 1 ultimately
activates p53, leading to augmented expression of cell cycle inhibitors, such as CDKN1A,
and S phase cell cycle arrest. These observations indicate that ARNT isoform 1 is a
promising candidate to target therapeutically. In particular, one attractive option for
depleting ARNT isoform 1 is splice modulation therapy, which allows for exon skipping
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by a modified antisense oligonucleotide (AONs) that hybridizes to complementary
sequences in the target exon and hides it from the splicing machinery (Spitali and
Aartsma-Rus, 2012). Successful clinical trials have shown promise for using AONs to
treat Duchenne muscular dystrophy, and AONs have been used to switch STAT3
isoforms in cancer cells to promote apoptosis and inhibit tumor growth (Fairclough et al.,
2013; Zammarchi et al., 2011). Therefore, targeting exon 5 in the pre-mRNA of ARNT
would theoretically bolster the production of ARNT isoform 3, which would presumably
activate p53 decreasing the survival of cancer cells. Overall our results suggest that
ARNT isoform 1 and 3 contain differential activities and that variations in isoform ratios
lead to differential phenotypes. In conclusion, our findings underscore the need for
careful evaluation of unique ARNT isoform activities and how they collectively regulate
the multitude of cellular functions associated with ARNT signaling.
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CHAPTER 4: ARNT ISOFORMS REGULATE NF-κB SIGNALING
BY ALTERING THE SUBCELLULAR LOCALIZATION OF THE
NF-κB SUBUNITS RELB AND P52/P100
4.1 Introduction
The NF-κB transcription factor is a critical regulator of the immune system and
other cellular functions such as cell survival, differentiation, and proliferation (Hayden
and Ghosh, 2011). This diversity in function is achieved, in part, through dimerization of
five subunits: RelA (p65), RelB, c-Rel, p50, and p52, which homo and/or heterodimerize
in order to form active transcription factors with different target gene specificities
(Hayden and Ghosh, 2008). The subunits p50 and p52 are formed, either constitutively
or post-stimulation, by proteasomal processing of the larger p105 and p100 proteins,
respectively. In resting cells, the subunit dimers are sequestered in the cytoplasm by the
IκB proteins. Nuclear translocation of the NF-κB subunits is governed by one of two
regulatory kinase cascades, depending on the stimulus, referred to as the canonical and
noncanonical pathways of NF-κB signaling. Receptors, such as toll-like receptors (TLR)
and tumor necrosis factor receptors (TNFR), initiate the NF-κB response after sensing
intracellular and extracellular pro-inflammatory signals, including microbial signatures
and cytokines and mitogens, respectively (Akira et al., 2006; Kagan and Medzhitov,
2006; Schutze et al., 2008). Once stimulated, these receptors trigger one of the two NFκB signaling cascades leading to the ubiquitylation and proteasomal degradation of IκB
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proteins. This process exposes the nuclear localization signal (NLS) of the NF-κB dimers
resulting in nuclear translocation and target gene transcription. In canonical signaling,
IκBα is targeted by an IκB kinase complex, leading to ubiquitylation and proteasomal
degradation of IκBα, allowing for nuclear translocation of RelA-p50 dimers (Kanarek
and Ben-Neriah, 2012).

In contrast, the noncanonical NF-κB pathway is activated

downstream of a subset of TNFRs including LTβR, BAFFR, and CD30 (Bista et al.,
2010; Morrison et al., 2005; Wright et al., 2007). The NF-κB-inducing kinase (NIK) is
required for stimulation of the noncanonical NF-κB pathway. Stimulus-dependent
stabilization of NIK leads to the phosphorylation and removal of the inhibitory carboxylterminal IκB (IκBδ) domain within the inactive p100 precursor protein resulting in
nuclear translocation of RelB-p52 dimers (Tao et al., 2014; Yang and Sun, 2015). In
turn, RelB-p52 dimers activate genes whose products regulate lymphoid organogenesis,
B cell survival and maturation, dendritic cell activation, and bone metabolism {Novack
(Gerondakis and Siebenlist, 2010; Hofmann et al., 2011; Novack et al., 2003; Yilmaz et
al., 2003).
Previously, we have identified a role for the aryl hydrocarbon receptor nuclear
translocator (ARNT) in inhibiting CD30-mediated canonical NF-κB signaling (Wright
and Duckett, 2009). In this earlier study, ARNT was found to promote the DNA binding
of RelB-p50 dimers at κB sites in NF-κB target promoters to prevent RelA-p50 dimers
from binding and activating transcription under basal conditions. After CD30 stimulation,
RelA-p50 replaces the RelB-p50 dimer to initiate transcription, and as the CD30 signal
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begins to subside, RelB-p50 again binds to the promoter in an ARNT-dependent fashion
displacing RelA-p50 to effectively shut down transcription (Wright and Duckett, 2009).
However, it is unclear whether ARNT also regulates noncanonical NF-κB signaling,
given its preferential binding to RelB.
ARNT is a member of the bHLH/PAS family of transcription factors, which
contains many members with diverse functions (Bersten et al., 2013).

ARNT is a

common binding partner in this family and predominantly heterodimerizes with the AHR
or HIF-1α and aids in the recognition of their respective DNA binding sequences
(Chandel and Simon, 2008; Maltepe et al., 1997; Kewley et al., 2004). ARNT was
originally cloned from HepG2 cells as a factor that restores AHR DNA binding in a
complementation screen using a cell line containing a mutated ARNT gene (Hoffman et
al., 1991). Notably, in this seminal study, ARNT was identified as having a long and
short transcript (referred to as ARNT isoform 1 and isoform 3, respectively) as a
consequence of alternative splicing of exon 5 that encodes an extra 15 amino acids
(Hoffman et al., 1991; Kewley and Whitelaw, 2005).
While we have shown that ARNT blocks CD30-mediated canonical NF-κB
signaling, whether ARNT isoform 1 and isoform 3 differentially regulate basal signaling
or CD30-induced canonical and noncanonical NF-κB activity is unknown (Wright and
Duckett, 2009). To this end, we developed a unique nuclear translocation reporter assay
in human embryonic kidney (HEK) 293T cells. Using this assay, we find that ectopic
expression of both ARNT isoform 1 and 3 induces p52/p100 and RelB nuclear
74

localization. Conversely, each ARNT isoform was targeted in Karpas 299 cells (a CD30expressing ALCL cell line) using ARNT isoform-specific RNAi to delineate how each
ARNT isoform contributes to both basal and post-stimulus NF-κB signaling.
Interestingly, we find that simultaneous reduction of both ARNT isoforms increased
nuclear levels of p52/p100 and RelB concomitant with increased basal transcription of
NF-κB target genes, which corroborates our previous study in which suppression of
ARNT increased CD30-mediated NF-κB target gene expression (Wright and Duckett,
2009). Furthermore, we find that ARNT isoform 3 is necessary for NF-κB target gene
inhibition, whereas ARNT isoform 1 is dispensable. These results, together with the
translocation studies in HEK 293T cells, elucidate a mechanism in which ARNT isoform
1 and 3 associate with RelB and p52/p100 that ultimately regulates NF-κB target gene
expression.

4.2 Results
4.2.1 ARNT

INHIBITS NONCANONICAL

NF-κB

GENE EXPRESSION AND P100 NUCLEAR

LOCALIZATION

We previously reported that ARNT inhibited canonical NF-κB signaling by
interacting with RelB and promoting RelB-p50 binding to κB sites on NF-κB-responsive
gene promoters (Wright and Duckett, 2009). Because RelB is a major component of the
noncanonical NF-κB pathway, and combined with our previous observations, we
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hypothesized that noncanonical signaling would be impacted by ARNT in addition to the
canonical pathway.

To test our hypothesis, we simultaneously suppressed ARNT

isoform 1 and 3 using siRNA duplexes (si-A1/3) in an ALCL cell line, Karpas 299, and
examined NF-κB subunit protein levels and noncanonical gene expression as compared
to cells that were treated with a control siRNA (siCon). As a result, both p52/p100 and
RelB protein levels were higher than the control sample (Figure 4.1A). In contrast,
phosphorylated RelA and IκBα protein levels remained at control levels, indicating that
canonical protein levels were unaffected by suppression of ARNT (Figure 4.1A). The
increased protein levels of p52/p100 and RelB correlated with increased basal expression
of classical NF-κB gene targets BIRC3, ICAM1, and TRAF1 and smaller, but significant,
increases in RELB, NFKB2, and NFKBIA as compared to control samples (Figure 4.1B).
To determine if the increase in p52/p100 and RelB protein levels correlated with
increased nuclear translocation, we examined the subcellular localization of RelB and
p52/p100. Remarkably, we found that levels of both p52/p100 and RelB were increased
in the nuclear fraction when the cells were treated with siA-1/3, whereas RelA nuclear
levels did not change (Figure 4.1C). To expand on the idea that the increase seen in NFκB gene expression is due to the increase in RelB-p52/p100 nuclear presence, Karpas 299
cells were treated with siA-1/3 in combination with siRelB or siRelA (Figure 4.2A). As
expected, co-suppression of RelB and ARNT rescued basal gene expression. However,
co-suppression of RelA and ARNT did not alter the gene expression levels from those
observed with suppression of ARNT alone, confirming that RelB, not RelA, is
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responsible for the basal increase in expression of NF-κB target genes (Figure 4.2B).
Together our results illustrate that ARNT negatively regulates NF-κB signaling through
inhibition of RelB-p52/p100 nuclear localization in Karpas 299 cells.
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Figure 4.1: ARNT does inhibit the noncanonical NF-κB subunits RelB and p100
nuclear localization.
(A) Karpas 299 cells were transfected with either control siRNA or siRNA targeting
ARNT, and 48 hours post-transfection, whole cell lysate was collected and analyzed by
immunoblotting with the indicated antibodies. (B) Total RNA was isolated from the
indicated siRNA-transfected Karpas 299 cells and used to quantitate the expression levels
of the specified NF-κB target genes by real-time PCR. (C) Karpas 299 cells were
transfected with siRNA targeting ARNT or a randomized control sequence. After 48
hours, cell were fractionated into cytosolic and nuclear fractions and analyzed by
immunoblotting. *p < 0.001 compared to siCon
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4.2.2 IN ALCL, ARNT ISOFORMS DIFFERENTIALLY REGULATE NONCANONICAL NF-κB
SIGNALING.

As mentioned above, our previous study of ARNT-mediated NF-κB regulation
examined ARNT as a single gene product. However, ARNT mRNA is alternatively
spliced resulting in a long and short isoform differing in 15 amino acids, known as ARNT
isoform 1 and isoform 3 (Figure 4.1). In order to elucidate the effects of the individual
ARNT isoforms on NF-κB signaling, we designed siRNA duplexes to target each
isoform individually. For isoform 1, the siRNA was targeted to the unique exon 5, and for
isoform 3, the siRNA was targeted to the junction formed from the removal of exon 5.
To determine the subcellular localization of p100 when each isoform is individually
suppressed, we treated Karpas 299 cells with siCon, siA-1/3, isoform 1 specific siRNA
(siA-1), or isoform 3 specific siRNA (siA-3). Interestingly, upon fractionation, nuclear
p100 levels increased in Karpas 299 cells treated with siA-1/3, but decreased in siA-1 and
siA-3 samples compared to control (Figure 4.3A). Furthermore, p52 nuclear levels were
increased in siA-1/3, siA-1, and to a slightly higher level in siA-3 treated samples.
Moreover, Karpas 299 cells treated with siA-1/3 or siA-3 contained higher nuclear levels
of RelB (Figure 4.3A). To analyze how the observed pattern of RelB-p52/p100 nuclear
translocation correlated NF-κB activity, NF-κB target gene expression was monitored by
real-time PCR on RNA isolated from Karpas 299 cells transfected with siCon, siA-1/3,
siA-1, or siA-3. Surprisingly, there was no observed effect on NF-κB-mediated gene
expression with suppression of isoform 1 alone, given that nuclear p52 levels are similar
80

to those observed in siA-1/3 treated cells (Figure 4.3B). However, suppression of ARNT
isoform 3 exhibited an increase in basal NF-κB gene expression to a similar extent as that
observed for the combined suppression of both isoforms (Figure 4.3B). Although we saw
no effect on basal NF-κB signaling after suppression of ARNT isoform 1, it is possible
that isoform 1 functions during stimulus-dependent NF-κB signaling. Therefore, CD30
stimulation was used to activate NF-κB signaling in Karpas 299 cells transfected with
siCon, siA-1/3, siA-1, or siA-3 (Figure 4.3C and D). Similar to the basal signaling
experiments, introduction of siA-3 increased NF-κB target gene expression in a manner
comparable to siA-1/3, whereas siA-1 did not increase nor decrease gene expression as
compared to the control (Figure 4.3C and D). These data suggest that while ARNT
isoform 1 and 3 together inhibit RelB-p52/p100 nuclear translocation they have
individual roles in this process. Furthermore, these findings support a negative role for
ARNT isoform 3 in NF-κB activity.
To confirm that ARNT isoform 1 does not affect post-stimulus NF-κB signaling
and to confirm that ARNT isoform 3 is inhibiting NF-κB signaling, we performed a set of
reconstitution experiments, whereby a wobble mutation was introduced into the common
binding site for siA-1/3 in ARNT isoform 1 and 3. In these experiments, Karpas 299
cells were transfected with either siCon or siA-1/3 to suppress endogenous ARNT
expression, in combination with empty vector, ARNT isoform 1 wobble mutant (A1W)
or isoform 3 wobble mutant (A3W) to reconstitute expression of either isoform 1 or 3
only. Corroborating our RNAi results, we found that reconstituting Karpas 299 cells with
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ARNT isoform 1 wobble mutant did not significantly enhance or inhibit NF-κB target
gene expression (Figure 4.4). In contrast, reconstituted ARNT isoform 3 wobble mutant
did inhibit NF-κB signaling significantly, except for TRAF1, which exhibited a similar
trend towards inhibition as BIRC3 and NFKBIA (Figure 4.5). This result confirms that
ARNT isoform 3 does inhibit NF-κB signaling.
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Figure 4.3: In ALCL cells, both ARNT isoforms regulate noncanonical NF-κB
subunit localization, while only isoform 3 suppresses noncanonical NFκB target gene transcription.
(A) Karpas 299 cells were transfected with the indicated siRNA duplexes and, 48 hours
later, were fractionated into cytoplasmic and nuclear lysates. Protein levels were analyzed
by immunoblotting. (B) Total RNA was isolated from cells in (A) and analyzed by realtime PCR. *p < 0.05 compared to siCon. (C-D) Karpas 299 cells were transfected as in
(A), and 48 hours after transfection, CD30 was stimulated by layering Karpas 299 cells
over CHO cells expressing either vector or CD30L for 10 minutes then allowing them to
incubate for 6 hours post-stimulation. At this point, whole cell lysate and total RNA was
collected and analyzed by real time PCR (C) and immunoblotting (D). *p < 0.05
compared to siCon.
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Figure 4.5: ARNT isoform 3 inhibits basal and CD30-stimulated NF-κB signaling.
Karpas 299 cells that were transfected with siCon or siA-1/3 and either vector or ARNT3 expression plasmid containing a wobble mutated siA-1/3 target sequence (A3W), and
48 hours after transfection, CD30 signaling was activated and samples were analyzed as
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4.2.3 BOTH ARNT

ISOFORM

1

AND ISOFORM

3

BIND TO NONCANONICAL

NF-κB

SUBUNITS, RELB AND P100.

As we only observed minor changes in noncanonical subunit localization with
suppression of ARNT isoform 1, we suspected that the extra exon might affect the
binding of ARNT to the NF-κB subunits, in particular RelB, and prevent it from
functioning similarly to ARNT isoform 3. Since we have previously tested ARNT
isoform 3 binding with each NF-κB subunit, in this study we wanted to determine if
ARNT isoform 1 bound to similar NF-κB subunits as isoform 3 (Wright and Duckett,
2009).

An ARNT isoform 1-NF-κB binding analysis was performed using a GST

pulldown assay with GST-tagged NF-κB subunits (Figure 4.6A). Intriguingly, ARNT
isoform 1 exhibited identical binding characteristics as those previously observed for
isoform 3 with noticeably greater affinity for RelB than any of the other subunits (Figure
4.6A) (Wright and Duckett, 2009). Given that ARNT suppression resulted in p52/p100
and RelB nuclear translocation and both isoforms exhibited the ability to bind RelB but
only isoform 3 inhibited gene expression, we sought to investigate whether there were
binding preferences between ARNT isoform 1 or 3 with p52/p100 or RelB that could
account for these observations. To do this, we ectopically expressed in HEK 293T cells
either HA-tagged ARNT isoform 1, untagged isoform 3, or both in combination with
either vector, Flag-tagged RelB, p100, or RelA, followed by co-immunoprecipitation
with anti-Flag. RelA was included as a negative control since we have shown the ARNT
isoforms do not interact with RelA and, as expected, neither ARNT isoform bound to
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RelA (Figure 4.6B). In contrast, both ARNT isoforms bound equally well to RelB,
regardless if they were individually expressed with RelB or in combination.
Interestingly, only when both ARNT isoforms were expressed together could they coimmunoprecipitate with p100, suggesting that both isoforms are necessary to form an
interaction with p100 (Figure 4.6B). These data suggest that the ARNT isoforms can bind
simultaneously and enhance their interaction with RelB and p52/p100.
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Figure 4.6: ARNT isoforms bind to noncanonical, not canonical NF-κB subunits.
(A) HEK 293T cells were transfected with GST-tagged NF-κB subunits in combination
with ARNT isoform 1 and 24 hours later, ARNT isoform 1 binding to each NF-κB
subunit was analyzed by a GST pulldown assay with GSH-sepharose beads. (B) HEK
293T cells were transfected with Flag-tagged NF-κB subunits and either ARNT 1-HA,
ARNT 3, or both isoforms, and 24 hours later, ARNT isoform binding to NF-κB subunits
was analyzed by a co-immunoprecipitation assay with anti-Flag.
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4.2.4

ARNT

ISOFORMS

COOPERATIVELY

PROMOTE

P52/P100

NUCLEAR

TRANSLOCATION AND CO-LOCALIZATION WITH RELB IN HEK 293T CELLS.

Karpas 299 cells are lymphoid-derived and, therefore, contain large nuclei but
have very small amounts of cytoplasm, making it difficult to visually distinguish the two
compartments. As a consequence, to clearly characterize the subcellular localization of
RelB-p52/p100 after ARNT suppression, we utilized HEK 293T cells as they have ample
cytoplasm and clearly distinguishable nuclei.

An YFP-p100-CFP construct was

generated for the purpose of tracking p100 nuclear translocation. HEK 293T cells were
transfected with YFP-p100-CFP in combination with vector and siCon or siA-1/3 and
examined for the location of p100 by monitoring green fluorescence. As expected, when
expressed alone, p100 was completely cytoplasmic. To our surprise, suppression of both
ARNT isoforms with siA-1/3 had no effect on p52/p100 translocation as it did in Karpas
299 cells (Figure 4.7A). Remarkably, YFP-p100-CFP translocated to the nucleus only
upon ectopic expression of both ARNT isoforms, as seen by the bright green nuclear
spots exhibited by approximately 40% of GFP+ cells (Figure 4.7A, arrow). These results
indicate the ARNT displays cell-type specificity in regards to regulation of NF-κB
subunit nuclear translocation.

The role of ARNT in promoting p52/p100 nuclear

translocation is supported by the observed reduction in nuclear p52/p100 when the ARNT
isoforms were suppressed with siA-1/3 (Figure 4.7A). To assess whether both isoforms
are required for p52/p100 nuclear transport, HEK 293T cells were transfected with YFPp100-CFP in combination with ARNT isoform 1, ARNT isoform 3, or both isoforms
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together. Interestingly, p100 translocated to the nucleus only with both ARNT isoforms
present, as observed in approximately 25% of GFP+ cells, supporting the observation that
both isoforms are required for binding to p100 (Figure 4.6B and 4.7B). To corroborate
that translocation occurred with both full-length p100 and p52, we also generated Nterminal and C-terminal GFP-tagged p100 constructs. As expected, both GFP-tagged
p100 proteins had similar cellular localization patterns at similar frequencies as the YFPp100-CFP construct (Figure 4.8A and B). Not surprisingly, the GFP-p100 construct
exhibited a slight increase in nuclear localization in the presence of isoform 3 alone, most
likely due to GFP-p52 detection in addition to GFP-p100. Together with the Karpas 299
studies these data implicate ARNT as a regulator of p52/p100 nuclear translocation in a
cell-type specific manner.
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Figure 4.7: ARNT isoforms cooperatively promote p100 nuclear translocation in
HEK 293T cells.
(A) HEK 203T cells were transfected as in (A) with either siCon or siA-1/3 and vector or
ARNT isoform 1 and isoform 3. Translocation was visualized and quantified as in (A). *p
< 0.05, ap < 0.05 compared to p100 + siCon + ARNT 1&3. (B) HEK 293T cells were
transfected with YFP- and CFP-tagged p100 and the indicated ARNT plasmids, and 24
hours later, p100 localization was visualized by fluorescence microscopy. Nuclear
translocation of p100 was quantified by dividing the number of nuclear globules formed
by the total number of green fluorescent cells. *p < 0.001 compared to p100 alone. Scale
bars indicate 20 µm.
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Figure 4.8: ARNT mediates translocation of full length p100 and p52.
(A) HEK 293T cells were transfected with N-terminally GFP-tagged p100 and the
indicated ARNT plasmids, and 24 hours later, p100 localization was visualized by
fluorescence microscopy. Nuclear translocation of p100 was quantified by dividing the
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Since both ARNT isoforms associated with RelB, we hypothesized that the
ARNT isoforms would regulate RelB subcellular localization in addition to p52/p100. To
examine this idea, we ectopically expressed Cherry-tagged RelB with ARNT isoform 1,
ARNT isoform 3, or both isoforms in HEK 293T cells, and RelB localization was
visualized by fluorescence microscopy (Figure 4.9A). In contrast to p52/p100, RelB
exhibited a diffuse nuclear localization pattern when expressed alone. However, when
both ARNT isoforms were present, RelB was sequestered into globular regions within the
nucleus, which were similar to those formed by p100 in the presence of the ARNT
isoforms (Figure 4.9A). Furthermore, this apparent condensation of RelB occurred in
approximately 30% of Cherry+ cells, a frequency comparable to that of p52/p100 nuclear
translocation (Figure 4.9A). Correspondingly, when YFP-p100-CFP was included along
with Cherry-RelB and both ARNT isoforms, p52/p100 and RelB co-localized within the
nuclear globules (Figure 4.9B).

93

A

Hoechst

Cherry

B

Merge

GFP

Cherry

Merge

YFP-p100-CFP
+ CherryRelB

CherryRelB
20 m

20 m

YFP-p100-CFP
+ CherryRelB
+ ARNT1

CherryRelB
+ ARNT3

YFP-p100-CFP
+ CherryRelB
+ ARNT3

CherryRelB
+ ARNT1&3

YFP-p100-CFP
+ CherryRelB
+ ARNT1&3

40

*
30
20
10

AR
NT
1&
3

AR
NT
3

AR
NT
1

0
Ve
ct
or

Percent Nuclear Condensation

CherryRelB
+ ARNT1

+ RelB

Figure 4.9: ARNT isoforms cooperatively promote p100 co-localization with RelB in
HEK 293T cells.
(A) HEK 293T cells were transfected with Cherry-tagged RelB and the indicated ARNT
plasmids, and 24 hours later, RelB localization was visualized by fluorescence
microscopy. Nuclear globule formation of RelB was quantified by dividing the number of
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microscopy was used to detect RelB-p100 co-localization. *p < 0.001 compared to RelB
alone. Scale bars indicate 20 µm.
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Given that the NLS of p52/p100 and RelB would normally be masked by IκBδ,
we postulated that the NLS of one or both of the ARNT isoforms was required to
promote p52/p100 movement into the nucleus. Thus, we deleted the NLS of both ARNT
isoforms, and again analyzed their effect, both individually and together on p52/p100
translocation. Unexpectedly, we found that the NLS of both ARNT isoform 1 and
isoform 3 are necessary for p100 translocation, whereas when only one of the two
isoforms had the NLS deletion p52/p100 was still able to move into the nucleus (Figure
4.10A and B). Strikingly, when both isoforms contained the NLS deletion, p52/p100
remained in the cytoplasm but still condensed into globules to a comparable extent as that
observed in the nucleus when p52/p100 is expressed with both wildtype ARNT isoforms
(Figure 4.10A and B). Furthermore, this observation occurred in approximately 25% of
GFP+ cells, a frequency analogous to ARNT isoform-induced p52/p100 nuclear import
(Figure 4.10A and B). These findings suggest that both ARNT isoform 1 and isoform 3
bind to p100 in the cytoplasm and translocate p100 into the nucleus, a process that
requires the NLS of both ARNT isoforms. Together with the immunoprecipitation
experiments, this data reveals that in HEK 293T cells both ARNT isoforms are necessary
for p100 translocation to the nucleus and co-localization with RelB in subnuclear regions.
All together, our results suggest that the ARNT isoforms cooperate to regulate
noncanonical NF-κB dimer activity by forming a complex with RelB and p52/p100 that
can inhibit NF-κB target gene expression.
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Figure 4.10: The nuclear localization sequence of either ARNT isoform 1 or 3 is
sufficient for p100 nuclear localization.
(A) HEK 293T cells were transfected with GFP-tagged p100 and the indicated ARNT
wild type and NLS deletion mutant plasmids, and 24 hours later, p100 localization was
visualized by fluorescence microscopy. (B) Nuclear or cytoplasmic globules were
quantified by dividing the number of cells with nuclear/cytoplasmic globules formed by
the total number of GFP expressing cells. *p < 0.001 compared to cytoplasmic
p100GFP+ARNT1+3. n.s. = not statistically significant from nuclear
p100GFP+ARNT1+3. Scale bars indicate 20 µm.
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4.3 Discussion
In the present study, we examined the contributions of ARNT isoforms 1 and 3 to
noncanonical NF-κB signaling, in particular their effects on RelB and p52/p100. In
Karpas 299 cells, we found that the suppression of ARNT exhibited augmented NF-κB
gene expression and RelB-p52/p100 nuclear localization. In addition, the increase in
basal NF-κB signaling was dependent on the presence of RelB, not RelA, which
suggested that, in regards to basal signaling, ARNT inhibits RelB to maintain basal NFκB target gene expression. This result initially seems contrasting with our previous study
that showed ARNT promotes RelB-p50 DNA binding to κB sites to inhibit the binding of
RelA-p50 dimers (Wright and Duckett, 2009). However, the previous study did not
investigate the function of the individual ARNT isoforms, nor did it examine the basal
state of NF-κB or the function of RelB-p52 dimers in the context of ARNT suppression.
Evidence presented here reveals that in unstimulated Karpas 299 cells the ARNT
isoforms are inhibitory to the nuclear localization of both RelB and p52/p100, whereas in
HEK 293T cells ectopic expression of isoform 1 and 3 together promotes p52/p100
translocation and co-localization with RelB. Thus, the direction of ARNT-mediated NFκB subcellular localization, either blocking or promoting nuclear translocation, is celltype specific. It should not be surprising that a modulator of NF-κB can act in multiple
capacities and in a cell-type specific manner as it is well known that many of these
modulators, and even the subunits themselves, can both positively and negatively
regulate gene expression in cell-type and signal-dependent manners (Dissanayake et al.,
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2011; Perkins, 2012; Jacque et al., 2005). One example is the NF-κB regulator B-cell
leukemia/lymphoma-3 (BCL-3) that can inhibit or promote NF-κB depending on the state
of phosphorylation and ubiquitylation (Bundy and McKeithan, 1997; Carmody et al.,
2007).
Additionally, the CD30 signaling studies implicate ARNT isoform 3 as inhibitory
in regards to NF-κB signaling both before and after a stimulus. In contrast, while ARNT
isoform 1 was necessary for promoting p52/p100 translocation in HEK 293T cells, it was
dispensable for inhibition of NF-κB activity in Karpas 299 cells, e.g. suppression of
isoform 1 yielded a similar response as control regardless of NF-κB stimulation. Given
our previous study that elucidated a mechanism of ARNT-mediated RelB inhibition of
RelA-p50 DNA binding, together with the data presented here, we propose a model
whereby ARNT regulates the nuclear import of p52/p100 and RelB, thereby capable of
shifting the pool of the available NF-κB dimers to control basal and post-stimulus NF-κB
activity. Since the ARNT isoforms bind robustly to RelB, it is logical to predict that the
ARNT isoforms also regulate the DNA binding of RelB-containing dimers to further fine
tune an NF-κB response. In conclusion, our study demonstrates a novel role for ARNT
isoform 1 and 3 in NF-κB subcellular localization and activity.

However, to fully

understand the complexities of NF-κB regulation in normal physiology and disease,
further study is needed on the regulation of the individual ARNT isoforms and how they
direct NF-κB activity.
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CHAPTER 5: CONCLUDING REMARKS
Since its discovery over 25 years ago, NF-κB has been linked to nearly every
hallmark of cancer, including some newly defined emerging hallmarks and enabling
characteristics (Hanahan and Weinberg, 2011). However, targeting NF-κB directly with
chemotherapy and immunomodulatory drugs has been troublesome as the subunits are
not ideal drug candidates and other members of the pathway can have many broad effects
depending on cell-types and stimuli. To obtain a successful chemotherapeutic or
immunomodulatory drug that targets the NF-κB pathway, we need to learn more about
how NF-κB is regulated, in particular the transcriptional co-regulators that may prove
better drug candidates (Perkins, 2012). In this dissertation, we set out to do describe how
ARNT, a component of AHR signaling, regulates the NF-κB pathway with the hopes of
one day utilizing ARNT to target NF-κB signaling indirectly.
Our goal was to understand the complexities of ARNT regulation of the NF-κB
pathway, specifically how the isoforms of ARNT uniquely function. We had previously
described a mechanism of ARNT-RelB inhibition of RelA-p50 DNA binding. To expand
our understanding of this mechanism it was important to study the differences between
the ARNT isoforms. We observed that, as compared to primary B and T cells, ALCL and
MM cell lines exhibited higher levels of ARNT isoform 1, and they also carry an
amplification of chromosomal region 1q21 that contains the ARNT gene. When
investigating further, we found ARNT isoform 1 promoted cell cycle progression through
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regulation of p53 stability and activity. However, because the isoform 3 specific siRNA
was not available for this study, we cannot rule out that ARNT isoform 3 plays a role in
these processes. To begin to find an answer, we have performed some preliminary
experiments examining cell growth in Karpas 299 cells using the isoform 3 specific
siRNA duplex (siA-3) in the cell growth experiments. In these experiments, we have
found the siA-3 treated samples exhibit growth similar to control and siA-1/3 samples,
indicating isoform 3 does not regulate cell growth as isoform 1 does.
In this study, RelB was shown to also be required for the cell cycle arrest seen after
ARNT isoform 1 suppression, although NF-κB signaling in general was not required.
RelB protein stability and gene transcription was greatly increased with suppression of
both isoforms. Perhaps only isoform 3 regulates RelB half-life, which is suggested by
lack of increase in RelB stability seen with suppression of isoform 1; therefore, the
contributions of both isoforms should be analyzed. It will be important in future studies
to elucidate how the individual ARNT isoforms regulate RelB activity and stability.
ARNT may alter RelB stability through alterations in the transcription of genes that
regulate RelB stability or by recruiting RelB into an AHR/ARNT cullin 4B ubiquitin
ligase complex (Ohtake et al., 2007). It would also be interesting to examine whether
ARNT directly controls RelB transcription. To that end, we have found putative ARNT
binding sites within the promoter region of RELB, along with a few other NF-κB
regulated genes. It will be important in future studies to examine the importance and
functionality of these sites.
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Although not discussed in Chapter 3, we have preliminary studies showing AHR
activity is essential for the cell cycle arrest associated with suppression of isoform 1. It is
possible that isoform 3 and AHR are acting together in some manner to promote S phase
arrest, and the increased isoform 1 levels in ALCL and MM prevent AHR and isoform 3
from interacting. In support of this idea, AHR has been shown to regulate p21 and p27
expression, promote cell cycle arrest, and activate p53 (Mathieu et al., 2001; Huang and
Elferink, 2005; Pang et al., 2008; Jackson et al., 2014). AHR has also been shown to
participate with RelB signaling in dendritic cells (Vogel et al., 2007; Vogel and
Matsumura, 2009; Vogel et al., 2013). Our results, along with these studies, highlight the
importance of studying the contribution of AHR in these processes in prospective
experiments.
Our data described in Chapter 4 illustrate how the ARNT isoforms differentially
regulate the NF-κB subunits RelB and p52/p100. We showed that ARNT isoform 3, not
isoform 1, inhibits NF-κB target gene expression in ALCL cells. It was therefore
surprising to see that both isoforms were necessary to interact with p52/p100 and that
both isoforms promoted p52/p100 nuclear translocation in HEK 293T cells. We
demonstrated that translocation in HEK 293T cells only occurs when both isoforms were
present, and that this translocation was dependent on the NLS of both ARNT isoforms. It
is tempting to suggest that this response is an artifact resulting from the ectopic
expression of ARNT, and that any GFP-expressing protein might exhibit the same
movement. However, we have examined this possibility by expressing both ARNT
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isoforms with either GFP, GFP-TRAF1, GFP-TRAF2, or GFP-Rab5. None of these GFPtagged proteins translocate to the nucleus in the presence of the ARNT isoforms. In fact,
their localization does not change whatsoever when the ARNT isoforms are introduced,
indicating ARNT regulation of RelB and p52/p100 localization is, in fact, specific to
those subunits.
It is also striking that we observed opposite effects of ARNT on RelB and
p52/p100 translocation in these two cell lines. However, as mentioned above, the
direction of NF-κB regulation can differ in cell-type and stimulus dependent manners
(Dissanayake et al., 2011; Perkins, 2012; Jacque et al., 2005; Bundy and McKeithan,
1997; Carmody et al., 2007). Therefore, it is important to study the ARNT isoforms in
other cell lines to ascertain the mechanistic reason for the diversity among these cell
types. With this goal in mind, we have begun preliminary studies that include other cell
types, including KMS-18, mouse embryonic fibroblasts, and colon cancer and Hodgkin’s
lymphoma cell lines. Results from early experiments suggest the ARNT isoforms
regulate p100 translocation in KMS-18 cells in a similar manner as HEK 293T cells.
However, further study will be needed to understand how the individual ARNT isoforms
direct NF-κB activity so we can fully utilize the ARNT isoforms to successfully target
NF-κB in cancer and immune diseases.
We have observed here that ARNT isoform 1 promotes resistance to
chemotherapy-induced cell death as well as promoting progress through the cell cycle,
indicating that ARNT isoform 1 is a promising candidate to target therapeutically. The
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most attractive option for targeting ARNT isoform 1 is using splice modulation therapy
to target exon 5 as detailed in the earlier sections (Spitali and Aartsma-Rus, 2012). In
particular, AON therapy has been used successfully to treat Duchenne muscular
dystrophy and to switch STAT3 isoforms in cancer cells to promote apoptosis and inhibit
tumor growth (Fairclough et al., 2013; Zammarchi et al., 2011). It would be worthwhile
in future studies to design such an oligonucleotide against exon 5 of isoform 1 and test
that within the myeloid cell lines with high isoform 1 expression. The utilization of a
mouse knock-in model would be useful to help delineate the individual roles of each
isoform in vivo. Such a mouse could be generated by using a conditional ARNT-/- mouse
as a background and introducing either ARNT isoform 1 or isoform 3 using the
(CRISPR)-Cas9 system (Ran et al., 2013).
In conclusion, we present two novel models of ARNT regulation of RelB
(Illustration 1.9). In Chapter 3, we presented data suggesting ARNT isoform 1 promotes
cell cycle progression of myeloid malignancies indicating it is a potential drug target.
Furthermore, ARNT inhibits RelB stability, which can regulate p53 stability through
regulation of ANAPC1, an E3 ligase that targets p53. In Chapter 4, we found that ARNT
inhibits the translocation of RelB-p100, which could be due to ARNT inhibition of RelB
stability. Our findings in this body of work emphasize the need for careful evaluation of
unique ARNT isoform functions in lymphoid malignancies and how they regulate the
multitude of cellular functions associated with NF-κB signaling.
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Illustration 1.9: A schematic of the models presented in each chapter.
In Chapter 3, ARNT isoform 1 was found to promote cell cycle progression of myeloid
malignancies through activation of p53, possibly by regulating RelB stability. The data
suggest that both ARNT isoforms inhibit RelB stability, which in turn regulates p53
stability by initiating expression of ANAPC1 an E3 ligase for p53. In Chapter 4, the
ARNT isoforms inhibited nuclear translocation of p100 and RelB in Karpas 299 cells.
While in HEK293T cells, ARNT isoforms promoted RelB-p100 nuclear translocation.
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