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Abstract

RelB acts as a Molecular Switch toDrive Chronic Inflammation in Glioblastoma Multiforme (GBM).
By Michael Waters, B.S.

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor
of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2017.

Major Director: Tomasz Kordula and Department of Biochemistry and Molecular Biology

Inflammation is a homeostatic response to tissue injury or infection, which is normally
short- lived and quickly resolves to limit tissue damage. In contrast, chronic inflammation has
been linked to a variety of human diseases, including cancers such as glioblastoma multiforme
(GBM). GBMs are very aggressive tumors with very low patient survival rates [1, 2], which have
not improved in several decades. GBM tumors are characterized by necrosis and profound
inflammation [3, 4,80,82-83,92]; with cytokines secreted by both GBM cells and the tumor
microenvironment. The mechanisms by which chronic inflammation develops and persists in
GBM regardless of multiple anti-inflammatory feedback loops remain elusive. We found that
expression of the NF-kB family member RelB is similarly induced in primary human astrocytes
and GBM cells. However, while RelB suppresses expression of cytokines in astrocytes, it
unexpectedly enhances expression of cytokines in GBM cells. Thus, the anti-inflammatory RelB-
driven feedback loop found in astrocytes is converted into a feed-forward loop fueling chronic
inflammation in GBM. Additionally, we established the molecular mechanism for the lack of
RelB dependent silencing in GBM. A previous RelB-dependent epigenetic silencing mechanism,

shown in macrophages during sepsis, requires histone deacetylase Sirtuin 1 (SIRT1).

Xii



We found that SIRTL1 is needed to repress cytokines in astrocytes in a RelB dependent manner to
establish “sterile” inflammatory tolerance. Significantly, we discovered that one allele of the
SIRT1 gene is deleted in 80% of GBM tumors, and that human GBM tumors display drastically
diminished SIRT1 expression and protein levels. Additionally, we found that the ubiquitous
transcription factor Ying Yang 1 (Y'Y1) interacts with RelB and forms RelB/YY1/p50 complexes
which transactivate cytokine expression specifically in GBM cells and not primary astrocytes. The
specificity of this interaction is due to YY1 sequestration in the cytoplasm of astrocytes and
constitutive nuclear presence in GBM cells. Thus, our data supports the premise that SIRT1
deletion and GBM-specific YY1 nuclear translocation turns RelB into a molecular switch that
plays a critical role in chronic inflammation associated with GBM, and supports a mechanistic

model which explains the development and persistence of this chronic inflammation.
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2 Chapter 1: Introduction

2.1 Cancer and Chronic Inflammation

Inflammation is a fundamental response to tissue injury or infection which leads to the
elimination of its initial cause, clearance of necrotic cells, and subsequent tissue repair. Although
inflammation is normally short- lived and quickly resolves to limit tissue injury, persistent
chronic inflammation has been linked to many human diseases including a variety of cancers

[5,6].

Secreted inflammatory mediators are vital constituents in the tumor microenvironment. In
some cancers, such as hepatocellular carcinoma, chronic inflammation directly leads to
oncogenic chances and tumor initiation [5,6]. In other cancers, de novo oncogenic changes
induce a chronic inflammatory microenvironment which promotes tumor progression and spread.
In either case, the inflammatory microenvironment of tumors yields many tumor-promoting
effects [3-6,9]. Proinflammatory signals lead to the proliferation and survival of malignant cells,

promotes angiogenesis, and alters responses to chemotherapeutics [5-6,9,84].

The hallmarks of cancer-related inflammation include the infiltration of inflammatory
cells, the presence of inflammatory mediators such as cytokines, chemokines and prostaglandins,
and molecules promoting tissue remodeling and angiogenesis. Inflammatory genes which have
been implicated in the development and progression of a wide variety of human cancers include
(i) interleukin-1B (IL-1B) and interleukin-6 (IL-6), two major proinflammatory cytokines (ii)
cyclooxygenase 2 (COX2), which controls the production of prostaglandins, (iii) chemokines

which are tactic for myeloid cells such as CC-chemokine ligand 2 (CCL2), (iv) colony-



stimulating factors (CSFs), which promote the survival and recruitment of immune cells, (v)
molecules promoting angiogenesis such as interleukin-8 (I1L-8) and vasculoendothelial growth

factor (VEGF), and (vii) extracellular-matrix-degrading enzymes [5].

In addition to inflammatory mediators a variety of downstream inflammatory signaling
pathways display constitutive activation in variety of human cancers. Notably, Nuclear Factor-
kappa B (NF-«kB) family member signaling and Signal Transducer and Activator of Transcription
3 (STAT3) are downstream of inflammatory mediators, display constitutive activation in many

cancers, and serve as a convergence point for many tumor promoting actions [9,84].

2.2 NF-xB-STAT3 Signaling

The NF-«xB pathway is composed of five members p65 (RelA), RelB, c-Rel, p50/p105
(NFKB1), and p52/p100(NFKB?2). Each protein contains a conserved ~300 amino acid Rel
homology domain (RHD) which is responsible for dimerization, nuclear translocation, and

binding to DNA [7,48].

Within the NF-«B family is the ‘Rel’ subfamily composed of c-Rel, RelB and RelA. These
proteins have in common a C-terminal transcriptional transactivation domain. The other two NF-
kB family members, p105/p50 and p100/p52 do not possess a transcriptional transactivation
domain but instead, contain multiple Ankyrin repeats in their C-terminal domains, acting to
inhibit the nuclear translocation of NF-xB dimers. p105/p50 and p100/p52 proteins are processed
by proteolysis which removes this C-terminal domain, and thus allows nuclear translocation and

transcriptional activation of NF-xB dimers [7,84].



Inhibitor of NF-xB (IkB) proteins tightly regulate the activity of NF-xB pathway. There
are several 1kB proteins (IkBa, IkBbB IxBy, IkBe) each of which displays different affinities
for NF-xB dimers. Phosphorylation and subsequent proteolysis of IkB proteins due to NF-kB

activating stimuli relieves IxB protein inhibition [7,50].

There are three pathways leading to the nuclear translocation and transcriptional
activation of NF-xB dimers: (i) the canonical (or classical) pathway, (ii) the non-canonical (or
alternative) pathway, and (iii) the RelB-canonical pathway. The canonical (or classical) NF-xB
pathway is the best studied, and the proinflammatory arm of NF-xB signaling. In the canonical
pathway, binding of a wide variety of ligands (ex. IL-1, TNF, LPS) to their associated receptors
recruits adaptors such as TNF Receptor Associated Factors (TRAFs) to the cytoplasmic domain
of the receptor. These adaptors recruit the IkB Kinase (IKK) complex which is then activated to
phosphorylate IkB, at two serine residues, marking it for K48 ubiquitination and degradation by
the proteasome. IxkB degradation leads to the nuclear translocation and activity of p65/p50
dimers. A predominant function of the canonical NF-xB pathway is stimulating the production
of secondary mediators of the proinflammatory response such as cytokines and chemokines

[7,46,50,84].

The non-canonical pathway relies on the activation and processing of p100/RelB
complexes. The non-canonical pathway is activated by different extracellular mediators such as
Lymphotoxin B (LTh) and B-cell activating factor (BAFF). Ligand/receptor interaction leads to
the stabilization of NF-xB Inducing Kinase (NIK). NIK phosphorylates a separate IKK complex
containing two IKKa subunits, which phosphorylates p100 on two serine residues adjacent to the

ankrin repeat domain. This serine phosphorylation leads to p100 processing, and nuclear



translocation of p52/RelB dimers to stimulate transcription. The targets of the non-canonical

pathway are most notably involved in lymphogenesis [7,46,50].

Lastly, a third pathway, the RelB-canonical pathway, has been described. The RelB
canonical pathway utilizes RelB from the non-canonical pathway and p50 from the canonical
pathway. These dimes are bound by IxBa and stimulated to translocate to the nucleus by
canonical NF-kB stimuli. Importantly RelB/p50 dimers only form in cells producing large
amounts of RelB; RelB has a higher affinity for p100/p52 than p50. To date, little is known
about the RelB/p50 dependent signaling program; multiple reports indicate that its main function
is as a repressor of transcription, and a negative feedback loop limiting p65/p50 induced

inflammation [46,48].

As stated previously, The NF-kB pathway is a key coordinator of the inflammatory
microenvironment and has emerged as an important endogenous tumor promoter. Numerous
studies in multiple cancers have shown that NF-«B signaling is necessary for cancer cell
survival, proliferation, invasion, maintenance of stem like characteristics, genomic instability and

recruitment of tumor associated immune cells [7-9,84]

In addition to constitutive NF-kB activation, constitutive STAT3 signaling has been
demonstrated in most human cancers. There are seven known STAT proteins: STAT1, STAT2,
STAT3, STAT4, STAT5a, STATSb, and STAT6. STAT proteins homo/heterodimerize to form
functional signaling complexes in response to inducing stimuli. Additionally, several STATS can
form tetramers or higher order structures to exert their signaling effects. In the active receptor
complex, STAT proteins are tyrosine phosphorylated in response to activating stimuli. Tyrosine

phosphorylation of STAT proteins leads to their dimerization and nuclear translocation. Finally,



these STAT dimers recognize specific DNA elements in the promoter regions of target genes to

activate transcription [5,8,9].

STATS3 signaling has been shown to increase tumor cell proliferation, survival and
metastatic invasion [5-6,9]. The best characterized inducers of the STAT3 signaling axis are the
IL-6 family of cytokines including IL-6, OSM, LIF, and IL-23 [8,9]. Given the concordant and
constitutive activation of NF-xB and STAT3 in many cancers, and their overlapping functions, it
is not surprising that the pathways interact at multiple levels to enhance cancer aggressiveness.
Both factors induce the expression of a highly overlapping program of proliferative, anti-
apoptotic, and angiogenic genes. Interestingly STAT3 is involved in p300 acetylation, which is
needed to activate many NF-«xB target genes. Conversely, NF-kB dependent products, such as

IL-6, activate STAT3 [9,87].

2.3 Glioblastoma

Gliomas are tumors of the central nervous system arising from supporting glial cells,
and are the most common primary tumor of the central nervous system (CNS) in  adults
[10]. Traditionally, gliomas are classified into three subgroups: (i) oligodendroglioma, (ii)
astrocytoma, or (iii) oligoastrocytoma based on the histologic appearance of the resected
tumor. Histologic grade IV astrocytoma, known as glioblastoma multiforme (GBM), is
characterized by necrosis, hypercellularity, and de novo microvascular proliferation. Patients with
GBM demonstrate an extremely poor median survival of 15 months [1,2,10]. GBMs represent
55% of the adult diffuse glioma patient population, making them the most common and most

deadly primary brain tumor [10].



Most GBM tumors have genetic defects in three major pathways: (i) p53 tumor
suppression, (ii) Retinoblastoma protein (Rb)/cell cycle control, and (iii) receptor tyrosine
kinase/Ras/phosphoinositide 3-kinase signal transduction [11]. While these pathways have been
well established and known for some time, recent studies utilizing high-throughput gene expression
data revealed extensive inter-tumor heterogeneity which could not be explained by mutational

and genome copy number analysis [12].

Subsequent unsupervised clustering analysis of GBMs identified four gene expression
based groups, labeled proneural, neural, classical, and mesenchymal; the subtypes were named
based on pathway enrichment analysis of subtype gene classifiers [12-14]. Further annotation
of GBM subtypes with genomic abnormalities revealed statistically significant associations of
somatic alterations with transcriptional subtypes: Platelet Derived Growth Factor Receptor A
(PDGFRA) amplifications, and Isocitrate Dehydrogenase 1 (IDH1) and TP53 mutations were most
frequently found in the proneural group, EGFR alterations were found in the classical group,

and NF1 abnormalities were most common in mesenchymalGBM [12].

Subsequent discoveries using GBM subtyping have solidified the importance of
classification of GBM tumors through transcriptional classification [13]. Importantly, the
mesenchymal subtype displays the worst prognosis [14], and is notable for the most robust

expression of cytokines, chemokines and inflammatory markers [15].

While increased expression of many proinflammatory cytokines indicates a poor
prognosis in GBM, chronic inflammation is present in all GBM tumors; GBMs are
surrounded by a pool of pro-inflammatory cytokines, chemokines and growth factors. Thus, a
growing body of literature suggests that the inflammatory microenvironment acts as driving

force for the progression of GBM into highly malignant and invasive tumors. Consistent with its

6



role in other malignancies, inflammatory cytokines greatly enhance the proliferation,
invasiveness and ‘stemness’ of GBM cells, and thus actively contribute to the global tumor
phenotype. Unsurprisingly therefore, a host in vivo studies have demonstrated that
proinflammatory signaling within GBM cells drives tumor bulk, invasion, angiogenesis, and

drug resistance [3-4,14-15,83,87,92].
2.4 Infiltrating Myeloid Cells in GBM

Glioma associated myeloid cells (GAMSs) make up 5-30% of the bulk tumor mass in GBM
[16]. Given the prolific infiltration of these cells, their activation and behavior drastically
influences the aggressiveness of GBM tumors. A bulk of literature beginning in the 1990s has
demonstrated a positive correlation between the number of GAMs, the grade of glioma, and the
prognosis of patients GBM [17,18]. Based on histologic appearance, GAMs are activated,
assuming and amoeboid or spherical appearance [19]. While the secretome of GAMSs has not
been fully agreed upon, likely due to intertumoral heterogeneity, it is widely accepted that GAMs
actively support tumor growth, by secreting matrix-degrading enzymes, cytokines, and

immunosuppressive factors [20].

While the literature is constantly evolving, classically, activated macrophages assume
either an M1 or an M2 phenotype. The M1 phenotype is characterized by the expression of
STAT1 and the production of anti-tumor immune responses by presenting antigens to adaptive
immune cells, and phagocytosing tumor cells [21]. In comparison, the M2 pathway, is
characterized by expression of the scavenger receptors CD163, CD204, mannose receptor C type
1 (CD206), intracellular STAT3, and the production of immunosuppressive cytokines [22].
Based on several high-impact studies describing the M1 versus M2 dichotomy during in vitro

culture in GBM, investigators have presumed that the M2 type of polarization occurs within the
7



in vivo tumor microenvironment. However, comprehensive transcriptomic profiling of ex vivo
human macrophages indicates that this is an over simplification and that the majority of GAMs

resembled an MO or undifferentiated phenotype [23].

As stated previously however, despite the transcriptomic similarity of GAMs with MO
macrophages, GAMs are still histologically activated, express matrix modifying enzymes, and
perform immunological functions. GAMs rely on globally attracting and activating signaling
molecules for their recruitment and acquisition of phenotype in GBM. Among chemokine
pathways involved in GAM chemoattraction, the macrophage chemokine protein (MCP) family
was the first and most comprehensively described [24-26, 33]. Other families of proteins which
have been shown to act as GAM attractants and activators include the colony stimulating factor
(CSF) family of proteins [27-31, 33], and the macrophage inflammatory protein (MIP) family

[32, 33].

2.5 1L-1B Signaling

IL-1B has been described as the predominant proinflammatory cytokine associated with
the host response to injury and infection in the CNS [34-36]. Two of isoforms of IL-1 exist, IL-
1B and IL-1A. IL1B and IL1A both bind the IL-1 type I receptor (IL-1R1), which subsequently
dimerizes with an accessory protein: Interluekin-1 Receptor 1 Associated Protein (IL-1R1AcP)
to activate the downstream signaling cascades [35, 36]. Within glial cells, IL-1 can activate
multiple signaling cascades, including the NF-KB pathway and the mitogen-activated protein
kinase (MAPK) pathways p38 MAPK, c-Jun N-Terminal Protein Kinase (JNK) and Extracellular

signal related kinase 1 and 2 (ERK1/2) [37]. Importantly, this IL-1 signaling cascade initiates the



synthesis of a wide variety of secondary proinflammatory mediators such as cytokines,
chemokines and prostaglandins, and thus plays a major role in the establishment of a

proinflammatory microenvironment.

Additionally, IL-1 signaling drives astrocytes to change their morphology and secretome in
a process called “reactive astroglosis.” ‘Reactive’ astrocytes undergo hypertrophic changes and
increase their proliferation. Importantly, IL-1B activated astrocytes produce a host of factors
necessary for angiogenesis, vessel plasticity and astrocyte migration which are critical for

recovery and repair [38].

The level of IL-1B expression in normal healthy individuals is low. However, its
expression dramatically increases in response to injury or infection [34]. While IL-1B hasa
homeostatic role in normal tissue, in vitro IL-1B signaling has been shown to increase the
pathogenic behavior of GBM cells. Specifically, IL-1B has been shown to drive the migration,
proliferation and invasion of GBM cell lines, alter the GBM secretion profile, and has been
suggested to be an important mediator of angiogenesis [40-42]. Interestingly, GBM cells

themselves secrete large amounts of 1L-1B [39].

2.6 OSM and IL-6 Family Signaling

OSM belongs to the IL-6 family of cytokines and is expressed mainly in monocytes,
macrophages and microglia, neutrophils, T-cells, and dendritic cells [43]. As previously
mentioned, the IL-6 family of cytokines include IL-6, OSM, LIF, and IL-23. These cytokines
perform numerous biological functions in a wide variety of tissues including cell survival,

proliferation, migration, control of apoptosis, and cell development and differentiation [43-45].



Similar to other cytokines, the 1L-6 family signals by inducing the heterodimerization of its
receptors. The IL-6 Receptor family include semi-specific receptors such as IL-6Rp, LIFRp, or
OSMRB. Ligand binding to a semi-specific receptor triggers heterodimerization with a common
gp130 subunit, and subsequent activation of Janus kinases (JAKSs). JAKSs phosphorylate tyrosine
residues within the cytoplasmic domain of gp130 subunit which creates a docking site for Src-

homology-2 (SH2) domain containing proteins, including STATS [8].

OSM signals through gp130/LIFR, and gp130/OSMRS receptor complexes. Downstream,
OSM activates STATL, STAT3, STAT5, ERK1/2 and p38 but not INK. In the CNS, OSM is
detected only in patients with neuroinflammatory disease such as MS, and it localized to
activated microglia and infiltrating leukocytes. OSM has been shown to stimulate the expression
of matrix metalloproteinases in astrocytes and 1L-6, MCP-1 in astrocytes and brain endothelial

cells [43-44].

Upregulation of OSM has also been detected in GBM when compared to the non-
neoplastic brain biopsy samples [45]. Currently, there is disagreement in the literature about the
role played by OSM in GBM,; it has been shown in vitro to exert both, growth promoting and

inhibitory effects [44].

2.7 RelB

RelB is a gene belonging the NF-kB transcription factor family. It is located on

chromosome 19g13.32 and encodes a protein of 579 amino acids [46]. RelB, as a member of the

NF-xB family, contains an ~300 amino acid Rel homology domain (RHD) which, as stated
previously, is necessary for its DNA binding, dimerization, and nuclear localization [47,50].
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However, RelB is unique among NF-«B family members with respect to its leucine zipper motif
[46-47]. Leucine zippers are domains that facilitate pleiotropic interactions with other proteins

containing leucine zippers [49].

RelB is often constitutively expressed in lymphocytes and dendritic cells (DCs) [54,55].
However, in many non-immune cell types, RelB requires stimulation to be produced [56,100].
The best-studied transactivator of induced RelB mRNA in immune cells is RelA, which can bind
proximal RelB promoter NF-«B sites [56]; additionally, RelB can autoregulate its own mMRNA

levels by binding NF-«xB sites in its own promoter [57].

RelB is best known for its roles in lymphoid development, DC biology, and non-canonical
NF-kB signaling [50]. Additionally, RelB has recently been shown to be major contributor to
chromatin biology, and acts to silence gene families through chromatin condensation.
Specifically, RelB is required to repress proinflammatory genes during endotoxin tolerance [51]
and couples with the nicotinamide adenine dinucleotide (NAD+)-dependent histone deacetylase
SIRT1 to integrate signals from the inflammatory microenvironment with changes in the

epigenetic landscape of cells [52].

Previous studies have implicated RelB in GBM behavior. RelB is a silhouette marker for
the most inflammatory subtype of GBM, mesenchymal GBM [12]. Additionally, RelB has been
implicated in maintaining GBM stem-like characteristics, mesenchymal transition, and to
directly affect GBM migration, and invasion. Each of these actions has been attributed to the role

of RelB in non-canonical NF-«xB signaling [61-64].
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2.8 SIRT1 and Endotoxin Tolerance

Sirtuins are a highly-conserved family of proteins, and belong to the family of class I11
histone deacetylases. Importantly, the family requires NAD+ as a cofactor for deacetylase
activity. This finding has implicated the sirtuin family as a fundametnal link between energy, the
cellular redox state, and the expression profile of cells [67]. Namely, the sirtuin family has been
shown to respond to changes in NAD+ levels by remodeling the chromatin structure of genes

annotated to immunological and metabolic pathways [65-70].

SIRT1, putatively known as a major metabolic regulator, has been shown to function in
many biological settings such as aging, insulin resistance, cellular metabolism and sepsis.
Importantly, in the context of acute inflammation, SIRT1 epigenetically reprograms
proinflammatory genes to establish ‘immunologic tolerance’ and prevent chronic inflammatory

signaling [51,52,65].

Perhaps the best elucidated mechanism demonstrating SIRT1 negative feedback of
proinflammatory signals is in the macrophage model of sepsis. Specifically, Toll Like Receptor 4
(TLR4) stimulation due to endotoxin, in collaboration with increases in nuclear NAD+
concentration, activates SIRT1, which promotes facultative heterochromatin formation at the
promotors of proinflammatory genes such as IL-1B [51,52]. Mechanistically, SIRT1 first directly
binds and deactivates p65 through deacetylation [51]. SIRT1 also induces RelB transcription and
promotes RelB replacement of p65 on cytokine promoters. RelB and SIRT1 then physically

interact to form a mature repressor complex [52,72].

Interestingly, in a variety of biological settings, SIRT1 transcription is reduced in states of

chronic inflammation. For instance, SIRT1 transcription is decreased in fat deposits contributing

12



to obesity related inflammation [68], the brain in Alzheimer’s disease [69], and arterial

inflammation in atherosclerosis [68].

29 YY1

The Transcription factor Ying Yang 1 (Y'Y1) is a ubiquitous and multifunctional zinc-
finger transcription factor which controls many diverse functions including transcriptional
control, cell growth control, large scale chromosomal dynamics, X-chromosome inactivation,
and DNA repair [73,76]. Transcriptionally, YY1 can function as either as an activator or a
repressor depending on its DNA binding site, associated transcription factors, and cell context.
While full knockout of YY1 was shown to be embryonic lethal, studies using YY1 +/- mice and
Xenopus have demonstrated the importance of YY1 in development, neuronal differentiation and
neurotransmitter transport in the nervous system [74,75]. Given the role of YY1 in development
and growth, it comes as little surprise that YY1 has been implicated in cancer biology. Increased
YY1 levels have been observed in lung, liver, bladder, cervix, skin, bone, breast, ovary, prostate,
and colon cancers compared to normal control tissue [76]. Additionally, YY1 levels have been
shown to correlate with a poor prognosis in prostate, breast and bone cancers. Independent
studies using siRNA knockdown of YY1 on cancer cell lines have demonstrated that YY1
controls the proliferation, motility, and invasion through soft agar of both ovarian cancer cell

lines and osteogenic sarcoma cells in two independent studies [76].

The signaling mechanism by which YY1 exerts its effects is controversial, and most likely
variable between cell types. One well studied mechanism of action of YY1 is as a member of the

Polycomb Repressor 2 complex (PRC2)[77]. YY1 contains a Recruitment of Polycomb (REPO)
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domain which allows YY1 to direct PRC2 to near genomic areas, and to deacetylate and

methylate histones [77].

It has previously been demonstrated that NF-kB signaling can control YY1 expression
[78]. Additionally, one study has shown that YY1 directly interacts with NF-xB family members
to form a transcriptional activating complex. Namely, it has been shown to form a direct
transcriptional activating complex with RelB, p50, and Octamer Binding Protein 2 (Oct2) in the
promoters of the 1gG heavy chain in Leukemic cells. Interestingly, YY1 was shown to interact

only with RelB and not p65 or p52[79].

2.10 Hypothesis/Aim

Our group hypothesized that within GBM cells, there are inflammatory signaling cascades
which evade negative feedback and promote chronic inflammatory signaling. Thus, we aimed to
(1) identify cytokines drivers which initiate such GBM-specific inflammatory pathways, (ii)
identify changes in inflammatory signaling between GBM cells and astrocytes which lead to a
loss of negative feedback, and (iii) potentially identify new players which could be targeted to

limit aberrant chronic inflammation in GBM.
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3 Chapter 2: RelB-canonical signaling plays

opposite roles in GBM and normal glial cells

3.1 Abstract

Robust angiogenesis, radioresistance, and invasion make glioblastoma multiforme (GBM) one of
the most difficult to treat, and lethal cancers [2,81-82]. A driving factor in the profound
aggressiveness of GBM is the establishment of a chronic inflammatory microenvironment [3-
4,83-84]. Physiologically proinflammatory signals initiate a cascade of negative feedback
mechanisms which prevent chronic inflammation. To date, it is unclear how GBM tumor cells
evade negative feedback mechanisms to establish a chronic proinflammatory microenvironment.
In preliminary studies, we have identified two ‘driver’ proinflammatory cytokines, IL-1B and
OSM, that are specifically overexpressed in patients with the most common and deadly
mesenchymal subtype of GBM, which displays extensive necrosis and inflammation [14-15].
The link between inflammation, activation of NF-kB, and cancer has now been firmly
established [85]. Classically, canonical or non-canonical NF-xB pathways lead to the activation
of p65/p50 or RelB/p52 heterodimers, respectively. Surprisingly, we found that RelB drives
GBM progression by RelB/p50 heterodimers, which are believed to function only in cells
expressing high levels of RelB [85,86]. We found that, in untransformed astrocytes, RelB/p50
signaling functions to repress transcription, and act as a potent negative feedback loop for IL-

1/OSM induced inflammation. RelB has previously been shown to be a master regulator of
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epigenetic inflammatory tolerance in sepsis [51,52]. Novelly, we demonstrate that the molecular
mechanism underlying RelB negative feedback in astrocytes is one of “sterile” inflammatory
tolerance. Strikingly, we show that in GBM cells RelB switches roles, and acts as a global
transcriptional activator, promoting a feedforward proinflammatory loop to establish chronic
inflammation. Lastly, we established a molecular mechanism for the lack of RelB dependent
silencing in GBM. The RelB-dependent epigenetic silencing shown in macrophages requires
histone deacetylase SIRT1, and we found that SIRT1 is needed to repress cytokines in astrocytes
in a RelB dependent manner. Significantly, we discovered that one allele of the SIRT1 gene is
deleted in 80% of GBM tumors, and that human GBM tumors display drastically diminished
SIRT1 expression and protein levels. Thus, we show that that cytokine-induced RelB/p50
heterodimers act as a molecular switch to establish chronic inflammation in GBM and promote

GBM aggressiveness.
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3.2 Introduction

GBM is a major clinical problem and patients with these aggressive tumors have very low
survival rates [1-3]. Despite extensive research and the use of multimodal clinical approaches,
including surgical resection, radio- and chemo-therapy, little improvement has been made in
patient survival in the past decade. Therefore, there is a desperate need for novel research

approaches and clinical therapies.

GBM tumors are characterized by necrosis and profound inflammation [4,14-15,82-83].
Cytokines and growth factors secreted by both GBM cells and the tumor microenvironment
initiate signaling cascades, which support GBM progression [82,83,87]. Chronic inflammation
promotes GBM cell proliferation, migration, invasion, resistance to apoptosis, and the
maintenance of stem cell like properties [4,64,82-83,87-92]. Physiologically, inflammation is
short lived, with a host of negative feedback loops to initiate an adaptive phase of inflammation
and shut off proinflammatory signals. Currently, it is unclear how tumors evade negative

feedback loops, and drive chronic inflammation.

For the past decade, inflammation and aberrant NF-xB signaling have been linked to
oncogenesis [84]; however, it has been attributed to either p65/p50 or RelB/p52. Classically,
canonical or non-canonical NF-kB pathways lead to the activation of p65/p50 or RelB/p52
heterodimers, respectively. RelB is a silhouette marker of mesenchymal GBM [12], the most

proinflammatory GBM subtype. Interestingly however, cytokine-induced RelB expression is
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regarded as one of the critical negative feedback loops limiting acute inflammation driven by

P65/p50 [51-52,93-94].

To date, three mechanisms have been proposed to explain the anti-inflammatory actions of
RelB. First proposed was that RelB binds p65 to form a transcriptionally inactive complex [93].
Additionally, Saccani et al. proposed that RelB/p50 dimers displace active p65/p50 dimers off
cytokine promoters [94]. Most recently however McCall et al. elegantly demonstrated that RelB
acts as an epigenetic modifier of the chromatin structure of cytokine promoters in collaboration

with SIRT1, in response to TLR4 stimulation and NF-kB activation [51-52].

Our preliminary studies indicated that both IL-1B and OSM are potential drivers of chronic
inflammation of GBM. Additionally, we observed that IL-1B and OSM are potent activators of
the RelB-canonical pathway, and that RelB is an independent marker of severe disease and a
proinflammatory phenotype in GBM. Given the current need to understand mechanisms by
which chronic inflammation develops in GBM, we investigated the role of RelB in limiting the

spread of chronic inflammation in GBM.
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3.3 Materials and Methods

Cell Culture Human cortical astrocyte cultures were established using dissociated human
cerebral tissue. Cortical tissue was provided by Advanced Bioscience Resources (Alameda,
CA), and the protocol for obtaining postmortem fetal neural tissue complied with the
federal guidelines for fetal research and with the Uniformed Anatomical Gift Act. Human
glioblastoma U373-MG cells were obtained from American Type Culture Collection (Rockville,
MD), whereas human glioma U87 cells were obtained from Dr. Jaharul Haque (Cleveland Clinic
Foundation, Cleveland, OH). Primary GBM 12 cells were obtained from Dr. Paul Dent (Virginia
Commonwealth University, Richmond, VA). Cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% fetal calf serum, antibiotics, sodium pyruvate, and

non-essential amino acids.

Down-regulation of target genes Expression of RelB and SIRT1 was down-regulated using
SmartPool siRNAs (siRelB and siSIRT1) from Dharmacon (Dharmacon, Int., Lafayette, CO).
siRNA was transfected into astrocytes and GBM cells using Dharmafect 1, according to the

manufacturer’s instructions.

RNA isolation and quantitative gPCR Total cellular RNA was prepared by Trizol (Invitrogen,
Carlsbad, CA), following the manufacturer’s protocol. Subsequently, 1 ug of total RNA was
reverse-transcribed using the High Capacity cDNA Archive kit (Applied Biosystems, Foster
City, CA). IL1B, IL6, IL8, COX-2 and GAPDH mRNA levels were measured using pre-mixed

primer-probe sets, and TagMan Universal PCR Master Mix according to the supplier’s
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instructions (Applied Biosystems, Foster City, CA). The cDNAs were diluted 10-fold (for the
target genes) or 100-fold (for GAPDH), and amplified using the ABI 7900HT cycler. Gene
expression levels were normalized to GAPDH mRNA levels, and presented as a fold induction

with mean values +/- standard deviation.

Cytokines and Cell Stimulation Cells were stimulated with 25 ng/ml OSM (R&D, Systems,

Inc., Minneapolis, MN), or 10 ng/ml IL-1 (a gift from Immunex Corp., Seattle, WA).

Western Blot The cells were lysed in 10 mM Tris (pH 7.4), 150 mM sodium chloride, 1 mM
EDTA, 0.5% Nonidet P-40, 1% Triton X-100, 1 mM sodium orthovanadate, 0.2 mM PMSF, and
protease inhibitor mixture (Roche Applied Science, Indianapolis, IN). Samples were separated
using SDS-PAGE and transferred onto nitrocellulose membranes (Schleicher and Schuell,
Dassel, Germany). The anti-RelB, anti-p65, anti-p50, anti—f-tubulin, and anti-GAPDH
antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antigen-Antibody
complexes were visualized by ECL using Immobilon Western blotting kit (Millipore, Temecula,

CA).

Generation of SIRT1 Overexpressing Cells To generate stable clones, 4 ug SIRT1
expression plasmids were transfected into a 10 cm dish of U373 cells. Clones selected in

DMEM containing 75 ug/ml puromycin were subsequently pooled.

Unbiased Cytokine KM Analysis Cytokine and Cytokine Receptor expression data was
downloaded from Nature, 2008 GBM TCGA cohort. For each gene the mean Z-score
normalized expression value was calculated. Patients were divided into high and low expressing
groups based on the mean value of gene expression. Kaplan Meier analysis was performed for

each gene based on high and low expression groups. Cytokines and cytokine receptors were
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ranked based on the statistical significance of the individual Kaplan Meier analysis. Rank of
cytokines and cytokine receptors were combined to create a combined rank score to indicate the

prognostic impact of each cytokine signaling program.

Nuclear and Cytosolic Fraction Assays Cells were washed with cold PBS and re-suspended in
buffer containing 10 mM Hepes (pH 7.8), 10 mM KCI, 0.1 mM EDTA, 1 mM Na3V04, 1 mM
DTT, 1:500 protease inhibitors (Sigma) and 0.2 mM PMSF, and incubated on ice for 15 min.
NP-40 was added (0.75%) and cells were vortexed for 10 sec. Nuclei and supernatant cytoplasm
were separated by centrifugation at 3000 rpm for 3 min at 4°C. Nuclei were re- suspended in
buffer containing 20 mM Hepes (pH 7.8), 0.4 M NaCl, 1 mM EDTA, 1 mM Na3V04, 1 mM
DTT and 1:500 protease inhibitors and incubated on ice for 15 min. Nuclear extracts were

cleared by centrifugation at 14,000 x g for 5 min at 4°C.

Lentiviral CRIPSR/Cas9 Guide RNAs were constructed using the MIT CRISPR guide design

tool (http://crispr.mit.edu/). Lentivirus cloning, and packaging was conducted using GeCKO

lentiviral crispr toolbox according to manufacturers instructions (http://genome-
engineering.org/gecko/). After viral transduction, cells were selected with puromycin, and

screened for homozygous knockout single colonies.

Migration Cells were cultures in 6 well plates and serum starved overnight. Cytokines were
added at time Ohrs. Pictures were taken of scratched wells at time Ohrs and 24 hours. Cells

migrating past original scratch boundary were enumerated and reported.

SIRTL1 Activity Assay Cells were removed from media and incubated in lysis buffer without
PMSF or peptidase added. Lysates were sonicated on ice. 200ug of cell lysate was incubated

with anti-SIRT1 antibody overnight at +4 degrees C. 20ul of 50% Protein A beads were added to
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lysate and incubated with gentle rocking for 3 hours at +4 degrees C. Lysate was centrifuged and
bead pellet was washed in lysis buffer. Next, beads were washed in SIRT1 assay buffer [S0mM
Tris-Hcl ph 8.8, 0.5 mM DTT). Beads were added to Flouro-Substrate mixture according to

AbCam instructions (ab156065), and absorbance at 455 nm was tabulated.

Clinical Samples Patient RNA samples and tumor slices were provided by the VCU Tissue

Acquisition and Analysis core (TDAAC).

Immunoflouresence Cells cultured on sterile coverslips in a 6 well dish. Cells were then washed
with PBS and fixed for 10 minutes in 2.5% paraformaldehyde at room temperature. Cells were
then washed with 0.3M glycine and permeabilized with 0.1% triton-X. Cells were blocked with
5% BSA/1% NGS for 1 hr and then incubated with primary antibody overnight at +4 degrees C.
Cells were then washed and incubated with 1:500 dilution of secondary antibody for 1 hour
protected from light. Cells were washed again, counterstained with Hoescht [1:20,000] and

mounted on slides using VectaShield.

Immunohistochemistry Slides were fixed in ice cold acetone for 20 minutes, then incubated in
1% hydrogen peroxide. Next, sliders were washed in PBS and blocked in 5%BSA/1%Normal
Goat Serum for 1 hour. The slides were then incubated with primary antibody and blocking
buffer overnight at +4 degrees C. The next day slides were washed in PBS and incubated with
EnVision+ secondary reagent (Agilent Pathology Solutions) for 20 minutes, washed in PBS, and

then exposed using DAB+ chromogen for 10 minutes.

Microarray processing and differential expression analysis Microarrays were processed using
the R statistical package requiring the libraries ‘affy’, ‘affyPLM’. Quality control was performed

using analysis of 3°/5’ ratios, generating representative array images, and creating RNA
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degradation plots after generating affybatch objects using the ‘affy’ and ‘affPLM’ libraries.
Expression summaries of arrays were generated after background correction, and normalization

using robust multichip averaging. Statistical significance was assessed using S-testing.

RNAseq processing and differential expression analysis RNA was isolated using the ‘mirVana
RNA isolation kit” according to manufacturer’s instructions (ThermoFisher Scientific, Waltham MA).
RNA was sent to the University of Cinncinnati Genomics Core for quality control and RNA-sequencing
analysis. Data was analyzed using the tuxedo pathway, . fastq read files were aligned using
BowTie2, transcript assembly and FPKM estimates achieved using CuffLinks, and testing for

differential gene expression and promoter usage will be accomplished using CuffDff.

Statistical Analysis All experiments were repeated at least three times with consistent results.
Data are presented as mean + SD. GraphPad Prism software was used for statistical analyses
unless otherwise indicated. A Bonferroni posthoc test was used for one-way ANOVA
comparisons, with p < 0.05 being considered statistically significant. Independent sample

Student t test was used for unpaired observations.
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3.4 Results

3.4.1 IL-1B and OSM signaling are hallmark cytokines of a poor prognosis and

potential drivers of chronic inflammation in GBM

Although proinflammatory cytokines are secreted transiently, during acute inflammation,
chronic inflammation develops in GBM and promotes GBM cell proliferation, migration,
invasion, resistance to apoptosis, and the maintenance of stem cell like properties [4,64,82-
83,87-92]. To identify specific cytokines which support GBM aggressiveness and potentially
drive the establishment of chronic inflammation in GBM we utilized an unbiased approach and
correlated cytokine expression with clinical outcome data from The Cancer Genome Atlas
(TCGA). Specifically, we built an R function, ‘CytoAnalysis’, which uses Kaplan Meier analysis
to identify cytokine genes and receptors which are statistically significant markers of a poor
prognosis. Next the program uses a rank based method to combine prognostic scores for
cytokines and their associated receptors to eliminate bystander effects and identify driver
cytokine signaling pathways (figure 3.1). We identified IL-1B and OSM as two cytokine

signaling pathways whose expression is negatively correlated with patient survival (Figure 3.2).

Given that members of the IL-1B and OSM signaling pathway are predictive markers of
severe disease, we investigated whether IL-1B and OSM expression is correlated. Thus, our
group could delineate if IL-1B and OSM signaling pathways are engaged in similar or disparate
microenvironments. To address this we correlated the expression of IL-1B and OSM using GBM
patient expression data from TCGA. We obtained a strong, statistically significant, positive
regressive relationship between IL-1B and OSM; with a Pearson correlation of 0.769 (Figure

3.3). Additionally, we sought to characterize the biological significance the IL-1B/OSM Pearson
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correlation. To do this, we again utilized the TCGA GBM patient cohort, and ranked every
expressed gene in the genome according to their Pearson correlation with IL-1B. Interestingly,
we found that OSM is the second most correlated gene in the genome with I1L-1B according to
this patient group (Figure 3.3). These data suggest that IL-1B and OSM expression and signaling
occur together within the brain tumor microenvironment. This finding is agreement with
previous studies which suggest that IL-1B secreted from GBM tumor cells stimulates the

production of OSM from resident microglia [95].

Lastly, we queried whether these genes were highest in most aggressive and most
inflammatory mesenchymal subtype. Using GBM patient samples whose subtype had been
annotated by TCGA, we found that both IL-1B and OSM expression is statistically enriched in
mesenchymal GBM in comparison to all other subtypes (Figure 3.4). In conclusion, using our
unbiased approach we identified two hallmark cytokines which are markers of a poor prognosis,
expressed in the same microenvironment, and most prominent in the most inflammatory subtype
of GBM. Thus, when modelling a pathological inflammatory microenvironment in vitro we

performed IL-1B and OSM cotreatment.
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Figure 3.1 Using an unbiased approach to identify potential drivers of chronic

inflammation.

Workflow of CytoAnalysis. CytoAnalysis independently interfaces with TCGA to download
cytokine gene expression data and cytokine receptor expression data from the GBM patient
cohort (n=208). For each gene, CytoAnalysis calculates the mean Z-score normalized expression
value, and uses the mean Z-score expression value to group patients into high and low
expressors. Next, CytoAnalysis performs iterative Kaplan Meier analysis for all cytokine and
cytokine receptor genes and returns a p-value indicating the strength of the prognostic
relationship between each gene and GBM patient survival. This p-value is used to rank cytokines
and cytokine receptors according to the best indicators of a poor prognosis. Lastly CytoAnalysis
combines the rank of cytokines and their associated receptors to generate a combined cytokine

signaling score.
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Figure 3.2 Kaplan Meier Analysis of Cytokines and Receptors.

A) Combined rank score of cytokine signaling programs as determined by CytoAnalysis. Scores
were calculated as described in the materials and methods. B) Individual Kaplan Meier analysis
of the IL-1B and OSM signaling programs. Patients were annotated as high and low expressors

of each gene using the mean Z-score expression level as a cutoff. Statistical significance was

assessed using the Cox-Proportional Hazards model.
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Figure 3.3 Correlation of IL-1B and OSM expression in GBM patients.

A) Pearson correlation of 1L-1B and OSM mRNA gene expression scores from TCGA GBM
cohort. Normalized Z-score expression values were downloaded from TCGA using cBioPortal.
Pearson correlation was conducted using cBioPortal, p-value and regression analysis was
performed using the ‘Im’ function in the core R statistical package. B) Genome wide gene rank
of Pearson correlation with IL-1B. Gene correlations were performed using the correlation

functionality in cBioPortal.
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Figure 3.4 Cytokine expression levels according to GBM subtype.

A-C) Patient subtype was downloaded using clinical expression information contained within
TCGA. Statistical analysis of cytokine expression was conducted using a one way ANOVA

analysis (* = p<0.05) using GraphPad Prism software.
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3.4.2 1L-1B and OSM activates RelB-p50 signaling

Interestingly, an excess of RelB forms RelB/p50/IxBa complexes, which are activated by
canonical NF-xB stimuli, such as IL-1B [46,48]. Since RelB has higher affinity for p100/p52
than for p50 [97], canonical RelB activation is minimal in the absence of high RelB expression
[56,96]. Since non-lymphoid cells, including astrocytes, express RelB at low levels, its
dimerization with p50 does not occur basally. Nevertheless, p65/p50 induces RelB expression,
which subsequently forms complexes with p50 [97]. These complexes have been shown to
provide a negative feedback loop suppressing cytokines by several mechanisms including
epigenetic silencing [51-52, 93-94]. While non-canonical RelB/p52 signaling has been
suggested to play a role in GBM [61-64], our data show that IL-1B and OSM treatment promotes
canonical RelB/p50 signaling in GBM cells and astrocytes. Similarly to what has previously
been found in astrocytes [100], basal expression of RelB is relatively low in GBM cells.
However, IL-1B induces expression of RelB and p50 in primary GBM and established GBM cell
lines (Fig. 3.5). Interestingly, the fold increase in RelB far outpaces the fold increase in other
NF-kB family members suggesting the production of an excess of RelB, to subsequently form
RelB/p50/1kBa complexes. RelB translocates to the nucleus of GBM cells in response to IL-
1B/OSM (Fig. 3.6), and IL-1B induces formation of RelB/p50 complexes (Fig 3.7). Intriguingly,
OSM has been shown to increase RelB/p50 complex formation by a mechanism independent of

increased RelB synthesis [105].
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Figure 3.5 RelB induction in response to IL-1B and OSM treatment.

A) Protein levels of NF-xB family members in response to IL-1B and OSM treatment in U373
and primary GBM 12 cells. Cells were treated for the time periods indicated. B) 3 day induction
study of NF-kB family members in response to IL-1B and OSM. Cells were treated with IL-1B
and OSM, cell lysates were harvested at 12, 24, 48, and 72 hours, and protein levels of NF-xB

family members assessed via western blot. Densitometery was calculated using ImageJ software.
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Figure 3.6 RelB Nuclear Translocation in GBM cells.

A) Nuclear and cytoplasmic fractionation for RelB nuclear translocation. Nuclear and cytosolic
fractions of U373, U87 and primary GBM12 cells were isolated at indicated time points, after
IL-1B and OSM stimulation, according to the protocol described in the materials and methods,
and probed for RelB. B) 18 hours after IL-1B and OSM stimulation U373, U87, and primary
GBM12 cells were fixed and stained and visualized via immunofluorescence for RelB to assess

RelB nuclear accumulation after IL-1B and OSM treatment.
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Figure 3.7 IL-1B/OSM Induces RelB/p50 signaling

U373 were stimulated with IL-1 for 8 hours, RelB was immunoprecipitated, and co-
immunoprecipitated p50 and RelB were detected by Western blotting, as indicated. Expression

of RelB in the lysates is shown the lower panels (lysate).
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3.4.3 RelB acts as a molecular switch of proinflammatory cytokine production in
glioblastoma vs primary human astrocytes
Our data suggested that RelB expression is similarly induced by IL-1B and OSM in
astrocytes [100] and GBM cells. Additionally, we had shown that IL-1B and OSM cotreatement
leads to RelB nuclear translocation, and activation of the RelB canonical NF-kB pathway.
Previously, RelB has been shown to act as a critical negative feedback regulator of NF-xB

signaling through histone modification [51,52].

Given that chronic inflammation drives GBM progression, we hypothesized that an intact
RelB cytokine silencing mechanism would lead to less aggressive disease. Conversely however,
Kaplan Meier analysis of RelB in GBM tumors suggest that increased RelB levels lead to more
aggressive disease (Fig 3.8). Additionally, our unbiased cytokine analysis suggested that IL-1B
and OSM are potential drivers of chronic inflammation. Given that IL-1B and OSM potently
activate RelB canonical signaling, we investigated whether IL-1B/OSM induced RelB signaling

indeed functions to silence cytokine production in GBM cells.

Strikingly, while RelB suppressed cytokine (IL-1, IL-6) expression in astrocytes (Fig 3.9)
in a manner similar to what has been previously been shown in macrophages, RelB surprisingly
enhanced cytokine expression in established and primary GBM cell lines (U373, U87, GBM12)
(Fig 3.10). These data imply that the anti-inflammatory RelB-driven feedback loop presentin
astrocytes is converted into a feed-forward loop in GBM cells. Additionally, the aberrant RelB
switch from silencing factor to activating factor controls not only proinflammatory cytokines, but
also important proinflammatory enzymes previously implicated in GBM progression such as

COX-2.
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Figure 3.8 RelB Survival Analysis in GBM.

Kaplan Meier analysis of RelB high and low expressing patients in the TCGA GBM cohort
(n=208). Z-score normalized RelB expression values from TCGA were obtained using the
cBioportal web portal. Kaplan Meier analysis was conducted using GraphPad Prism software.

Statistical significance was assessed using a Cox proportional hazard ratio test.
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Figure 3.9 RelB effect on IL-1B and OSM induced inflammation in primary human

astrocytes.

A-C) Primary human astrocyte were treated with siControl or SiRelB as indicated. Cells were

treated with IL-1B and OSM and incubated for 18 hours. mRNA levels of IL1B, IL6 and COX 2

was assessed via qPCR.
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Figure 3.10 RelB effect on IL-1B and OSM induced inflammation in GBM cells.

GBM cells (U373, U87, and primary GBM12 cells) were treated with siControl or SiRelB as
indicated. Cells were treated with IL-1B and OSM and incubated for 18 hours. mRNA levels of

IL1B, IL6 and COX 2 was assessed via gPCR.
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3.4.4 RelB Controls IL-1B/OSM induced migration in vitro

RelB has been previously implicated to induce GBM cell migration [61-64], however its
actions have been attributed to its role in the noncanonical RelB-p52 signaling axis. Previously it
has been shown that canonical NF-xB stimuli IL-1B induces GBM cell migration [40].
Additionally, other NF-xB dependent proinflammatory gene products such as IL-6 have been
shown to increase GBM cell migration [98]. We hypothesized, given that GBM cells require
RelB to upregulate proinflammatory gene products, that a genetic knockdown of RelB would
attenuate an IL-1B/OSM induced migratory response. To test this hypothesis, we treated U373
cells with siRNA targeting RelB and measured IL-1B and OSM induced migration in siControl
and siRelB treated cells. We found that RelB is vital for the IL-1B/OSM induced migratory
response of GBM cells (Fig 3.11). Additionally, we confirmed these findings by generating RelB
(-/-) U373 cell clones using CRIPSR/CAS9 technology. After confirming that the CRIPSR
cloning process did not generate any off target effects, and that RelB (-/-) U373 cells are far less
able to upregulate cytokine production in response to IL-1B/OSM cotreatment (Fig 2.11), we
measured migration in response to IL-1B/OSM treatment in RelB(-/-), and parental U373 cells.
Similar to our transient RelB knockdown, RelB(-/-) cells are unable to induce migration in

response to IL-1B and OSM treatment (Fig 3.11).
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Figure 3.11 The effect of RelB on IL-1B and OSM induced migration in GBM cells.

A) U373 cells were treated with siControl and siRelB as indicated and stimulated with IL-1B and
OSM at time Ohrs. Cell migration was assessed via migration assay after 24 hour incubation. B)
RelB levels in U373 parental and U373 RelB (-/-) cells assessed by western blot. C) WT
sequence confirmation of possible off target effects of CRIPSR/Cas9 RelB targeting guide RNA
assessed by DNA sequencing. D) Parental U373 cells and U373 RelB (-/-) cells were treated
with IL-1B and OSM and incubated for 18 hours. mRNA levels of IL1B, IL6 and COX 2 was
assessed via qPCR. E) Parental U373 cells and U373 RelB (-/-) cells were stimulated with IL-
1B and OSM at time Ohrs. Cell migration was assessed via migration assay after 24 hour

incubation.
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3.45 RelB is aberrantly active in GBM

We had demonstrated that RelB drives a GBM-specific, proinflammatory gene
expression loop in both GBM cell lines and primary GBM cells. Additionally, we showed that
RelB is necessary for IL-1B/OSM induced GBM cell migration. To ascertain if targeting this
pathway would be of therapeutic benefit, we evaluated RelB presence in the nucleus of human
GBM tumors isolated in vivo. We obtained human GBM sections from the VCU Tissue and Data
Acquisition and Analysis Core (TDAAC), and probed for RelB using immunofluorescence (IF).
We observed a robust RelB signal in the nucleus of human GBM tumors (Fig 3.12). We
confirmed this data using The Human Protein Atlas (HPA), a large-scale and unbiased IHC
repository, and present the data according to HPA publication guidelines
(http://www.proteinatlas.org/about/publications). Additionally, using HPA we observed greater

staining of RelB in GBM tumor cells than in normal glial cells (Fig 3.12).

While our data suggest that RelB promotes GBM progression through a RelB/p50
signaling axis due to RelB activation through canonical NF-«xB stimuli, previous reports suggest
that noncanonical RelB-p52 signaling promotes GBM progression as well. We used genomic
copy number analysis of TCGA patients to determine if either of RelB’s dimerization partners
are upregulated in GBM as opposed to normal glial cells and thus more available to form
functional signaling dimers. Strikingly, over 80% of GBM patients have lost one allele of the
NFKB2(p100/p52) (Fig 3.13). Additionally, over 30% of patients increased their genomic dose
of the RelB gene. Given these data we sought to identify overexpressed NF-xB family members
in GBM vs. normal brain tissue (Fig 3.13). We obtained RNA isolated from GBM tumors and

normal brain via TDAAC and compared the expression of RelB, NFKB2, NFKB1 and RelA
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between normal brain and GBM samples. We found that while RelA and NFKBL1 levels are
similar between the two groups, GBM tumors expressed more RelB and less NFKB2 (Fig 3.13).
Previous studies have shown that increasing the NFKB1/NFKB?2 ratio skews the signaling
program of RelB toward RelB-cannonical signaling [96]. Thus, we concluded RelB is robustly
upregulated in GBM, and that that RELB-canonical signaling is likely more prevalent in GBM

compared to normal brain.
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Figure 3.12 RelB nuclear presence in in vivo human samples.

A) Human GBM samples were obtained from the VCU TDAAC and probed for RelB as
described in the materials and methods. B) Images obtained from The Human Protein Atlas,

displayed according to publications guidelines (http://www.proteinatlas.org/about/publications).
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Figure 3.13 NF-kB genomic copy number analysis of GBM.

A-B) Genomic copy number analysis of NF-xB family members, GISTIC data was downloaded
from TCGA via cBioPortal. C) mRNA expression of NF-xB family members from human GBM
tumors. RNA was obtained from VCU TDAAC and NF-kB family member mRNA expression

level was reverse transcribed and quantified by gPCR.
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3.4.6 RelB has a global diametrically opposed role in GBM vs Astrocytes

We observed that RelB stimulates the production of IL-1B, IL-6 and COX2 in GBM
cells, whereas RelB inhibits the production of IL-1B, IL-6, and COX2 in astrocytes. Given these
data we hypothesized that RelB signaling acts as a molecular switch to induce chronic
inflammation in GBM. While we had demonstrated this differential control of IL-1B, IL-6 and
COX2 expression in GBM cells and astrocytes, we sought to define the global role of RelB in

response to inflammatory cytokines.

In order to define the global role of RelB in response to inflammation in GBM, we
stimulated both parental and RelB (-/-) cells with IL-1B/OSM, performed RNAseq, and
conducted differential expression testing and pathway enrichment between the two groups. In
GBM cells, RelB assumes the role as a transcriptional activator; as the most significantly altered
pathways were induced. Additionally, the genes activated by RelB in GBM are involved in the
proinflammatory response (p=1.37x10") and similar pathways involved in perpetuating
inflammation and inflammatory cell chemotaxis (Fig 3.14). Thus, RelB serves as a

transcriptional activator, and functions to perpetuate an initial inflammatory stimulus in GBM.

Next, we sought to define the global role of RelB in response to inflammation in
astrocytes. To do this, we performed microarray analysis of IL-1B/OSM stimulated siControl
and siRelB treated astrocytes, and conducted differential expression testing and pathway
enrichment between the treatment groups. Conversely, in astrocytes, RelB functions as a
repressor of transcription. Additionally, the genes inhibited by RelB in response to IL-1B/OSM
are involved in the proinflammatory response (p=1.92x1019), and related pathways (Fig 2.14).
Therefore, in astrocytes, RelB functions as a potent negative feedback mechanism to shut off

57



inflammation in response to an initial stimuli. Consequently, using genome-wide expression
analysis, we concluded that RelB switches from a negative to a feedforward regulator of

inflammatory stimuli in GBM.
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Figure 3.14 Transcriptome wide analysis of RelB function in response to IL-1B and OSM

induced inflammation.

(Top Panel) RNA was isolated from unstimulated and IL-1B/OSM stimulated Parental and U373
RelB (-/-) cells. Isolated RNA was used to perform global RNAseq analysis. After RNAseq data
processing, differential expression testing and pathway enrichment analysis was performed.
(Bottom Panel) RNA was isolated from IL-1B/OSM stimulated primary human astrocytes
treated with either siControl or siRelB as indicated. Isolated RNA was reverse transcribed and
the resulting cDNA was used for microarray analysis. After microarray data processing,

differential expression testing and pathway enrichment analysis was performed.
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3.4.7 RelB controlled genes are mirrored in in vivo patient data.

Our data indicated that RelB acts as an aberrant, feedforward inducer of inflammation in
GBM. Additionally, we had previously demonstrated that RelB is upregulated and constitutively
active in human GBM samples in vivo. We hypothesized that if the aberrant action of RelB is
biologically relevant in GBM patients, then GBM tumors, segregated by RelB expression levels,
would demonstrate a similar upregulation of genes associated with a proinflammatory response.
In contrast, if RelB maintained its putative function as a negative feedback regulator of
inflammation, we would expect higher levels of RelB to be associated with decreased levels of

proinflammatory mediators in human GBM patient samples.

To test our hypothesis that RelB acts to stimulate proinflammatory pathways in human
GBM samples we filtered TCGA patients by their RelB expression (Fig 3.15). Next, we
downloaded the full expression profiles of patients annotated to be either RelB high or low
expressors and performed differential gene expression analysis. Finally, we obtained a list of
genes upregulated in the high RelB group, and performed pathway enrichment analysis as
described previously. We found that nearly identical proinflammatory pathways were enriched in
the high RelB patient group as the pathways induced by RelB in GBM cells; examples include
the upregulation of the inflammatory response, leukocyte migration and activation, and related

pathways (Fig 3.15).
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Figure 3.15 Pathway enrichment analysis between patients expressing high and low levels

of RelB in GBM.

Z-score normalized RelB expression data was downloaded from TCGA via cBioPortal. Patients
with a RelB expression Z-score of >0.25 or <-0.25 were classified as high and low RelB
expressors, respectively. Differential gene expression testing between high and low RelB
expressors was conducted using the ‘limma’ library of the R statistical package. Genes

upregulated by the high RelB expressor group were used for pathway enrichment analysis.
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3.4.8 RelB is a major regulator of macrophage chemotactic molecules and involved in the

makeup of the inflammatory microenvironment

We observed that RelB acts as a global driver of proinflammatory signals in a cancer
specific manner using RNA-seq, and confirmed these findings using the TCGA GBM patient
cohort. While we had identified RelB as an aberrant inducer of inflammatory signals, we next
asked what precisely the RelB-dependent program was doing to make tumors more aggressive.
To answer this question, we combined our RNAseq data with gene expression and clinical

outcome data from TCGA.

First, we wrote an R function to directly interface with TCGA, and perform iterative
Kaplan Meier analysis of RelB-dependent genes identified by our RNAseq assay. Next we
plotted all RelB-dependent genes which have a statistically significant impact on patient
prognosis. Not surprisingly, we found that the vast majority of RelB-dependent genes, which are
statistically important for patient prognosis, are markers of more severe disease (Fig 3.16).
Lastly, we performed pathway enrichment analysis for the RelB-dependent genes which were
independent markers of a poor prognosis. We found that the most overrepresented pathway were
genes which are chemotactic for myeloid cells (Fig 3.16). Thus, we concluded that a major

action of the aberrant RelB program is to recruit myeloid cells to the developing tumor.

Myeloid cells have been shown to comprise from 5-30% of the tumor bulk, and
increasing myeloid cell infiltration has been a marker of aggressive disease in GBM [18,19].

Classically, based largely on flow cytometric analysis of cell differentiation markers,
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investigators have thought the GAM signature to be comprised mostly of M2 macrophages [19].
Recently however, via whole genome expression analysis, it has been shown that the majority of
GAMs most closely resembled the MO, or undifferentiated macrophage phenotype [23]. While
GAMs may most closely resemble an MO macrophage, they are still activated, as determined by
histologic analysis. Interestingly, GBM cells do not secrete classical drivers of the M1 phenotype
(IFNy and TNFa) or the M2 phenotype (IL-4, IL-13) (Fig 2.17). GAMs rely on global
stimulating factors such as the Macrophage Inflammatory Protein family (MIP), and the Colony
Stimulating factor (CSF) family, and the Macrophage Chemotactic Protein (MCP) family for

activation and chemotaxis [19].

Our combined analysis of prognostically important RelB driven genes closely aligns with
these recent findings. Using our RNAseq assay we found that the RelB controlled genes which
influence macrophage behavior, and demonstrate statistical prognostic importance belong to (i)
the CSF family or proteins: CSF1 (M-CSF), CSF2 (GM-CSF), and CSF3 (G-CSF), (ii) the MIP
family of proteins: CXCL2 (MIP2a), CXCL3(MIP2b), and (iii) the MCP family of proteins:
MCP1, MCP3 (Fig 3.18). Importantly each of these genes is activated by RelB in a GBM
specific manner (Fig 3.18). Thus, while it is likely that multiple inflammatory pathways
important for patient prognosis are driven by the RelB feed forward loop, we suggest that a

major role of the pathway is attraction and activation of GAMs.
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3.16 ldentification of most prognostically significant pathways controlled by the RelB-

feedforward inflammatory loop.

A) All genes identified as RelB-controlled in GBM via RNAseq analysis were evaluated for their
independent effect on patient prognosis using gene expression data and clinical outcome data
downloaded from TCGA. B) Pathway enrichment analysis of RelB-controlled genes which had a

statistically significant impact on GBM patient prognosis.
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3.17 GBM cell expression of M1/M2 drivers.

A-B) FPKM values of classical M1 (A) and M2 (B) drivers expressed by both cytokine induced

parental cells and U373 RelB (-/-) cells.
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3.18 GBM cell expression of RelB-dependent prognostically significant macrophage

activators and chemoattractacts.

A) FPKM values of prognostically significant RelB-controlled genes annotated to function as
macrophage chemoattractants and activators. B) Comparison of previously identified
macrophage activators and chemoattractants in GBM cells (U373) and primary human

astrocytes.
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3.4.9 Genomic heterozygous deletion of the histone deacetylase SIRT1 leads to a loss of
RelB mediated silencing in GBM
To understand the mechanism of “aberrant” cytokine activation by RelB in GBM cells,
we investigated the mechanism by which RelB silences inflammatory gene production in
astrocytes. The previously demonstrated model of epigenetic silencing of the il1b gene during
endotoxin tolerance by RelB in macrophages [51,52], depends on the recruitment of histone
deacetylase SIRT1 (Fig 3.19). We hypothesized that loss of SIRT1 expression could prevent

epigenetic silencing.

Significantly, mining of TCGA database showed that one allele of the SIRT1 gene is
deleted in 80% of GBM tumors (Fig 3.19) and leads to poor survival prognosis (Fig 3.19). Lower
expression of SIRT1 mMRNA was found in GBMs than normal (matching) brain (Fig 3.20), and
confirmed on the protein level by IHC (Fig 3.20). These findings were further confirmed in vitro
since SIRT1 mRNA was substantially decreased in GBM cell lines and primary GBM cells in
comparison to astrocytes (Fig 3.20). SIRT1 activity was also significantly reduced in GBM cells
in comparison to astrocytes (Fig 3.20). We addressed the importance of SIRT1 in RelB-mediated
regulation by inhibiting SIRT1 activity in astrocytes and GBM cells. Remarkably, inhibition of
SIRT1 activity enhanced expression of cytokines in astrocytes (IL- 1 and 1L-6) but had no effect
on cytokine production in GBM cells (Fig 3.21). Conversely, overexpression of SIRT1 in GBM
cells diminished expression of cytokines, including IL-6, and IL-8 (Fig 3.22). Importantly, the
effect of SIRT1 was RelB-dependent (Fig. 3.23). In another approach, we analyzed expression of
cytokines in GBM cells treated with rosiglitazone, which activates SIRT1 (79). In agreement

with data from SIRT1 overexpression, rosiglitazone diminished cytokine expression (Fig 3.24).
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These data suggest that repression of cytokines in astrocytes depends on SIRT1; however,
RelB/SIRT1-dependent repression does not function in GBM cells and thus allows activation of
the aberrant RelB- dependent expression program promoting a feed-forward cytokine loop that

promotes chronic inflammation.
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3.19 Heterozygous loss of SIRT1 in GBM tumors.

A) Model of the previously demonstrated SIRT1/RelB complex which functions to silence
cytokine expression and establish immunologic “tolerance” in macrophages in response to Sepsis
(adapted from McCall et al. 2008). B) Plot of SIRT1 zygosity and SIRT1 expression in GBM
tumors and control brain tissue. Z-score normalized SIRT1 expression values were correlated
with patient SIRT1 zygosity established via GISTIC analysis. C) Kaplan Meier analysis of

patients with diploid SIRT1 allele vs. patients with a heterozygous loss of the SIRT1 allele.
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3.20 Comparison of SIRT expression between GBM cells and primary human astrocytes

and GBM section vs normal brain tissue isolated in vivo.

A) RNA from normal brain tissue and GBM tumor tissue was obtained from VCU TDAAC.
RNA was reverse transcribed and SIRT1 levels were quantified via qPCR. B) In vitro
Comparison of SIRT1 mRNA expression between primary human astrocytes and GBM cell lines
(U373, U87, LN229, and primary GBM12). C) In vitro Comparison of SIRT1 activity between
primary human astrocytes and GBM cell lines (U373, U87, LN229, and primary GBM12). D)

Comparison of SIRT1 protein levels in GBM and normal brain tissue isolated in vivo via IHC.
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3.21 SIRT1 effect on IL-1B and OSM induced inflammation in primary human astrocytes

and GBM cells.

A) Primary human astrocytes and B) GBM cells (U373) were treated with siControl or siSIRT1
as indicated. Cells were treated with IL-1B and OSM and incubated for 18 hours. mRNA levels

of IL-1B, and I-L6 levels were assessed via qPCR.
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3.22 The effect of SIRT1 overexpression on cytokine production in GBM.

A-C) U373 parental and U373 overexpressing SIRT1 were treated with IL-1B and OSM and

incubated for 18 hours. mRNA levels of IL-1B, IL-6, and IL-8 levels were assessed via qPCR.
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3.23 The effect of RelB on SIRT1 mediated cytokine silencing in GBM.

U373 parental and U373 SIRT1 overexpressing cells were treated with siControl and siRelB as
indicated, induced cells were treated with IL-1B and OSM and incubated for 18 hours. mMRNA

levels of I1L-6, was assessed via gPCR.
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3.24 The effect of the SIRT1 activator Rosiglitazone on IL-1B/OSM induced inflammation.

A-B) GBM cells (U373) were treated with Rosiglitazone for 2 hours as indicated, then treated
with IL-1B and OSM as indicated and incubated for 18 hours. mRNA levels of IL-1B and IL-6

were assessed via qPCR.
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3.5 Discussion

Although proinflammatory cytokines are secreted transiently during acute inflammation
[38-39], chronic inflammation develops in GBM and promotes GBM cell proliferation, migration,
invasion, resistance to apoptosis, and the maintenance of stem cell like properties [4,64,82-
83,87-92]. To identify cytokines which specifically support GBM aggressiveness, we used an
unbiased approach and correlated cytokine expression with clinical outcome data from TCGA.
We identified IL-1B and OSM as two cytokine signaling programs, whose expression is
negatively correlated with patient survival. Additionally, we demonstrated that IL-1B and OSM
are frequently expressed together at high levels and that IL-1B and OSM are specifically
expressed at high levels in mesenchymal GBM, which is the most common and deadly GBM
[14]. Thus, we concluded that chronically elevated IL-1B and OSM levels initiate programs

driving the progression of GBM.

NF-kB proteins include p65, p105/p50, RelB, and p100/p52. A wide variety of
inflammatory stimuli, including IL-1B, activate the canonical NF-xB pathway triggering
degradation of IxBa, translocation of p65/p50 heterodimers to the nucleus, and induction of
p65/p50-dependent genes. RelB is a unique member of the NF-xB family mostly known as a
downstream target of non-canonical NF-«B signaling triggered by CD40L, BAFF, and TWEAK.
Interestingly, an excess of RelB forms RelB/p50/IxBa complexes, which can also be activated by

canonical pathway [96].

Our data show that IL-1B and OSM treatment promotes canonical RelB/p50 signaling in

GBM cells and astrocytes. Similarly to what we found in astrocytes [105], basal expression of
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RelB is low in GBM cells. However, IL-1B induces expression of RelB in primary GBM and
established GBM cell lines. Additionally, RelB translocates to the nucleus of the GBM cells in
response to IL-1B/OSM, and IL-1B induces formation of RelB/p50 complexes. Interestingly,
RelB was almost entirely localized in the nuclei in GBM patient samples. Thus, we demonstrated
that in response to IL-1B and OSM, RelB/p50-canonical signaling is activated in GBM cells in

vitro, and RelB is also activated in GBM in vivo.

RelB-canonical signaling has previously been shown to coordinate a negative feedback
loop suppressing cytokines by several mechanisms including epigenetic silencing [51-52,93-94].
However, our patient prognostic data suggested that IL-1B/OSM induced RelB-p50 signaling
correlated with a poor patient prognosis, and thus potentially drives chronic inflammation. We
showed that IL-1B and OSM induced RelB signaling acts as a potent negative feedback
mechanism of IL-1B, IL6 and COX2 expression in astrocytes. Strikingly, we found the opposite
effect of RelB on IL-1B, IL6 and COX2 expression in GBM cells. Additionally, using high
throughput expression analysis we confirmed that the global role of RelB in response to IL-1B
and OSM induced inflammation is to act as a feedforward promoter of inflammatory genes.
Conversely, this mechanism is cancer specific, as RelB globally acts as global suppressor of
transcription, and genes annotated to be involved in the inflammatory response, in astrocytes.
We therefore concluded that RelB acts as a molecular switch promoting chronic inflammation in

GBM.

Additionally, our group sought to define precise programs stimulated by the cancer-
specific RelB-dependent program which make tumors more aggressive. Utilizing an approach
combining RNAseq data with gene expression and clinical outcome data from TCGA, we found

that the RelB program stimulates a prognostically important program of genes which recruit and
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activate myeloid cells. Additionally, this program corresponds with recently published papers
indicating that GAMs are activated by global myeloid activators such as the CSF, MIP, and MCP

family of proteins.

To understand the mechanism of “aberrant” cytokine activation by RelB in GBM cells, we
investigated the mechanism by which RelB silences inflammatory gene production in astrocytes.
The previously demonstrated model of epigenetic silencing of the il1b gene during endotoxin
tolerance by RelB in macrophages [51,52], depends on the recruitment of histone deacetylase
SIRT1. We hypothesized that loss of SIRT1 expression could prevent epigenetic silencing.
Significantly, mining of TCGA database showed that one allele of the SIRT1 gene is deleted in
80% of GBM tumors and leads to poor survival prognosis. Lower expression of SIRT1
mRNA was found in GBMs than normal brain and confirmed on the protein level by IHC.
These findings were further confirmed in vitro since SIRT1 mRNA was substantially decreased
in GBM cell lines and primary GBM cells in comparison to astrocytes. SIRT1 activity was also
significantly reduced in GBM cells in comparison to astrocytes. Additionally, inhibition of
SIRT1 activity enhanced expression of cytokines in astrocytes, but not GBM cells. Conversely,
overexpression of SIRT1 in GBM cells diminished expression of cytokines in a RelB-
dependent manner. These data suggest that repression of cytokines in astrocytes depends on
SIRT1; however, RelB/SIRT1-dependent repression does not function in GBM cells and leadsto
activation of the “aberrant” RelB- dependent expression program promoting a feed-forward

cytokine loop that promotes chronic inflammation.

In conclusion, we identified RelB as a molecular switch, promoting a cancer specific

feedforward inflammatory loop, in response to the GBM driving cytokines IL-1B and OSM.
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4 Chapter 3: YY1 switches RelB into a
transcriptional activator to drive inflammation

iIn GBM

4.1 Abstract

GBM tumors are characterized by necrosis and profound inflammation [3-4,15]; with cytokines
secreted by both GBM cells and the tumor microenvironment. The mechanisms by which
chronic inflammation develops and persists in GBM regardless of multiple anti-inflammatory
feedback loops remain elusive. In preliminary studies, we found that expression of the NF-xB
family member RelB is similarly induced in primary human astrocytes and GBM cells.
Strikingly however, while RelB suppresses expression of cytokines in astrocytes, it unexpectedly
enhances expression of cytokines in GBM cells. Thus, the anti-inflammatory RelB-driven
feedback loop found in astrocytes is converted into a feed-forward loop fueling chronic
inflammation in GBM. Additionally, we demonstrated SIRT1 loss as the molecular underpinning
of a lack of RelB mediated silencing in GBM. However, still unknown is how RelB coordinates
the transcriptional transactivation of a GBM-specific proinflammatory gene expression program.
We analyzed regulatory elements of RelB-controlled genes using a genome-wide bioinformatics
approach and identified a common regulatory motif that binds Yin Yang 1 (YY1), a transcription

factor known to either repress or activate gene transcription by recruiting either corepressors or
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coactivators [73]. Surprisingly, we found that while YY1 resides in the cytoplasm of astrocytes,
its location is exclusively nuclear in established GBM cell lines and primary GBM cells, and it
binds to the promoters of cytokine genes in GBM cells. In parallel with these findings, SIRNA
knock-down of YY1 profoundly suppressed expression of cytokines in GBM cells, but had no
effect in astrocytes. We found that YY1 interacts with RelB and that RelB and YY1 stimulate
cytokine transcription through the same molecular mechanism. Importantly, these complexes
could provide long-lasting epigenetic effects that would be insensitive to classical NF-xB
inhibitors. Therefore, our data demonstrates that YY1 plays an essential role in GBM-specific
RelB-mediated inflammation, and support a mechanistic model which explains the development

and persistence of this chronic inflammation in GBM.
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4.2 Introduction

We had previously demonstrated that RelB expression is similarly induced by IL-1B/OSM
in astrocytes and GBM cells. Additionally, we had previously ascertained whether RelB
suppresses p65/p50-driven cytokine expression and in these cells according to previously
published RelB actions. While RelB suppressed cytokine expression in astrocytes, it surprisingly
enhanced cytokine expression in established and primary GBM cells. Thus, our data implied that
the anti-inflammatory RelB-driven feedback loop present in astrocytes is converted into a feed-
forward loop in GBM cells. Lastly, we showed that a lack of SIRT1 expression and activity
prevented RelB mediated silencing of proinflammatory genes in GBM cells. However, these
results failed to explain how RelB functions as a transcriptional activator of proinflammatory
genes specifically in GBM. Given the current need to understand mechanisms by which chronic
inflammation develops in GBM, we investigated RelB transcriptional activation of
proinflammatory genes in an attempt to identify novel therapeutic targets which could potentially

prevent the development of chronic inflammation.

We hypothesized that the aberrant-activation of cytokine genes by RelB in GBM cells may
depend on an additional transcription factor that affects RelB activity specifically in GBM cells
but not astrocytes. To identify this factor, we analyzed 2.5 kb-long regions surrounding the
transcription start sites of RelB-controlled genes for the presence of regulatory elements using
the ‘PathView’ and ‘EnrichR’ R packages. This bioinformatics approach identified several

common regulatory elements, including a motif that can be bound by Yin-Yang 1 (YY1)
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The Transcription factor Ying Yang 1 (Y'Y1) is a ubiquitous transcription factor which
controls many diverse functions including transcriptional and cell growth [73,76].
Transcriptionally, YY1 can function as either an activator or a repressor depending on its DNA
binding site, associated transcription factors, and cell context. Studies using YY1 heterozygous
mice and Xenopus YY1 homolog (-/-) demonstrate the importance of YY1 in the central nervous
system. Namely, YY1 controls CNS development, neuronal differentiation and neurotransmitter
transport [74,75]. Additionally, YY1 function has also been implicated in cancer biology [76].
Increased YY1 levels have been observed in many cancerous tissues, and YY1 levels have been

shown to correlate with a poor prognosis in prostate, breast and bone cancers.

While the signaling mechanism by which YY1 exerts its effects is controversial, YY1 has
been shown to be a member of the Polycomb Repressor 2 complex (PRC2), a histone modifier
[77]. YY1 contains a Recruitment of Polycomb or REPO domain which allows YY1 to direct
PRC2 to near genomic areas and modify histones. Interestingly, one study has shown that YY1
directly interacts with NF-xB family members to form a transcriptional activating complex made
up of RelB, p50, and Oct2 in the promoters of the IgG heavy chain. Interestingly, YY1 was

shown to interact only with RelB and p50 and not p65 or p52 [79].

Our unbiased approach suggested that YY1 may be a critical factor in influencing RelB
behavior. Thus, we investigated the role of YY1 on proinflammatory signaling in GBM and its

potential association with the RelB molecular switch.
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4.3 Materials and Methods

JASPAR and TRANSFAC Positional Weight Matrix (PWM) Analysis Promoters of RelB
controlled genes were downloaded from the hg37 genome using the UCSC genome browser.
Promoter sequences were identified for enriched PWM of transcription factors using the
JASPAR and TRANSFAC databases. These studies were conducted using the ‘PathView’ and

‘EnrichR’ R-packages.

Cell Culture Human cortical astrocyte cultures were established using dissociated human
cerebral tissue. Cortical tissue was provided by Advanced Bioscience Resources (Alameda, CA),
and the protocol for obtaining postmortem fetal neural tissue complied with the federal
guidelines for fetal research and with the Uniformed Anatomical Gift Act. Human glioblastoma
U373-MG cells were obtained from American Type Culture Collection (Rockville, MD),
whereas human glioma U87 cells were obtained from Dr. Jaharul Haque (Cleveland Clinic
Foundation, Cleveland, OH). Primary GBM 12 cells were obtained from Dr. Paul Dent (Virginia
Commonwealth University, Richmond, VA). Cells were cultured in Dulbecco's modified Eagle's

medium supplemented with 10% fetal bovine serum, antibiotics, and non-essential amino acids.

Down-regulation of target genes Expression of RelB and SIRT1 was down- regulated using
SmartPool siRNAs (siRelB and siY'Y1) from Dharmacon (Dharmacon, Int., Lafayette, CO).
SiIRNA was transfected into astrocytes and GBM cells using Dharmafect 1, according to the

manufacturer’s instructions.

RNA isolation and quantitative qPCR Total cellular RNA was prepared by Trizol (Invitrogen,

Carlsbad, CA), following the manufacturer’s protocol. Subsequently, 1 ug of total RNA was
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reverse-transcribed using the High Capacity cDNA Archive kit (Applied Biosystems, Foster
City, CA). IL1B, IL6, IL8, COX-2 and GAPDH mRNA levels were measured using pre-mixed
primer-probe sets, and TagMan Universal PCR Master Mix according to the supplier’s
instructions (Applied Biosystems, Foster City, CA). The cDNAs were diluted 10-fold (for the
target genes) or 100-fold (for GAPDH), and amplified using the ABI 7900HT cycler. Gene
expression levels were normalized to GAPDH mRNA levels, and presented as a fold induction

with mean values +/- standard deviation.

Cytokines and Cell Stimulation Cells were stimulated with 25 ng/ml OSM (R&D, Systems,

Inc., Minneapolis, MN), or 10 ng/ml IL-1B (a gift from Immunex Corp., Seattle, WA).

Clinical Samples Patient RNA samples and tumor slices were provided by the VCU Tissue

Acquisition and Analysis core (TDAAC).

Nuclear and Cytosolic Fraction Assays Were prepared as previously described (2) described
briefly Cells were washed with cold PBS and re-suspended in buffer containing 10 mM Hepes
(pH 7.8), 10 mM KCI, 0.1 mM EDTA, 1 mM Na3VO04, 1 mM DTT, 1:500 proteaseinhibitors
(Sigma) and 0.2 mM PMSF, and incubated on ice for 15 min. NP-40 was added (0.75%) and
cells were vortexed for 10 sec. Nuclei and supernatant (“cytoplasm”) were separated by
centrifugation at 3000 rpm for 3 min at 4°C. Nuclei were re- suspended in buffer containing 20
mM Hepes (pH 7.8), 0.4 M NaCl, 1 mM EDTA, 1 mM Na3VO4, 1 mM DTT and 1:500 protease
inhibitors and incubated on ice for 15 min. Nuclear extracts were cleared by centrifugation at

14,000 x g for 5 min at 4°C.

Immunohistochemistry Slides were fixed in ice cold acetone for 20 minutes, then incubated in

1% hydrogen peroxide. Next, sliders were washed in PBS and blocked in 5%BSA/1%Normal
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Goat Serum for 1 hour. The slides were then incubated with primary antibody and blocking
buffer overnight at +4 degrees C. The next day slides were washed in PBS and incubated with
EnVision+ secondary reagent (Agilent Pathology Solutions) for 20 minutes, washed in PBS, and

then exposed using DAB+ chromogen for 10 minutes.

Co-Immunoprecipitation Protein lysates (200-300 pg), prepared as described above, were
precleared with 10 ul protein G—-Sepharose beads (GE Healthcare, Pittsburgh, PA) for 1 h. The
lysates were then incubated with 2 pg anti-RelB Abs overnight at 4°C, and 25 pl protein G—
Sepharose beads were added and incubated for 1 h at 4°C. The beads were washed extensively
with the lysis buffer, and immunoprecipitated proteins were eluted in sample buffer at 95°C for 5

min.

ChIP Cells were grown to 80-100% confluency in 10 cm dishes. Cells were crosslinked with 1%
formaldehyde for 10 minutes. Cells were washed (125 mM glycine, 1ImM PMSF in PBS). Cells
were scraped and resuspended in SDS lysis buffer(1% SDS, 10 mM EDTA ph 8.0, 50 mM Tris-
HCI). Cells were sonicated and centrifuged at 1300 rpm for 10 min and supernatant (chromatin)
was collected. Chromatin was diluted 10x in ChIP IP buffer (0.01% SDS, 1.1% Triton-X, 1.2
mM EDTA, 16.7 mM Tris-HCI, 167 mM NaCl). Magnetic Beads (prewashed in ChIP IP buffer)
were added to diluted chromatin and rocked for 2 hours. Beads were washed with ChIP IP
buffer, High Salt Buffer (0.5 M HEPES, 5 M NaCl, 0.5 M EDTA, 10% SDS, 10% Triton-X,
10% Deoxycholate), LiCl Buffer (1M Tris-Hcl, 1 M LIiCl, 10% NP-40, 10% Deoxycholate, 0.5
M EDTA), and TE buffer. DNA was eluted with Elution Buffer (1M Tris-HCI, 0.5 M EDTA,
10% SDS), and incubated with proteinase K at 55 degrees for 2 hours. Beads were incubated in
4.6 M NaCl overnight. The next day DNA was isolated using Qiagen Mini-Prep kit (Qiagen,

NV).
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ChlIPseq Cooccupancy Analysis YY1 and RelB ChlPseq data files were downloaded from the
NCBI Gene Expression Omnibus (GEO). BigWig files were realigned to hg37, and overlapping
RelB and YY1 peaks were calculated and annotated to the nearest gene using the Genome

Galaxy webserver (https://usegalaxy.org/).

Statistical Analysis All experiments were repeated at least three times with consistent results.
Data are presented as mean + SD. GraphPad Prism software was used for statistical analyses
unless otherwise indicated. A Bonferroni posthoc test was used for one-way ANOVA
comparisons, with p < 0.05 being considered statistically significant. Independent sample

Student t test was used for unpaired observations.
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4.4 Results

4.4.1 Unbiased approach reveals YY1 as likely coregulator of RelB.

Our group sought to understand the underlying mechanism of aberrant RelB transcriptional
activation of proinflammatory genes in GBM. We hypothesized that the GBM-specific activation
of genes by RelB may depend on an additional transcription factor that affects RelB activity
specifically in GBM cells but not astrocytes. In an attempt to identify a GBM specific
transcription factor, we used an unbiased approach using our genome-wide RelB expression
analysis performed previously. In our approach, we analyzed 2.5 kb-long regions surrounding the
transcription start sites of the RelB controlled genes for the presence of regulator elements using
the JASPAR and TRANSFAC Positional Weight Matrix (PWM) databases. This approach
assumes binomial distribution and independence, and tests for the probability for regulator
element presence (RelB-regulated vs a random gene list) (Fig 4.1). This bioinformatics approach
identified several common regulatory elements including a motif that can be bound by Ying-
Yang 1 (YY1) (p=0.000003) (Fig 4.1). As YY1 has been known to differentially activate and
repress genes depending on cell context we tested the hypothesis that YY1 modulates RelB

activity at cytokine genes in GBM but not astrocytes.
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4.1 Unbiased analysis of potential RelB modulating transcription factors.

A) 2.5 kb-long regions surrounding the transcription start sites of the RelB controlled genes were
analyzed for the presence of regulator elements using the JASPAR and TRANSFAC Positional

Weight Matrix (PWM) databases. B) Rank list of regulatory elements in RelB-Controlled genes.
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4.4.2 YY1 acts as a GBM specific activator of cytokines

We had identified the transcription factor YY1 as a potential modulator of RelB activity
using an unbiased screen of RelB controlled genes. To test whether YY1 affects cytokine
expression in GBM, we knocked down YY1 expression by treating U373 cells and primary
GBM12 cells with either siControl or siYY1. Next, we stimulated each cell population with IL-
1B/OSM, and measured IL-1B and IL-6 expression relative its unstimulated control. We found a
robust attenuation of IL-1B/OSM induced IL-1B and IL-6 expression in siYY1 cell populations
relative to siControl. These data clearly indicate that YY1 is necessary for cytokine induction in
U373 and primary GBM cells (Fig 4.2). Thus, we concluded that YY1 modulates IL-1B/OSM

induced cytokine production in GBM cells.

We next evaluated whether YY1 control of cytokine production was specific to GBM
cells or persists in astrocytes as well. Consequently, we depleted YY1 expression from primary
human astrocytes using transient siY'Y1 transfection, and measured IL-1B/OSM induced IL-1B
and IL-6 expression relative to siControl treated astrocytes. Importantly, we found that YY1
depletion had no effect on IL-1B and IL-6 production (Fig 4.3). Therefore, we concluded that

YY1 control of cytokine production is specific to GBM cells and not primary human astrocytes.

100



4.2 YY1 effect on IL-1B and OSM induced inflammation in GBM cells.

A-C) GBM cells (U373, U87 and primary GBM12 cells) were treated with siControl or SiYY1
as indicated. Cells were treated with IL-1B and OSM and incubated for 18 hours. mRNA levels

of IL-1B, IL-6 was assessed via gPCR.
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4.3 YY1 effect on IL-1B and OSM induced inflammation in primary human astrocytes.

A-B) Primary human astrocytes were treated with siControl or SiYY1 as indicated. Cells were
treated with IL-1B and OSM and incubated for 18 hours. mRNA levels of IL-1B and IL-6 was

assessed via qPCR.
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4.4.3 RelB and YY1 stimulate cytokines through the same molecular mechanism.

While our in silico analysis demonstrated a likely cooperation between YY1 and RelB we
sought to determine whether RelB and YY1 induce cytokine expression through the same
activatory pathway. To test this idea, we performed a dual knockout of YY1 and RelB in GBM
cells using transient siRNA transfection (Fig 4.4). We hypothesized that if YY1 and RelB
induced cytokine expression through separate pathways then mostly likely we would observe a
difference in the degree of cytokine attenuation in siRelB alone or siY'Y1 alone treated cells; we
additionally would expect an additive effect of cytokine attenuation in dual siRelB/siYY1 treated
cells. However, we reasoned that if YY1 and RelB induced cytokine expression through the
same mechanism, then a knockdown of YY1 alone, RelB alone or a dual knockdown would
produce the same degree of cytokine attenuation. In agreement with our in silico analysis, no
statistical difference was observed in attenuation of cytokine production in either the siRelB,
siYY1, or siRelB/siYY1 treated groups (Fig 4.4). We therefore concluded that RelB and YY1

operate through the same molecular mechanism to stimulate cytokine production in GBM cells.
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4.4 The effect of combined RelB and YY1 knockdown on IL-1B and OSM induced

inflammation in GBM.

A-B) U373 cells were treated with siControl, SiRelB alone, siYY1 alone, and siRelB/siYY1 as
indicated. Cells were treated with IL-1B and OSM and incubated for 18 hours. mRNA levels of

A)IL-1B, B)IL-6 was assessed via qPCR
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4.4.4 RelB and YY1 physically interact, bind the promoters of cytokine genes

Our dual knockdown experiment suggested that RelB and YY1 cooperate to stimulate
cytokine production via the same mechanism in GBM cells, but not primary human astrocytes.
We next aimed to distinguish whether this cooperation was through a direct physical interaction.
Of note, YY1 has previously been shown to form a transcriptional activating complex with RelB
and the homeobox containing transcription factor Oct-2. This complex was demonstrated to
stimulate the production of the IgG heavy chain in malignant B-cells [79]. Interestingly, Oct-2
(POU2F2) binding elements were the second most enriched motif in the regulatory regions of
RelB regulated genes via our previous in silico analysis (Fig 4.1). Thus, we tested whether a
similar activating complex could be forming in GBM cells by immunoprecipitation (Fig 4.5). We
found that YY1 and RelB directly interact in GBM cells, and that this interaction is enhanced
with IL-1B/OSM treatment. Thus, we concluded that RelB and YY1 directly interact in GBM

cells in a cytokine inducible manner.

Given our in silico data and our observation that YY1 and RelB interact in GBM cells,
we hypothesized that RelB and YY1 physically interact to form GBM specific transcriptional
activating complex at the promoters of cytokine genes to induce transcription. We first tested this
hypothesis in silico using publicly available YY1 and RelB ChlPseq datasets. At the time of our
analysis 4 YY1 ChlPseq experiments and 1 RelB ChIPseq experiment were contained within the
NCBI Gene Expression Omnibus. We utilized these files to align ChIPseq reads from all
experiments to a common reference genome and computed overlap of the RelB and YY1
ChlPseq signals (Fig 4.6). We found significant genome-wide overlap between RelB and YY1

ChIP peak signals. Next, we annotated RelB/YY1 coincident peaks to their nearest gene and
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performed gene-set enrichment analysis. Interestingly RelB and YY1 co-peaks were most
statistically enriched in the promoters of genes involved in the immune response and organ

growth and development (Fig 4.6).

Next, we sought to evaluate RelB and YY1 recruitment to cytokine genes directly in
GBM cells. We isolated chromatin from U373 cells and performed ChlIP to detect recruitment of
RelB and YY1 to the promoters of cytokine genes. We found that YY1 and RelB are recruited to
the IL-6 promoter upon cytokine stimulation (Fig 4.7). Thus, we concluded that RelB and YY1
are recruited to the promoters of cytokine genes upon cytokine stimulation, and this complex

likely regulates a variety of genes involved in organ growth and development.
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4.5 RelB directly interacts with YY1.

U373 cells were stimulated with IL-1B and IL-1B/OSM, RelB was immunoprecipitated, and co-
immunoprecipitated RelB and YY1 was detected by Western blotting, as indicated. Expression

of RelB and YY1 in the lysates is shown the left panels (lysate).
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4.6 ChlPseq Cooccupancy Analysis

A) Workflow for data processing. YY1 and RelB ChlPseq data files were downloaded from the
NCBI Gene Expression Omnibus (GEO). BigWig files were realigned to hg37, and overlapping
RelB and YY1 peaks were calculated and annotated to the nearest gene using the Genome

Galaxy webserver (https://usegalaxy.org/). B) Representative RelB/YY1 peaks were visualized

using the Broad Institute Integrated Genome Browser. C) Enriched Pathways were discovered

using the meme-suite webserver ChlIP peak processing tools http://meme-suite.org/.
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4.7 RelB and YY1 promoter occupancy in cytokine genes

U373 cells were stimulated with 1L-1B/OSM for 8h, and ChIP was performed using primers

designed to the IL-6 promoter.
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445 YY1lisonlyinthe nucleus of GBM cells, and constitutively in the nucleus of patient

samples

We demonstrated that YY1 and RelB function to activate a GBM specific feedforward
proinflammatory loop. However, we did not know the molecular mechanism explaining why
RelB/YY1 cytokine activation was specific to GBM and not normal glial cells. Importantly, YY1
has been shown to be sequestered in the cytoplasm by the Rb protein [101]. Rb is only degraded
during cell division; therefore, we hypothesized that in non-dividing normal glial cells YY1
would be sequestered in the cytoplasm, and thus unable to transactivate cytokine genes.
However, in GBM, not only are cells dividing constitutively, but over 80% of patients possess a
mutation in the Rb pathway, leading to Rb degradation. Thus, we reasoned that in GBM YY1
would constitutively be located in the nucleus, and able to transcriptionally regulate
proinflammatory genes. To test this hypothesis, we performed cytosolic and nuclear fractions of
both primary human astrocytes and GBM cells (U373 and primary GBM12), and blotted for
YY1. In accordance with our hypothesis, we found that YY1 is localized almost exclusively to
the cytoplasm of astrocytes whereas it is almost entirely nuclear in GBM cells (Fig 4.8). These

results directly correlate with YY1 dependent regulation of cytokine expression in these cells.

Next, we sought to confirm these findings in human tumors in vivo. We obtained tissue
from VCU TDAAC and performed IHC for YY1. Our findings corroborated our in vitro data as
YY1 was present in abundance in the nuclei of GBM cells, however its localization was

primarily cytoplasmic in patient matched normal brain samples (Fig 4.9).

In conclusion, our results suggest a delicate role for RelB in controlling the inflammatory

microenvironment in different cell contexts. In non-dividing cells RelB maintains its putative
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function in the literature in response to inflammation, and acts as a negative feedback regulator
to prevent chronic inflammation in collaboration with SIRT1. However, in the physiological
context of a wound or a developing organ, when cells are proliferating, it would be of
physiologic benefit to maintain the inflammatory microenvironment for growth and migratory
ques. In this case, YY1 would translocate to the nucleus to drive a RelB dependent inflammatory
signal. Importantly, this mechanism would be self-limiting physiologically because once a
wound is healed, or an organ formed, cells stop dividing and YY1 would be sequestered in the
cytoplasm. GBM cells however exploit this balance; not only are GBM cells are constantly

dividing, but also genomic alterations ensure that Rb and SIRT 1 is inactive (Fig 4.10).
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4.8 YY1 nuclear and cytoplasmic presence in primary human astrocytes and GBM cells.

Nuclear and cytoplasmic fractionation probed for YY1 nuclear translocation. Nuclear and
cytosolic fractions of A) primary human astrocytes and B) U373 cells and primary GBM12 cells
were isolated at indicated timepoints, after IL-1B and OSM stimulation, according to the

protocol described in the materials and methods, and probed for YY1, Laminin, and Tubulin.
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4.9 YY1 nuclear and cytoplasmic presence in human GBM and normal brain isolated in

Vivo

Human GBM and normal samples were obtained from the VCU TDAAC. YY1 protein levels

were assessed by IHC as specified in the material and methods.

120



4-9

121

YY1 GBM Tumor

YY1 Normal Brain

>

708

» ‘-1;}




4.10 Diagram of RelB response to inflammation in dividing and non-dividing cells.

In non-dividing cells RelB maintains its putative function in the literature in response to
inflammation, and acts as a negative feedback regulator to prevent chronic inflammation in
collaboration with SIRT1. However, in the physiological context of a wound or a developing
organ, when cells are proliferating, it would be of physiologic benefit to maintain the
inflammatory microenvironment. In this case, YY1 translocates to the nucleus to drive RelB
dependent inflammation. GBM cells however exploit this balance as GBM cells are constantly

dividing, and both Rb and SIRT1 are inactive.
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4.5 Discussion

We had previously demonstrated that RelB expression is similarly induced by IL-1B/OSM
in astrocytes and GBM cells. Additionally, we had previously ascertained whether RelB
suppresses p65/p50-driven cytokine expression in these cells. While RelB suppressed
proinflammatory gene expression in astrocytes, it surprisingly enhanced proinflammatory
expression in established and primary GBM cells. Thus, our data implied that the anti-
inflammatory RelB-driven feedback loop present in astrocytes is converted into a feed-forward
loop in GBM cells. Lastly, we showed that a lack of SIRT1 expression and activity prevented

RelB mediated silencing of proinflammatory genes in GBM cells.

We next sought to understand the mechanisms of GBM-specific RelB-dependent
transcriptional activation using an unbiased approach. We hypothesized that the aberrant-
activation of cytokine genes by RelB in GBM cells may depend on an additional transcription
factor that affects RelB activity specifically in GBM cells but not astrocytes. To identify this
factor, we analyzed the transcription start sites of RelB- controlled genes for the presence of

regulatory elements. This bioinformatics approach identified YY1 as a common regulator motif.

To test whether YY1 differentially functions in GBM cells versus astrocytes, we analyzed
cytokine expression in cells depleted of YY1. We found that although cytokine expression is
YY1-independent in astrocytes, it is upregulated by YY1 in GBM cell lines and primary GBMs
(IL-1 and IL-6, U373 and GBM12). To explain the difference in the regulation of cytokine
expression between astrocytes and GBM cells, we analyzed the cellular localization of YY1. We

found that YY1 is localized almost exclusively to cytoplasm of astrocytes whereas it is almost
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entirely nuclear in GBM cells. In order to determine whether RelB and YY1 were functioning to
stimulate cytokine expression through the same molecular mechanism, we performed a dual
knock-down of YY1 together with RelB which demonstrated no additive effect on cytokine
expression. Thus, our findings suggest that YY1 functions as a cancer-specific modifier of RelB

function in response to inflammation.

Since YY1 can activate expression by forming complexes with RelB and Oct-2 [79], we
tested whether YY1 directly interacts with RelB in GBM cells. We demonstrated a direct
Y'Y 1/RelB interaction using immunoprecipitation. Furthermore, we also found both YY1 and
RelB were bound to the IL-6 promoter in cytokine-treated cells suggesting that RelB/YY1
control of cytokine expression occurs through direct, proximal promoter binding of genes and
subsequent transcriptional activation. Thus, we concluded that YY1 functions to modify RelB
action through a direct physical interaction and accumulation on cytokine promoters, and that

this mechanism is active in freshly isolated human GBM tumors.

Our data suggest that although RelB coordinates anti-inflammatory feedback in astrocytes
(and likely other non-transformed cells in the tumor microenvironment), this mechanism does
not function in GBM cells due to the presence of YY1 in the nuclei of these cells. As a result,
GBM cells continuously secrete RelB/Y'Y1/p50-induced proinflammatory cytokines which

establishes and supports chronic inflammation promoting GBM progression.
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5 Discussion

Although proinflammatory cytokines are secreted transiently during acute inflammation,
chronic inflammation develops in GBM and promotes GBM cell proliferation, migration,
invasion, resistance to apoptosis, and the maintenance of stem cell like properties [4,64,82-
83,87-92]. To identify cytokines which specifically support GBM aggressiveness, we used an
unbiased approach and correlated cytokine expression with clinical outcome data from The
Cancer Genome Atlas (TCGA). We identified IL-1B and OSM as two cytokine signaling
programs, whose expression is negatively correlated with patient survival. Additionally, we
demonstrated that IL-1B and OSM are frequently expressed together at high levels and that IL-1B
and OSM are specifically expressed at high levels in mesenchymal GBM, which is the most
common and deadly GBM [14,15]. Thus, we concluded that chronically elevated IL-1B and

OSM levels initiate intracellular signaling programs which drive the progression of GBM.

A wide variety of inflammatory stimuli, including IL-1, activate the canonical NF-xB
pathway triggering degradation of IxBa, translocation of p65/p50 heterodimers to the nucleus,
and induction of p65/p50-dependent genes [47]. RelB is a unique member of the NF-xB family
mostly known as a downstream target of non-canonical NF-«B signaling. Interestingly, when
large amounts of RelB is produced an excess of RelB forms RelB/p50/IxBa complexes, which
can also be activated by the canonical pathway [96]. We show that IL-1B/OSM stimulation
induces RelB expression, which subsequently forms complexes with p50 in GBM cells, similar

to astrocytes; additionally, we show that IL-1B and OSM treatment induces RelB/p50 nuclear
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translocation. Interestingly, it has previously been demonstrated that OSM induces RelB/p50

complex formation via a mechanism independent of increased RelB synthesis [100].

RelB/p50 signaling has previously been shown to drive a negative feedback loop
suppressing cytokines by several mechanisms including epigenetic silencing [51,52]. However,
previously published reports demonstrating RelB as a silhouette marker for mesenchymal GBM,
and our analysis of patient outcome data which suggested that RelB and IL-1/OSM signaling
were potential drivers of chronic inflammation, suggested that RelB cannot function to limit
inflammation in GBM. Therefore, we compared RelB-canonical negative feedback in astrocytes
and GBM cells. We showed that 1L-1B/OSM induced RelB-canonical signaling acts as a potent
negative feedback mechanism of IL-1b, IL-6 and COX2 expression in astrocytes. Strikingly,
RelB canonical signaling drives IL-1b, IL-6 and COX2 expression in GBM cells. Additionally,
using high throughput expression analysis we confirmed that the global role of RelB in response
to IL-1B and OSM induced inflammation is to act as a feedforward promoter of inflammatory
genes. Conversely, this mechanism is cancer specific, as RelB globally acts as a suppressor of
transcription and genes annotated to be involved in the inflammatory response in astrocytes.
Thus, we demonstrate that RelB-canonical signaling acts as a molecular switch promoting

chronic inflammation in GBM.

Additionally, our group sought to define precise pathways/actions the GBM-specific RelB-
dependent program induced to make tumors more aggressive. Utilizing an approach combining
RNAseq data with gene expression and clinical outcome data from TCGA, we found that the
RelB program stimulates a prognostically important program of genes which recruit and activate

GAMs. Additionally, this program corresponds with recently published papers indicating that
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GAMs are activated by global myeloid activators such as the CSF, MIP, and MCP family of

proteins instead of classical M1 and M2 drivers of macrophage activation.

To understand the mechanism of “aberrant” cytokine activation by RelB in GBM cells, we
investigated the mechanism by which RelB silences inflammatory gene production in astrocytes.
The previously demonstrated model of epigenetic silencing of the il1b gene during endotoxin
tolerance by RelB in macrophages [51,52], depends on the recruitment of histone deacetylase
SIRT1. We hypothesized that loss of SIRT1 expression could prevent epigenetic silencing.
Significantly, mining of TCGA database showed that one allele of the SIRT1 gene is deleted in
80% of GBM tumors and leads to poor survival prognosis. Lower expression of SIRT1
mRNA was found in GBMs than normal brain and confirmed on the protein level by IHC.
These findings were further confirmed in vitro since SIRT1 mRNA was substantially decreased
in GBM cell lines and primary GBM cells in comparison to astrocytes. SIRT1 activity was also
significantly reduced in GBM cells in comparison to astrocytes. We addressed theimportance
of SIRT1 in RelB-mediated regulation by either inhibiting SIRT1 activity in astrocytes or
expressing SIRT1 in GBM cells. Remarkably, inhibition of SIRT1 activity enhanced expression of
cytokines in astrocytes. Conversely, overexpression of SIRT1 in GBM cells diminished
expression of cytokines. Importantly, the effect of SIRT1 was RelB-dependent. These data
suggest that repression of cytokines in astrocytes depends on SIRT1; however, RelB/SIRT1-

dependent repression does not function in GBM cells.

However, still unexplained was how RelB “switched” to a transcriptional transactivator in a
GBM specific manner. We next sought to understand the mechanisms of GBM-specific RelB-
transcriptional activation using an unbiased approach. We hypothesized that the aberrant-

activation of cytokine genes by RelB in GBM cells may depend on an additional transcription
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factor that affects RelB activity specifically in GBM cells but not astrocytes. To identify this
factor, we analyzed 2.5 kb-long regions surrounding the transcription start sites of the RelB-
controlled genes for the presence of regulatory elements. This bioinformatics approach identified
several common regulatory elements, including a motif that can be bound by Yin-Yang 1 (YY1)
(p=0.000003), a GLI-Kruppel-related zinc-finger transcription factor and chromatin modifier
known to recruit both corepressors and coactivators and thus regulating chromatin structure.
Although YY1 has been known for 25 years, it has neither been shown to regulate GBM

progression nor chronic inflammation.

We tested whether YY1 differentially functions in GBM cells versus astrocytes, and we
found that although cytokine expression is Y'Y 1-independent in astrocytes, it is upregulated by
YY1 in GBM cell lines and primary GBMs. Additionally, we found that this GBM-specific
control of cytokines is a result of the intracellular localization of YY1. We found that YY1 is
localized almost exclusively to cytoplasm of astrocytes whereas it is almost entirely nuclear in
GBM cells, which correlates directly with YY1- dependent regulation of cytokine expression in
these cells. Additionally, we showed that knockdown of RelB does not attenuate cytokine
expression in cells not expressing YY1 and visa versa indicating that YY1 is required for RelB
dependent cytokine transactivation and that RelB is necessary for YY1 dependent cytokine
transactivation, thus RelB and YY1 act to stimulate cytokine expression through the same

molecular mechanism.

Furthermore, we demonstrated a direct Y'Y 1/RelB interaction using immunoprecipitation.
We also found both YY1 and RelB were bound to the IL-6 promoter in cytokine-treated cells
suggesting that RelB/Y'Y 1 control of cytokine expression occurs through direct, proximal

promoter binding of genes and subsequent transcriptional activation. Furthermore, we showed
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that YY1 was present in the nuclei of GBM cells in patient tumors while its localization was
mostly cytoplasmic in nearby normal tissue. Thus, we concluded that YY1 functions to modify
RelB action through a direct physical interaction and accumulation on cytokine promoters, and
that this mechanism is active in in vivo human GBM tumors. Additionally, preliminary analysis
of YY1 knockout CRIPSR pools suggests that the RelB/YY1 axis is necessary to mediate IL-

1B/OSM induced proliferation (Appendix A).

Our data suggest that although RelB coordinates anti-inflammatory feedback in astrocytes,
and that this mechanism does not function in GBM cells due to a loss of SIRT1, and the presence
of YY1 in the nuclei of these cells. As a result, GBM cells continuously secrete RelB/Y'Y 1/p50-
induced proinflammatory cytokines which establishes and supports chronic inflammation

promoting GBM progression.
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5.1 Appendix A: Preliminary Supplemental Figures

Untreated

- IL-1B/OSM Treated

U373 U373
(parental) YY1*

YY1

-

Proliferation [%)

U373 U373 U373
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A YY1 knockout pool was generated using CRIPSR/Cas9 Technology. Both RelB and YY1

were necessary for IL-1B/OSM induced proliferation.

131



10.

11.

12.

13.

14.

15.

16.

5.2 Literature Cited

Wen PY, Kesari S. Malignant Gliomas in Adults. New England Journal of Medicine.
2008;359:492-507.

Omuro A, DeAngelis LM. Glioblastoma and other malignant gliomas: a clinical review. JAMA.
2013;310(17):1842-50.

Dunn GP, Rinne ML, Wykosky J, Genovese G, Quayle SN, Dunn IF, Agarwalla PK, Chheda
MG, Campos B, Wang A, Brennan C, Ligon KL, Furnari F, Cavenee WK, Depinho RA, Chin
L, Hahn WC. Emerging insights into the molecular and cellular basis of glioblastoma. Genes
Dev. 2012;26(8):756-84.

Tafani M, Di Vito M, Frati A, Pellegrini L, De Santis E, Sette G, Eramo A, Sale P, Mari E,
Santoro A, Raco A, Salvati M, De Maria R, Russo MA. Pro-inflammatory gene expression in
solid glioblastoma microenvironment and in hypoxic stem cells from human glioblastoma. J
Neuroinflammation. 2011;8:32.

Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature. 2008.
454:436-445.

Balkwill F, Charles, KA, Mantovani, A. Smoldering and polarized inflammation in the
initiation and promotion of malignant disease. Cancer Cell. 2005. 7:211-217.

Gilmore, TD. Introduction to NF-kB: players, pathways, perspectives. Oncogene. 2006.
25:6680-6684.

Levy, DE & Darnell Jr, JE. Stats: transcriptional control and biological impact. Nat Rev Mol
Cell Biol. 2002. 3:651:62.

Yu H, Pardoll D, Jove R. STATSs in cancer inflammation and immunity: a leading role for
STATS3. Nat Rev Cancer. 2009. 9:709-809.

Ostrom QT, Gittleman J, Fulop M, Liu R, Blanda C, Kromer Y, Wolinsky C, Kruchko J.S,
Barnholtz-Sloan. CBTRUS statistical report: Primary brain and central nervous system tumors
diagnosed in the United States in 2008-2012. Neuro. Oncol. 2015. 17:iv1-iv62.

Cancer Genome Atlas Research Network. Comprehensive genomic characterization defines
human glioblastoma genes and core pathways. Nature. 2008. 455:1061-1068.

Verhaak RG, Cancer Genome Atlas Research Network et al. Integrated genomic analysis
identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell. 2010. 17(1):98-110.

Verhaak, RG. Moving the needle: Optimizing classification for glioma. Sci Transl Med. 2016.
8(350): 350fs14.

Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, Misra A, Nigro JM,
Colman H, Soroceanu L, Williams PM, Modrusan Z, Feuerstein BG, Aldape K. Molecular
subclasses of high-grade glioma predict prognosis, delineate a pattern of disease progression,
and resemble stages in neurogenesis. Cancer Cell. 2006. 9(3): 157-173.

Zanotto-Filhok A, Goncalves RM, Klafke K, de Souza PO, Dillenburg FC, Carro L, Gelain DP,
Moriera JC. Inflammatory landscape of human brain tumors reveals and NF-kB dependent
cytokine pathway associated with mesenchymal GBM. Cancer Lett. 2016. 16:30778-30779.
Badie, B., Schartner JM. Flow cytometric characterization of tumor associated macrophages in
experimental gliomas. Neurosurgery. 2000. 46(4): 957-961.

132



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

Morimura T, Neuchrist C, Kitz K et al., Monocyte subpopulations in human gliomas:
expression of Fc and complement receptors and correlation with tumor proliferation. 1990. Acta
Neuropathologica. 80(3):287-294,

Roggendorf W, Strupp S, Paulus W. Distribution and characterization of
microglia/macrophages in human brain tumors. Acta Neuropathologica. 1996. 92(3):288-293.
Wei J, Gabrusiewicz K, Heimberger A. The controversial role of microglia in malignant
gliomas. Clin Dev Immunol. 2013. 2013:285246.

Szulzewsky F, Arora S, de Witte L, Ulas T, Markovic D, Schultze JL, Holland EC, Synowitz
M, Wolf SA, Kettenmann H. Human glioblastoma-associated microglia/monocytes express a
distinct RNA profile compared to human control and murine samples. Glia. 2016. 64:1416—
1436.

Martinez FO, Sica A, Mantovani A, Locati M. Macrophage activation and polarization.
Frontiers in Bioscience. 2008. 13(2):453-461.

Gabrusiewicz K, Ellert-Miklaszewska A, Lipko M, Sielska M, Frankowska M, Kaminska B.
Characteristics of the alternative phenotype of microglia/macrophages and its modulation in
experimental gliomas. PLoS ONE. 2011. 6(8):e23902.

Gabrusiewicz K, Rodriguez B, Wei J, Hashimoto Y, Healy LM, Maiti SN, Heimberger AB.
Glioblastoma-infiltrated innate immune cells resemble MO macrophage phenotype. JCI Insight.
2016. 1(2):e85841.

Desbaillets I, Tada M, De Tribolet N, Diserens AC, Hamou MF, Van Meir EG. Human
astrocytomas and glioblastomas express monocyte chemoattractant protein-1 (MCP-1) in vivo
and in vitro. Int. J. Cancer. 1994, 58:240-247.

Leung S, Wong M, Chung L. Monocyte chemoattractant protein-1 expression and macrophage
infiltration in gliomas. Acta Neuropathol. 1997. 93:518.

Okada M, Saio M, Kito Y, Ohe N, Yano H, Yoshimura S, Takami, T. Tumor-associated
macrophage/microglia infiltration in human gliomas is correlated with MCP-3, but not MCP-1.
International Journal of Oncology. 2009. 34:1621-1627.

Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RJ, Sevenich L, Quail DF, Olson OC,
Quick ML, Huse JT, Teijeiro V, Setty M, Leslie CS, Oei Y, Pedraza A, Zhang J, Brennan CW,
Sutton JC, Holland EC,Daniel D, Joyce JA. CSF-1R inhibition alters macrophage polarization
and blocks glioma progression. Nature Medicine. 2013.19:1264-1272.

Coniglio SJ, Eugenin E, Dobrenis K, Stanley ER, West BL, Symons MH, Segall JE. Microglial
stimulation of glioblastoma invasion involves epidermal growth factor receptor (EGFR) and
colony stimulating factor 1 receptor (CSF-1R) signaling. Mol Med. 2012. 9(18):519-27.
Sielska M, Przanowski P, Wylot B, Gabrusiewicz K, Maleszewska M, Kijewska M, Zawadzka
M, Kucharska J, Vinnakota K, Kettenmann H, Kotulska K, Grajkowska W, Kaminska B.
Distinct roles of CSF family cytokines in macrophage infiltration and activation in glioma
progression and injury response. J Pathol. 2013. 230(3):310-21.

Kohanbash G, McKaveney K, Sakaki M, Ueda R, Mintz AH, Amankulor N, Fujita M, Ohlfest
JR, Okada H. GM-CSF promotes the immunosuppressive activity of glioma-infiltrating
myeloid cells through interleukin-4 receptor-a. Cancer Res. 2013.1;73(21):6413-23.

Stafford JH, Hirai T, Deng L, Chernikova SB, Urata K, West BL, Brown JM. Colony
stimulating factor 1 receptor inhibition delays recurrence of glioblastoma after radiation by
altering myeloid cell recruitment and polarization. Neuro Oncol. 2016. 18(6):797-806.

Liu C, Luo D, Reynolds BA, Meher G, Katritzky AR, Lu B... Harrison JK. Chemokine
receptor CXCR3 promotes growth of glioma. Carcinogenesis. 2011. 32(2):129-137.

133



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47,

48.

49.

50.

ol.

52.

Li W, Graeber MB. The molecular profile of microglia under the influence of glioma. Neuro
Onc. 2012. 14(8):958:978.

Pinteaux E, Trotter P, Simi A. Cell-specific and concentration-dependent actions of interleukin-
1 in acute brain inflammation. Cytokine. 2009. 45:1-7.

Rothwell NJ, Luheshi GN. Interleukin 1 in the brain: biology, pathology and therapeutic target.
Trends Neurosci. 2000. 23:618-25.

Lucas SM, Rothwell NJ, Gibson RM. The role of inflammation in CNS injury and disease. BrJ
Pharmacol 147. 2006. Suppl 1:5232-40.

O'Neill LA, Greene C. Signal transduction pathways activated by the IL-1 receptor family:
ancient signaling machinery in mammals, insects, and plants. J Leukoc Biol. 1998. 63:650-7.
Argaw AT, Zhang Y,Snyder BJ, Zhao ML, Kopp N, Lee SC, Raine CS, Brosnan CF, John GR.
IL-1beta regulates blood-brain barrier permeability via reactivation of the hypoxia-angiogenesis
program. J Immunol. 2006. 177:5574-84.

Tarassishin L, Casper D, Sunhee LC. Aberrant Expression of Interleukin-1f and Inflammasome
Activation in Human Malignant Gliomas. Plos One. 2014. 9(7):e103432

Hurmath FK, Ramaswamy P, Nandakumar DN. IL-1p microenvironment promotes
proliferation, migration, and invasion of human glioma cells. Cell Biol Int. 2014. 38(12):1415-
22.

Tarassishin L, Lim J, Weatherly DB, Angeletti RH, Lee SC. Interleukin-1-induced changes in
the glioblastoma secretome suggest its role in tumor progression. J Proteomics. 2014.
17(99):152-68.

Nijaguna MB, Schrdder C, Patil V, Shwetha SD, Hegde AS, Chandramouli BA, Arivazhagan
A, Santosh V, Hoheisel JD, Somasundaram K. Definition of a serum marker panel for
glioblastoma discrimination and identification of Interleukin 1B in the microglial secretome as a
novel mediator of endothelial cell survival induced by C-reactive protein. J Proteomics. 2015.
14(128):251-61.

Chen SH, Benveniste EN. Oncostatin M: a pleiotropic cytokine in the central nervous system.
Cytokine Growth Factor Rev. 2004. 15:379-91.

Chen SH, Gillespie GN, Benveniste EN. Divergent effects of oncostatin M on astroglioma
cells: influence on cell proliferation, invasion, and expression of matrix metalloproteinases.
Glia. 2006. 53:191-200.

Krona A, Jarnum S, Salford LG, Widegren B, Aman P. Oncostatin M signaling in human
glioma cell lines. Oncol Rep. 2005. 13:807-11.

Millet P, McCall C, Yoza B. RelB: an outlier in leukocyte biology. Journal of Leukocyte
Biology. 2013. 94(5):941-951.

Baldwin AS. The NF-k B and IkB proteins: new discoveries and insights. Annu Rev Immunol.
1996. 14:649-683.

Ryseck RP, Bull P, Takamiya M, Bours V, Siebenlist U, Dobrzanski P, Bravo R. RelB, anew
Rel family transcription activator that can interact with p50-NF-« B. Mol Cell Biol. 1992.
12:674-684.

Alber T. Structure of the leucine zipper. Curr Opin Genet Dev. 1992. 2:205-210.
Vallabhapurapu S, Karin M. Regulation and function of NF-«B transcription factors in the
immune system. Annu Rev Immunol. 2009. 27:693-733.

Yoza BK, Hu JY, Cousart SL, Forrest LM, McCall CE. Induction of RelB participates in
endotoxin tolerance. J Immunol. 2006. 177:4080—4085.

Liu TF, Yoza BK, El Gazzar M, Vachharajani VT, McCall CE. NAD+-dependent SIRT1

134



53.

54.

55.

56.

o7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

deacetylase participates in epigenetic reprogramming during endotoxin tolerance. J. Biol.
Chem. 2011. 286:9856-9864.

Basak S, Kim H, Kearns JD, Tergaonkar V, O'Dea E, Werner SL, Benedict CA, Ware CF,
Ghosh G, Verma IM, Hoffmann A. A fourth IkB protein within the NF-xB signaling module.
Cell. 2007. 128: 369-381

Ammon C, Mondal K, Andreesen R, Krause SW. Differential expression of the transcription
factor NF-kB during human mononuclear phagocyte differentiation to macrophages and
dendritic cells. Biochem. Biophys. Res. Commun. 2000. 268:99-105

Carrasco D, Ryseck RP, Bravo R. Expression of relB transcripts during lymphoid organ
development: specific expression in dendritic antigen-presenting cells. Development. 1993.
118:1221-1231

Bren GD, Solan NJ, Miyoshi H, Pennington KN, Pobst LJ, Paya CV. Transcription of the RelB
gene is regulated by NF-kB. Oncogene. 2001. 20:7722—7733.

Mineva N. D., Rothstein T. L., Meyers J. A., Lerner A., Sonenshein G. E. CD40 ligand-
mediated activation of the de novo RelB NF-«xB synthesis pathway in transformed B cells
promotes rescue from apoptosis. J. Biol. Chem. 2007. 282:17475-17485.

Wang X., Sonenshein G. E. Induction of the RelB NF-«B subunit by the cytomegalovirus IE1
protein is mediated via Jun kinase and c-Jun/Fra-2 AP-1 complexes. J. Virol. 2005. 79:95-105.
Dong X., Craig T., Xing N., Bachman L. A., Paya C. V., Weih F., McKean D. J., Kumar R.,
Griffin M. D. Direct transcriptional regulation of RelB by 1a,25-dihydroxyvitamin D3 and its
analogs: physiologic and therapeutic implications for dendritic cell function. J. Biol. Chem.
2003. 278:49378-49385.

Li T., Morgan M. J., Choksi S., Zhang Y., Kim Y. S., Liu Z. G. MicroRNAs modulate the
noncanonical transcription factor NF-kB pathway by regulating expression of the kinase IKKa
during macrophage differentiation. Nat. Immunol. 2010. 11:799-805.

Ohtsu N, Nakatani Y, Yamashita D, Ohue S, Ohnishi T, Kondo T. Eval Maintains the Stem-
like Character of Glioblastoma-Initiating Cells by Activating the Noncanonical NF-xB
Signaling Pathway. Cancer Res. 2016. 76(1):171-81.

Tchoghandjian A, Jennewein C, Eckhardt I, Rajalingam K, Fulda S. Identification of non-
canonical NF-«kB signaling as a critical mediator of Smac mimetic-stimulated migration and
invasion of glioblastoma cells. Cell Death Dis. 2013. 4:e564.

Cherry EM, Lee DW, Jung JU, Sitcheran R. Tumor necrosis factor-like weak inducer of
apoptosis (TWEAK) promotes glioma cell invasion through induction of NF-kB-inducing
kinase (NIK) and noncanonical NF-«xB signaling. Mol Cancer. 2015. 14:9.

Lee DW, Ramakrishnan D, Valenta J, Parney IF, Bayless KJ, Sitcheran R. The NF-kB RelB
protein is an oncogenic driver of mesenchymal glioma. PL0oS One. 2013. 8(2):e57489.

Xie J, Zhang X, Zhang L. Negative regulation of inflammation by SIRT1. Pharmacological
Research. 2013. 67(1):60-67,

Imai Sl and Guarente L. NAD+ and sirtuins in aging and disease. Trends in Cell Biology. 2014.
24(8):464-471,

Michan S, Sinclair D. Sirtuins in mammals: insights into their biological function. The
Biochemical Journal. 2007. 404(1):1-13.

Schug TT, Li X. Surprising sirtuin crosstalk in the heart. Aging. 2010. 2(3):129-132.

Qin W, Yang T, Ho L. Neuronal SIRT1 activation as a novel mechanism underlying the
prevention of alzheimer disease amyloid neuropathology by calorie restriction. J Bio Chem.
2006. 281(31): 21745-21754,

135



70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Liu TF, Vachharajani VT, Yoza BK, McCall CE. NAD+-dependent sirtuin 1 and 6 proteins
coordinate a switch from glucose to fatty acid oxidation during the acute inflammatory
response. J Bio Chem. 2012. 287(31):25758-25769.

Lei M, Wang JG, Xiao DM. eS\ﬁerat ol inhibits interleukin 1gmediated inducible nitric oxide
synthase expression In articular chondrocytes by activating SIRT1 and thereby suppressing

nuclear factor-«xB activity. European Journal of Pharmacolo?Iy. 2012. 674(2-3):73-79. .
Gazzar M El, Yoza BK, Chen X, Hu J, Hawkins GA, McCall CE. G9a and HP1 couple histone

and DNA methylation to TNF@transcription silencing during endotoxin tolerance. J Bio Chem.
2008. 283:47:32198- 32208.

He Y, Casaccia-Bonnefil P. The Yin and Yang of YY1 in the nervous system. J Neurochem.
2009 106(4):1493-1502

Donohoe ME, Zhang X, McGinnis L, Biggers J, Li E, Shi Y. Targeted disruption of mouse Yin
Yang 1 transcription factor results in peri-implantation lethality. Mol Cell Biol. 1999. 19:7237—
7244,

Morgan MJ, Woltering JM, In der Rieden PM, Durston AJ, Thiery JP. YY1 regulates the neural
crest-associated slug gene in Xenopus laevis. J Biol Chem. 2004. 279:46826—-46834.

Zhang Q, Stoball DB, Inoue K, Sui G. The oncogenic role of YY1. Crit Rev Oncog. 2011.
16(3-4):163-97

Wilkinson FH, Park K, Atchison ML. Polycomb recruitment to DNA in vivo by the YY1 REPO
domain. Proc Natl Acad Sci. 2006. 103(51):1926-301.

Siednienko J, Maratha A, Yang S, Mitkiewicz M, Miggin SM, Moynagh PN. Nuclear factor kB
subunits RelB and cRel negatively regulate Toll-like receptor 3 mediate B-interferon production
via induction of transcriptional repressor protein YY1. J Biol Chem. 2011. 286(520): 44750-63.
Sepulveda MA, Emelyanov AV, Birshtein BK. NF-kappa B and Oct-2 synergize to activate the
human 3’ IgH hs4 enhancer in B cells. J] Immunol. 2004. 172(2):1054-64

Carlsson SK, Brothers SP, Wahlestedt C. Emerging treatment strategies for glioblastoma
multiforme. EMBO molecular medicine. 2014. 6(11):1359-70.

Tanaka S, Louis DN, Curry WT, Batchelor TT, Dietrich J. Diagnostic and therapeutic avenues
for glioblastoma: no longer a dead end? Nature reviews Clinical oncology. 2013. 10(1):14-26.
Albulescu R, Codrici E, Popescu ID, Mihai S, Necula LG, Petrescu D, Teodoru M, Tanase
CP. Cytokine patterns in brain tumour progression. Mediators Inflamm. 2013. 2013:979748.
Yeung YT, McDonald KL, Grewal T, Munoz L. Interleukins in glioblastoma pathophysiology:
implications for therapy. Br J Pharmacol. 2013.168(3):591-606.

DiDonato JA, Mercurio F, Karin M. NF-kappaB and the link between inflammation and
cancer. Immunol Rev. 2012. 246(1):379-400.

Gasparini C, Foxwell BM, Feldmann M. RelB/p50 regulates CCL19 production, but fails to
promote human DC maturation. European journal of immunology. 2009. 39(8):2215-23.
Gasparini C, Foxwell BM, Feldmann M. RelB/p50 regulates TNF production in LPS-stimulated
dendritic cells and macrophages. Cytokine. 2013. 61(3):736-40.

Gray GK, McFarland BC, Nozell SE, Benveniste EN. NF-kappaB and STAT3 in glioblastoma:
therapeutic targets coming of age. Expert Rev Neurother. 2014. 14(11):1293-306.

Nogueira L, Ruiz-Ontanon P, Vazquez-Barquero A, Lafarga M, Berciano MT, Aldaz B, Grande
L, Casafont I, Segura V, Robles EF, Suarez D, Garcia LF, Martinez-Climent JA, Fernandez-
Luna JL. Blockade of the NFkappaB pathway drives differentiating glioblastoma-initiating
cells into senescence both in vitro and in vivo. Oncogene. 2011. 30(32):3537-48.

Sinha S, Ghildiyal R, Mehta VS, Sen E. ATM-NFkappaB axis-driven TIGAR regulates

136



90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

sensitivity of glioma cells to radiomimetics in the presence of TNFalpha. Cell death & disease.
2013. 4:e615.
Yeung YT, Bryce NS, Adams S, Braidy N, Konayagi M, McDonald KL, Teo C, Guillemin
GJ, Grewal T, Munoz L. p38 MAPK inhibitors attenuate pro-inflammatory cytokine
production and the invasiveness of human U251 glioblastoma cells. Journal of neuro-
oncology. 2012.109(1):35-44.
Guo J, Shinriki S, Su Y, Nakamura T, Hayashi M, Tsuda Y, Murakami Y, Tasaki M, Hide T,
Takezaki T, Kuratsu J, Yamashita S, Ueda M, Li JD, Ando Y, Jono H. Hypoxia suppresses
cylindromatosis (CYLD) expression to promote inflammation in glioblastoma: possible link
to acquired resistance to anti-VEGF therapy. Oncotarget. 2014. 5(15):6353-64.
Sowers JL, Johnson KM, Conrad C, Patterson JT, Sowers LC. The role of inflammation in
brain cancer. Advances in experimental medicine and biology. 2014. 816:75-105.
Marienfield R., May MJ., Berberich I,. Serfing E, Ghosh S, Neumann M. RelB forms
transcriptionally inactive complexes with RelA/p65. JBC. 2003. 30;278(22):19852-60.
Saccani S., Serafino P., Natoli G. Modulation of NF-kB Activity by Exchange of Dimers.
Molecular Cell. 2003. 11:1563-1574.
Repovic P, Mi K, Beneveniste EN. Oncostain M enhances the expression of PGE2 and COX2
in astrocytes: synergy with interleukin-1beta, tumornecrosis factor-alpha, and bacterial
lipopolysaccharide. Glia. 2003. 42(4): 433-46.
Hoffmann A, Natoli G, Ghosh G. Transcriptional regulation via the NF-kappaB signaling
module. Oncogene. 2006. 25(51):6706-16.
Vu D, Huang DB, Vemu A, Ghosh G. A structural basis for selective dimerization by NF-
kappaB RelB. Journal of molecular biology. 2013. 425(11):1934-45. Epub 2013/03/15.
Li R., Li G., Liu Q., Dai J., Shen J., Zhang J. IL-6 augments the invasiveness of U87MG human
glioblastoma multiforme cells via up-regulation of MMP-2 and fascin-1. Oncol Rep. 2010.
23(6):1553-6.
ChenEY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, Clark NR, and Ma'ayan A. Enrichr:
interactive and collaborative HTMLS5 gene list enrichment analysis tool. BMC Bioinformatics.
2013. 14:128.
Bhardwaj R, Yester JW, Singh SK, Biswas DD, Surace MJ, Waters MR, Hauser KF, Yao
Z, Boyce BF, Kordula T. RelB/p50 complexes regulate cytokine induced YKL-40 expression. J
Immunol. 2015. 194(6): 2862-70

Gordon SJ, Salegue S, Birshtein BK. Yin Yang 1 is a LPS-inducible activator of the
murine 3’ Igh enhancer hs3. J Immunol. 2003. 170(11):5549-57.

137



5.3 Vita

Michael Richard Waters

mwaters2@vcu.edu

(571)-232-8050

Education

Bachelors of Science in Biology with Honors, May 2010
Davidson College, Davidson, NC

Academic and Professional Honors

Scholarships and Honors

2016 Evans Award (VCU Biochemistry Department)

2015 Massey Cancer Center Excellence in Cancer Research Award (2" place)
2013 M2 Course Award (highest grade in course): Pathology

2012 M1 Course Award (highest grade in course): Histology

2010 B.S. awarded with Honors

06-07 Lowell L Bryan Scholarship

Grants

F30 NCI Fellowship Training Grant:

Cytokine induced RelB/p50 complexes drive mesenchymal glioma progression.
[1IF30CA200252-01A1]

2006 Davidson College Undergraduate Honors Research Grant:
Designing a modular single stranded DNA production device using msDNA.

Publications

138


mailto:mwaters2@vcu.edu

1

2)

3)

4)

5

6)

8)

9)

Baumgardner J, Acker K, Adefuye O, Crowley ST, DeL.oache W, Dickson JO, Heard L,
Martens AT, Morton N, Ritter M, Shoecraft A, Treece J, Unzicker M, Valencia A,
Waters M, Campbell AM, Heyer LJ, Poet JL and Eckdahl TT. 2009. Solving a
Hamiltonian Path Problem with a Bacterial Computer. Journal of Biological Engineering.
Vol. 3:11

Sun D., Daniels T, Wolfe A, Waters M, Hamm R. Inhibition of Injury Induced Cell
Proliferation in the Dentate Gyrus Impairs Cognitive Recovery Following Traumatic
Brain Injury. 2015. Journal of Neurotrauma.

Bhardwaj R, Yester JW, Singh SK, Biswas DD, Surace MJ, Waters MR, Hauser KF,
Yao Z, Boyce BF, Kordula T. RelB/p50 complexes regulate cytokine induced YKL-40
expression. J Immunol. 2015 Mar 15; 194(6): 2862-70

Yester JW, Bryan L, Waters MR, Mierzenski B, Biswas DD, Gupta AS, Bhardwaj R,
Surace MJ, Eltit JM, Milstein S, Spiegel S, Kordula T. Sphingosine-1-phosphate inhibits
IL-1-induced expression of C-C motif ligand 5 via c-Fos-dependent suppression of IFN-
B amplification loop. FASEB J. 2015 Dec 29(12):4852-65.

Shao H, Mohamed EM, Xu GG, Waters MR, Jing K, Ma Y, Zhang Y, Spiegel S, Idowu
MO, Fang X. Carnitine palmitoyltransferase 1A functions to repress FoxO transcription
factors to allow cell cycle progression in ovarian cancer. Oncotarget. 2016 Jan 26;
7(4):3832-46.

Newman JP, Wang GY, Arima K, Ho AW, Kordula T, Waters MR, Cavenee WK, Sia
KC, Endaya BB, Ng WG, Habib AA, Horibe T, Aliwarga E, Hui KM, Lam PY.
Interleukin-13 Receptor Alpha 2 (IL-13Ra2) collaborates with EGFRvVIII signaling to
promote glioblastoma multiforme. [submitted to Nature Communications]

Mayes K, Elsayid Z, Alhazmi A, Waters M, Alkhatib S, Roberts M, Song C, Peterson K,
Chan V, Ailaney N, Malapti P, Blevins T, Dumur C, Landry J. BPTF Inhibits the NK
Cell Antitumor Response by Supressing Natural Cytotoxicity Receptor Co-ligands.
[Submitted to Cancer Research]

Waters MR, Raymond PW, Tusukamoto H, Puri P. Gene expression changes suffered
during alcoholic liver injury persist to influence prognosis in hepatocellular carcinoma.
[manuscript in preparation]

Asim A, Rabender C, Waters M, Arfeen A, Sperlazza J, Gobalakrisha S, Zweit J,
Mikkelsen R. Nitric Oxide Synthase Activity and its Modulation in the Treatment of
Colorectal Cancer. [manuscript in preparation]

10) Gupta AS, Waters MR, Biswas DD, Surace MJ, Siebenlist U, Kordula T.

1)
2)

139

Phosphorylation of RelB on Serine 472 coordinates SIRT1-dependent epigenetic
silencing of cytokine genes and tolerance in astrocytes. [manuscript in preparation]

Pending Lab Publications (Projects)

Biswas DD
Waters MR



140



	RelB acts as a molecular switch to drive chronic inflammation in glioblastoma multiforme (GBM).
	Downloaded from

	tmp.1499884937.pdf.bzKag

