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ABSTRACT

Glioblastomas (GBMs) are a malignant subtype of brain tumor hallmarked by a high

proliferation rate, cell migration, and aggressive invasion into healthy surrounding brain tissue.
The extremely invasive phenotype of GBMs contributes exponentially to the high tumor
recurrence and low median survival rate of patients. Our lab has demonstrated that NF-kB Inducing
Kinase (NIK/MAP3K14), the primary driver of the noncanonical NF-xB pathway, is essential for
glioma invasion and tumor formation. We have shown that abolishing NIK attenuates invasion,
while cells with low NIK expression are significantly less invasive. Recent observations have
shown that specific induction of NIK mRNA occurs in response to stimulation with pro-invasive
cytokines (e.g. TNF-like Weak inducer of apoptosis). Here, we address the effects of increased
NIK mRNA expression on glioma cell invasion and the effects of inhibition of NIK. We also
examine NIK-dependent paracrine effects that promote a leader cell phenotype by enhancing the

invasion potential of low invasive cells.
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CHAPTER 1
INTRODUCTION

1.1 Glioblastoma

Approximately, 80,000 people will be diagnosed with a primary brain tumor this year, with
16,000 people losing the battle yearly [1]. To adequately depict the features of the tumor and how
"undifferentiated” the cancerous cells appear a grade system was developed (I, 11, Il1, and V) [2].
Glioblastoma multiforme (Glioblastoma, GBMSs) are high grade (IV) malignant type of brain
tumor that form in the central nervous system (CNS) [2,3]. According to American Brain Tumor
Association, patients with GBMs have a median survival of about 15 months and five-year survival

of 10% [1].

Despite innovations in cancer treatments such as radiation, chemotherapy, and surgical
techniques the prognosis of patients’ diagnosis with GBMs have not drastically improved over the
years. This poor prognosis is primarily due to the aggressive proliferation, migration, and invasion
properties of GBMs making it nearly impossible to contain and eradicate all cancerous cells
without irritable harm to the patient. Typically, there is no defined boundary between the tumor
and healthy brain tissue due to cancer cell invasion and diffusion of single cells or clusters of
cancerous cells into the surrounding tissue; resulting in an incomplete resection and consequently
a high recurrence rate [4,5]. The underwhelming advancement in therapies to combat GBMs has
resulted in the reexamination of the cellular and molecular hallmarks contributing to the
malignancy of GBMs to improve future therapies. Therefore, a strong potential for therapeutics
targeting genes that attenuate the invasive potential of GBMs could significantly improve the

prognosis of patients.



1.2 NF-kB Pathway

The nuclear factor-kappa B (NF-xB) pathway is responsible for a range of immune
responses including cell death and survival (Figure 1) [6]. The NF-xB family consist of five
inducible transcription factors NF-kB1 (p105/p50), NF-xB2 (p100/p52), RelA (p65), RelB, and
c-Rel [6]. The NF-kB transcription factors are found as inactive cytoplasmic complexes. The
transcription factors are structurally related proteins containing a highly conserved Rel homology
domain (RHD) that is crucial for dimerization, nuclear translocation and DNA binding [6,7].
Both NF-kB1 and NF-kB2 are the products of precursor proteins p105 and p100 respectively,
through partial proteasomal degradation of the C-terminal regions [6,7,8]. While p105
proteolytic processing into p50 is constitutive, p100 proteolytic processing into p52 is tightly
regulated. NF-kB activation occurs through two signaling pathways the canonical and non-

canonical pathway [6,7].

The canonical NF-kB pathway is known for its role in innate immune response, cell
survival and proliferation, and inflammatory response. The canonical NF-xB pathway is activated
upon stimulation of tumor necrosis factor receptor (TNFR), interleukin 1 receptor (IL-1R), and
Toll-like receptor 4 (TLR4) resulting in a rapid and transient response [6]. Upon stimulation of the
receptor TGFp-activated kinase 1 (TAK1/MAP3K?7) activates the IxB Kinase (IKK) complex that
consist of IKKa, IKK, and regulatory IKKy [7]. The activated IKK complex phosphorylates IkBa
or p105 triggering ubiquitylation and proteasomal degradation, releasing p50/RelA or p50/c-REL

heterodimers for nuclear translocation and transcription [6,7].

Conversely, the non-canonical NF-kB pathway activation through lymphotoxin-p

receptor(LTBR), CD30 ligand (CD30L), CD40 ligand (CD40L), B cell activating factor (BAFF)
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receptor (BR3) and Fibroblast growth factor-inducible 14 (Fnl4) is slow and persistent [8,9].
Under unstimulated conditions NF-xB inducing kinase (NIK/MAP3K 14) is bound to a degradation
complex consisting of TNF receptor associated factor 2 (TRAF2), TRAF3 and cellular inhibitor
of apoptosis (CIAP1/2) and targeted for proteasomal degradation as a method of its regulation
[8,10,11]. Upon TNF family cytokine stimulation of the non-canonical pathway NIK is released
from the degradation complex and stabilized where it phosphorylates and activates IKKa [12].
Upon its activation, IKKa phosphorylates precursor p100 for processing into p52 where p52 forms
a heterodimer with RelB before translocation to the nucleus for transcription of non-canonical NF-
kB genes [11,12,13]. The non-canonical pathway plays a major role in immunology, primarily in
adaptive immune response, the regulation of lymphoid organ development, B cell survival and

maturation, and the differentiation of osteoclasts [8,10,11].

Over the last few decades, NF-kB has been identified for its role in cancerous cells and the
tumor microenvironment, as such has been targeted for therapy development [14]. Though NF-kB
is known for its role in immune response, NF-kB has been shown to promote tumorigenesis
through prevention of apoptosis and stimulation of cell proliferation [14,15]. Most notably, in
breast cancer NF-kB promotes invasion through the upregulation of metalloproteinases (MMPS)
expression and stimulation of the epithelial-mesenchymal transition (EMT) [14,16]. Although the
exact mechanism is still largely unknown, NF-kB contributes to cell adhesion remodeling, one of

the key factors that contribute to invasion and metastasis in cancerous cells [14,15,16].
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Figure 1: Two primary NF-kB pathways: canonical and non-canonical

The canonical NF-kB pathway under stimulated conditions (i.e. TNF-a), TAK1 phosphorylates
an IKK complex. The IKK complex phosphorylates IkBa targeting the inhibitory protein for
degradation triggering the release of RelA and p50 for nuclear translocation. The non-canonical
NF-kB pathway under stimulated conditions (i.e. TWEAK) results in stabilization of NIK and
phosphorylation of IKKa. Upon activation IKKa phosphorylates p100 for partial proteasomal

degradation and release of p52 and RelB for nuclear translocation.



1.3 NF-kB Inducing Kinase and its regulation

NF-xB inducing kinase (NIK/MAP3K14), is a constitutively active serine/threonine kinase
that is the primary driver of the non-canonical NF-kB pathway [17]. NIK consist of 947 amino
acids with four primary domains: N-terminal domain (aa30-aal20 residues) in which TRAF3
binds, a negative regulatory domain (aal21-aa318 residues), a serine/threonine kinase domain
(aa390-aa660 residues), and C-terminal domain where IKKa, and TRAF2 binds (aa660-aa947)
[18]. NIK shares some homology to MAP3K, and upon examination of the homology it was

determined that Thr 559 in the activation loop is required for kinase activity [18].

Under basal conditions newly synthesized NIK protein is bound to TRAF3 and targeted
for ubiquitin dependent degradation [18,19]. TRAF3 recruits a degradation complex consisting of
TRAF2, E3 ligases clAP1 and clAP2 for lysine (K) 48-linked ubiquitylation [13]. Upon ligand
binding to the receptor activation of TRAF2 ligase activity occurs and K63-linked ubiquitination
of clAP occurs, resulting in K48 polyubiquitination of TRAF3 for degradation and NIK
stabilization, accumulation and activation of the downstream non-canonical NF-xB pathway

occurs [13].

NIK was first described as a NF-kB activating kinase, its role in B cell maturation and
lymphoid organ development has been extensively examined [17,18]. Though recent studies have
begun to delve into the role NIK plays in cancer [19,20,21]. Studies have shown that NIK
expression is elevated in ovarian cancer, breast cancer, pancreatic cancer, leukemia, and melanoma
[14,19,20]. NIK has been shown to mediate tumorigenesis through regulation of both survival and
proliferation [14]. Though NIK expression is predominately thought to be regulated at the post
translational level, the significance of the transcriptional regulation of NIK expression has yet to

be illuminated.



1.4 Invasion

Although the hallmarks of cancer are constantly evolving as new insights into cancer
develop activation of invasion and metastasis has remained an important corner stone [22]. VVarious
contributing factors have been linked to invasion and metastasis including invadipodia formation,
matrix metalloproteinase (MMP) expression, epithelial-mesenchymal transition, angiogenesis,
mitochondrial trafficking to the leading edge, and leader invasion phenotype [22]. Invasion and
metastasis are two of the leading contributing factors in mortality in patients diagnosed with
cancer. The initial steps leading to metastasis of cancerous cells to distant organs can be broken
down into these three steps: invasion, intravasation, and extravastion [23]. Through various
pathway activations and obstructions cancerous cells adapt the ability to penetrate the surrounding
tissue leaving the primary tumor site, initiating invasion [24]. In order for motile cells to invade
through the basement membrane (BM) and extracellular matrix (ECM) substances are secreted to

degrade the surrounding environment [23,24,25].

Various forms of invasion occur as cells begin to migrate away from the primary tumor
and penetrate the surrounding environment [25]. There is not a single form of invasion, in fact
invasion can be split into three categories: individual cell-migration, multicellular migration, and
whole-tissue dynamics [23,24,25,26]. Individual cell migration encompasses single cell migration
amoeboid and mesenchymal cell invasion with no cell-cell interactions as the cells invade [23,26].
Multicellular migration contains two types of invasion: multicellular streaming, and collective cell
migration [23,24]. Multicellular streaming is comprised of cells that are invading as single cells
with or without cell-cell junctions, that are following a pre-established path within the extracellular
tissue structure or guided by a chemokine resulting in a directional invasion [23,24]. Conversely,

collective invasion is a cohesive group of cells with cell-cell junctions maintained of prolong



intervals during the invasion process [23,24,26]. The main defining difference between
multicellular streaming and collective invasion is the weak and transient cell-cell junctions
observed in multicellular streaming as opposed to the maintained cell-cell junctions observed in
collective invasion [24]. In collective invasion the leading edge maintains traction force, usually
with the peripheral cells, although the cells inside the group may not contact the surrounding tissue
at all during the invasion process [26,27]. A leader/follower invasion phenotype is often described
when examining collective invasion. The “leader” cells are found at the tip of the leading edge
with “follower’ cells found trailing behind, to form collective cell invasion [27]. There are three
well defined types of collective invasion: cluster (where the cells disassociate from the primary
tumor and invade as a group of cells into the ECM), strand (can be as thin as one to two cells in
diameter invading away from the primary tumor), or luminal structure (where space is generated
within the strand of cells as it invades into the ECM) [23,24,25]. Finally, whole-tissue dynamics
consist of tissue folding and expansive growth, both can lead to positional changes [23,24].
However, the cells are not actively invading into the surrounding tissue. It is important to note that
transitions between the various types of invasion can occur and various types of invasion can be
observed in a single tumor in vivo conditions providing insight into the plasticity of cancerous cells

[25,26,27,28].

1.5. Thesis Goal

NF-xB plays a vital role in the lymphoid organ development, B cell maturation, and a host
of both innate and adaptive immune responses [7,8]. Conversely, NF-kB has been linked to various
disease formation and cancer progression through regulation of proliferation, survival and

inflammatory signaling [7,11]. Upregulation of both the canonical and non-canonical NF-xB



pathways have been observed in various cancer types. However, significant emphasis is placed on
the role the canonical NF-xB pathway plays on cancer, while the non-canonical pathway lacks the

necessary illuminations.

Our lab has established a significant role for NIK as a crucial inducer of glioma
invasion and tumor formation through alterations in cell size, shape and invadipodia formation
[29,30]. All of which are key contributing factors to the initiation of invasion in cancer.
Specifically, we have established two distinct pathways in which NIK drives invasion through the
phosphorylation and activation of membrane type-1 matrix metalloproteinase (MT1-
MMP/MMP14); and most recently its role in mitochondrial recruitment of dynamin-related protein

1 (Drpl) and mitochondrial dynamics [30,31,32].

Examination of NIK, the fundamental driver of the non-canonical NF-xB pathway, in
cancer has shown significant elevated expression [14]. Yet, under basal conditions NIK protein is
degraded as a mechanism for its regulation, therefore NIK protein levels in unstimulated
conditions are extremely low and difficult to detect [14,15]. Regulation of NIK expression and
activity is generally considered to be regulated at the post translational level. However, we have
described a known activator of the non-canonical NF-kB pathway pro-invasive cytokine TNF-like
Weak inducer of apoptosis (TWEAK) as an inducer of mRNA NIK expression [30]. Exploration
into the induction of transcriptional NIK expression in a signal specific manor has not been well
defined. Here, we examine whether the upregulation of NIK mRNA expression during invasion

alters invasion potential to promote a leader cell phenotype.



CHAPTER 2
MATERIALS AND METHODS

2.1 Cell culture and reagents

BT25, BT114, and BT116 cell lines were obtained from human glioma patients as
previously described [28]. These cell lines were maintained as spheroids in Neural Stem Cell
(NSC) medium containing DMEM/F-12, 1X B-27 supplement minus Vitamin A, 1X Glutamax,
25 ng/ml EGF, 25 ng/ml bFGF and 1X Pen/Strep (Life Technologies). MEFs were cultured in
DMEM medium with 10 % FBS and 1X Pen/Strep. MDA- MB231 and Pancl were from ATCC
(Manassas, VA) and cultured in RPMI medium with 10% FBS and 1X Pen/Strep. All cells were

cultured at 37 °C with 95 % humidity and 5 % COx.

2.2 Reagents

The following primary antibodies were purchased for immunofluorescent staining: NIK
(ab7204). Collagen type | (#354249) was purchased from Corning, Corning, NY, USA.
RhTWEAK (#310-06) was obtained from PeproTech, Rocky Hill, NY, USA. DiD and DiO were
purchased from Invitrogen. Mangiferin from Mangiferia Indica Leaves (M3547-100MG) was

obtained from Sigma Aldrich.

2.3 Three-dimensional collagen invasion assay

Monolayer invasion assays were performed as previously described [28]. Briefly, collagen
type I (Corning, NY) was diluted to 2 mg/ml in DMEM/F-12 medium (1X Pen/Strep) and matrices
polymerized in 96-well plates. 4 x 10 5 cells cultured in NSC or NSC+10 % serum were seeded in
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triplicate in 100ul DMEM/F-12 (1x Pen/Strep, 1X Glutamax) without growth factors or serum.
Cells were fixed with 3 % glutaraldehyde solution after 48 hours of invasion and stained with 0.1
% toluidine blue. Invasion density was quantified by counting cells below the plane of the
monolayer by bright-field light microscopy using a 10 X 10 ocular grid at 10X or 20X
magnification corresponding to a 1 mm 2 field. Numbers in at least three equivalent, random fields
were counted (n = 3 wells each) and normalized to the corresponding control. All experiments

were performed at least three times.

Live cell invasion assays were performed using glioma cells. The cells were collected and
centrifuged at 1.0 rcf for 2.5 minutes, media was removed and disassociated with accutase for 9
minutes at room temperature before centrifugation at 1.0 rcf for 2.5 minutes. Accutase was
removed and cells were resuspended in NSC media, then quantified. Approximately 2.0x10° cells
were transferred into a 15 mL conical tube and media was added to 2 mL with 12 uL of DiO added.
Cells were incubated for 30 minutes at 37°C with DiO, followed by centrifugation at 1.0 rcf for 2
minutes. Cells were washed three times in NSC media before re-quantification. Cells were either
used for monolayer invasion assay at 40,000 cells/well as previously described [25] or 1.2x10°
cells were incubated for one week at 37°C in NSC media before being embedded into 2.0 mg/ml

collagen matrix (Figure 2).

After spheroid formation, spheres were collected at 1.0 rcf for 2.0 minutes and resuspended
in 2 mL of fresh media. Collagen matrix was prepared and approximately 60 uL of resuspended
spheres were added to matrix and 18 pL spheres embedded in collagen added to each well.
Collagen was allowed to solidify for 2 hours at 37°C, before taking initial images. Images were

acquired over a 72 hours time course.

10
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Figure 2: Schematic diagram of monolayer and sphere invasion protocol

Glioma cells were dissociated, followed by labeling with DiO for 30 minutes at 37° C. Cells were then
washed in media and collected three times. Once washed the cells were either allowed to form a spheroid
for 1 week or seed at 40,000 cells/well density for invasion. After one week spheroids were centrifuged
at 1.0 rcf for 2 minutes, then resuspended in 2 mL. Approximately 60 uL of resuspended spheroids were
added to make up to 1 mL of 2.0 mg/ml collagen matrix. Collagen matrix was allowed 2 hours to
solidify at 37°C before initial confocal images were acquired. Z stack images were taken every at 3 to 4
hours for a 48 to 72 hours time period for both spheroid assay and monolayer invasion assay. Images

were acquired using 0.4700 pum steps.

2.4 Immunofluorescence staining

Collagen embedded spheroids were seeded on an eight-well chamber slides (#80827, Ibidi,
Munich, Germany) or 96 half-area well plate and allowed to adhere for 2 hours. During spheroid
and monolayer invasion live cell imaging, cells were labeled with DiO or DiD for 30 minutes at
37°C before washing three times in media. Cells were allowed to invade for 48 to 72 hours then

fixed with 4% paraformaldehyde, and permeabilized for 20 minutes with 0.3% Triton X-100 in

11



PBS. Cells were incubated overnight in 0.1% Triton X-100, 1% BSA in PBS at 4°C. The following
day, cells were then incubated in 1% BSA for 1 hour at room temperature. Cells were counter

stained with the nuclear stain Hoechst (Invitrogen, 3342).

2.5 Image acquisition

Images were attained with a Nikon Tl A1R inverted confocal microscope with CFI60 Plan
Apochromat Lambda 10x objective lens. Images were acquired with the following scan
parameters: a "frame" scan mode of 1024 x 1024 pixels with a 16 bit depth and a grating of 3
rotations. Three-dimensional projections were obtained through Z stack images with a 0.4700 pum

between each image.

2.6 RNA isolation, cDNA synthesis, and quantitative RT-qgPCR

Total RNA was isolated from cells by Purelink™ RNA Mini Kit (Life Technologies).
CDNA was synthesized from 1 pg total RNA using iScript reverse transcription supermix (Bio-
Rad, Hercules, CA) following the manufacturer's protocol. Quantitative RT-PCR was performed
using iTag Universal SYBR Green Supermix (Bio-Rad) with StepOnePlus Real-Time PCR
System (Applied Biosystems, Foster City, CA). The following primers were used: human NIK,
5’-CTAGTGCATGCTCTGCAAGG-3’ and 5’-TGAGTTTCTCAGTGAGCAGGA-3’; mouse
NIK, 5’-CCAGAATCGTCCCTCTCTAT-3’ and 5’-GACAGCCCATTTGCTTTATG-3’; human
MAP3K1, 5’-GGAGACAGCCCAGACAATAAA’-3’ and 5’-
ACCCGGAGCATCACAAATAG-3’; human MAP3K2, 5-
CTGAGACCAGCAAGGAAGTAAA-3> and 5-CTGAGACCAGCAAGGAAGTAAA-3’;

human MAP3K3, 5’-TCGTGCAGCCATGGTTATT-3’ and 5’-TCGTGCAGCCATGGTTATT-
12



3% human MAP3K4, 5’-ATCAGCAGTGCCCATGATAC-3’ and 5’-
TGACGACTCAGGGACCTAAA-3’; human MAP3KS5, 5’>-CCCAGAGAGAGACAGCAGATA-
3, and 5’-CTCACTGAAAGAGCCCAGATAC-3’; human MAP3KG6, 5’-
CCAAAGAGCTCCGGCTAATA-3* and 5’-CCAAAGAGCTCCGGCTAATA-3’; human
MAP3KY7, 5’-CGCCTGGTACAGGAACATAAA-3’ and 5’-TGCTGCTGACTTCTGATGAC-
3’ human MAP3KS, 5’-GAGGTACCATGGTTGTCATCAG-3° and 5’-
CCTGTGGTCGTTGTCCATAAA-3’; human MAP3K9, 5’-CCGCCCATTCAGTTGTTAGA-3’
and 5’-CCTATCCAGAAAGCACGATAGAC-3’; human MAP3K10 5’-
GGCACAAGACCACCAAGAT-3’ and 5’- GAGAAGAGGGAGAGACGGATAA-3’; human
MAP3K115’-CCCTGAAGATCACCGACTTT-3" and 5°- AAGGTGGAGGCCTTGATAAC-3’;
human MAP3K12 5’- GCGCCACATAATCAACAGAAAG-3° and 5’-
GCCAGTGTCCCTAGAGTTTATC-3’; human MAP3K13 5’-
CAGCTAGAAATGCGGGAGAA-3’ and 5’- TGGCATTGGGATGGATGATAG-3’; human
PI3K 5°- GGGCTTTCTGTCTCCTCTAAAC-3’ and 5’- ATGTCTGGGTTCTCCCAATTC-3’;
human AKT1 5’- CTACAACCAGGACCATGAGAAG-3’ and 5’-
TCTTGAGCAGCCCTGAAAG-3’; human S6K 5’- CAAGGTGAGGGAGATAGGGATA-3’
and 5’-AAGGAAGGTAGACAGCAGAAAC-3’; human IKKa 5’-
GTCAGGGAGACTTGATGGAATC-3’ and 5°- CATCTCTGTGCTGTCACTGTAG-3’; human
IKKB 5°- TCTCCTGCTGATTGTGTGTG-3* and 5’- CTTGCCTTTCGGGTGTTATTTC-3’;
human IKKy 5’-TCACCAGCTCTTCCAAGAATAC-3’ and 5’-
CTGGAGCTGCTGTTTGAGAT-3’; human IKKe 5’-TCCCACTCCCTCTGGTTTAT-3’ and 5°-
AGACTGTGATGAGGTCGTTTG-3’; human TBK1 5’-GAAGGGCCTCGTAGGAATAAAG-

3 and 5’-CCCGAGAAAGACTGCAAGAA-3’; human PIK3R1 5’-

13



GCTTTGCCGAGCCCTATAA-3” and 5’-ACATTGAGGGAGTCGTTGTG-3’; human GAPDH,
5’-GAAGGTGAAGGTCGGAGTC-3’ and 5-GAAGATGGTGATGGGATTTC-3’. Expression
of mMRNA was normalized to either GAPDH expression levels. All experiments were performed

at least three times with three replicates per sample.
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CHAPTER 3

SPECIFIC mRNA INDUCTION OF NF-kB INDUCING KINASE (NIK)
INCREASES INVASION POTENTIAL

3.1 Summary

Invasion and metastasis are one of the primary hallmarks of cancer [22]. Our lab has
described an essential role for the non-canonical NF-kB pathway, specifically the vital role NIK
plays in both tumor formation, and invasion [30]. Previously, we briefly described TWEAK, a
known activator of the non-canonical NF-kB pathway, as an inducer of NIK mRNA expression
[30]. Here we examine the role of NIK mRNA induction during invasion and alterations in
invasion potential. We describe specific mRNA upregulation of NIK upon TWEAK stimulation,
while no significant induction is observed upon TNF-a treatment. Interestingly, upon examination
of cells actively undergoing invasion specific upregulation of NIK mRNA expression was
observed. We establish that upon abolishment of downstream NF-xB mediators, NIK
independently alters invasion potential. Upon TWEAK stimulation and NIK upregulation
invasion characteristics shift from primarily individual cell invasion to a more collective
multicellular invasion phenotype with high NIK expressing cells found at the leading edge. Taken
together, these findings suggest that induction of NIK expression alters the invasion potential in

glioma cells.

3.2 Introduction
NIK, the principle driver of the non-canonical NF-kB pathway, has been shown to

contribute to tumorigenesis in various cancer types including breast, ovarian, and melanoma
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cancer [5,9,16,17,18]. Our lab has shown a crucial role for NIK in glioma cell invasion,
proliferation and tumor formation [30,31,32]. Specifically, the induction of NIK expression has
drastic and potentially dire effects on tumor pathogenesis in various cancers. While the loss of
NIK expression attenuates the observed aggressive malignant phenotype previously described. In
glioma NIK dependent MT1-MMP expression has been observed, recent studies suggest that the
induction and activation of MT1-MMP leads to a leader invasion phenotype through the
modifications in the tumor microenvironment and paving the way for other cells to follow
[28,29,33]. Additionally, NIK expression promotes glioma invasion through alterations in cell size
and invadopodia formation [31]. The leading edge and invadopdia formation in the cell require
excess energy for cytoskeleton and focal adhesion remodeling. Studies have suggested that
changes in mitochondrial dynamics promote invasion and migration in cancer through the

recruitment of fission mitochondria to the leading edge or invadopodia fostering invasion [34,35].

NIK, a constitutively active serine/threonine kinase, is generally considered to be regulated
at the post-translational level through poly-ubiquitinoylation by a regulatory TRAF-cIAP
complex. In basal conditions, NIK is constantly being turnover resulting in very low protein
expression. Upon stimulation NIK is released from the regulatory complex, stabilized where it can
then accumulate and further activate the downstream non-canonical NF-xB pathway promoting
invasion [35,37]. Although, NIK regulation at the protein level has been examined greatly, there
has not been extensive focus on induction of NIK mRNA expression. Here, | examine signal

specific NIK mRNA induction and the role it plays during invasion.
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3.3 Results
3.3.1 Stimulation of the non-canonical NF-kB pathway increases invasion

Previously, our lab defined a key role for the non-canonical NF-kB pathway in glioma
invasion [36]. Specifically, NIK’s role in tumor formation, invasion, invadiopodia formation, and
MT1-MMP expression [30,31]. Upregulation of MRNA NIK expression was observed using qPCR
analysis in wildtype MEFs, upon TWEAK stimulation (Figure 3A). However, there is no
significant changes in NIK expression during TNF-a treatment. Additionally, stimulation with
TWEAK in wildtype MEFs significantly increases invasion, while TNF-a treatment does not alter
invasion potential (Figure 3B). Stimulation with TWEAK specifically induces NIK mRNA
expression despite loss of NF-«kB activity, as well as increases invasion potential. However,
activation of the canonical NF-kB pathway upon TNF-o treatment shows no specificity in

activation or stimulation of NIK or invasion in MEFs.
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Figure 3: TWEAK specific induction of NIK mRNA expression promotes invasion.

NIK expression analysis was conducted over a 24 hour time course in A) Wildtype MEFs treated with
either 10 ng/ml TWEAK or 10 ng/ml TNF-a. B) Three-dimensional collagen invasion assay was
conducted under basal, 10ng/ml TWEAK, and 10ng/ml TNF-o stimulation for 48 hours. Invasion assays
were conducted with an n > 6. One-Way ANOVA p< 0.001 was obtained comparing time points to NT

condition.
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3.3.2 Signal specific mMRNA induction of NIK increases invasion potential in glioma

Despite TNF-like Weak inducer of apoptosis (TWEAK) being an established non-
canonical NF-xB activator, its role in NIK specific mMRNA induction has not been well defined
[37]. Although NIK expression and activity are generally considered to be regulated at the post-
translational level, our data demonstrates that NIK mRNA dramatically increases in response to
treatment with pro-invasive cytokines (e.g. TWEAK). To further examine the effect on TWEAK
stimulated induction of transcriptional NIK (MAP3K14) expression BT114 glioma cells were used
for gPCR analysis. In conjunction with previously published data TWEAK results in specific
induction of NIK at the mRNA level (Figure 4A). While stimulation with TNFa and canonical
NF-kB activation does not increase NIK mRNA expression (Figure 4B). The transcriptional
expression of other MAP3Ks and NF-kB genes were analyzed to examine specificity of
transcriptional stimulated upregulation. Apart from NIK expression, MAP3K8 transcription levels
were also elevated upon TWEAK treatment, although the upregulation of MAK3K8 expression
was also observed during TNFa treatment. Suggesting the transcriptional response of MAP3K8
expression is potentially nonspecific. Upon further examination of the role NIK plays in invasion,
data depicts an active induction of mRNA NIK expression during invasion (Figure 4C).
Quantification of the invasion potential further suggest that the specific activation and upregulation
of transcriptional NIK promotes invasion. Taken together with the transcriptional g°PCR analysis
of NIK, reporter cell lines were established with an RFP under the NIK promoter (pNIK-RFP) for
live cell imaging and analysis. Live cell invasion three-dimensional projections show relative NIK
expression, represented by RFP reporter, is induced in BT116 pNIK-RFP cells actively invading
in a three-dimensional collagen matrix (Figure 5A). Measurement of NIK reporter RFP ROI shows

a positive correlation of invasion distance and ROI intensity, suggesting that cells invading the
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greatest distance have the highest NIK expression (Figure 5B). Transcriptional upregulation of
NIK expression plays an important role in promoting invasion in glioma cells.

To examine the effects of inhibition therapeutic targeting of NIK regulation established
NF-kB inhibitors were tested for NIK transcriptional inhibition. Mangiferin, a naturally occurring
glucosylxanthone that can be found in mangos, proved to effectively inhibit NIK transcriptional
upregulation [38,39,40]. Mangiferin has been defined for its anti-inflammatory, anti-proliferative,
and anti-viral properties [40,41]. Recently, it has been defined for its apoptotic effects in leukemia,
and more recently as an inhibitor of the NF-kB pathway [41,42]. Due to its know anti-proliferative
and apoptotic characteristics a proliferation assay was conducted to establish a non-toxic
concentration. Mangiferin treatment showed no observed anti-proliferation effects at 100 ug/ml
concentration during a four-day period (Figure 6A). It is important to note when examined at 200
ug/ml mangiferin significantly decreased the proliferation rate compared to basal conditions.
Comparisons of invasion potential were obtained with BT116 pNIK-RFP cells using a 100ug/ml
concentration of mangiferin, 10ng/ml TWEAK, and 10 ng/ml TNF- (Figure 6B). Treatment with
mangiferin significantly decreased the invasion potential of BT116 pNIK-RFP cells in comparison
to the no treatment (NT) conditions. Although as expected, there was a significant increase in
invasion upon TWEAK treatment. Interestingly, the combination of mangiferin and TWEAK
treatment mimicked the invasion potential seen in the NT conditions, where TWEAK treatment
able to rescue the lost invasion potential. The BT116 pNIK-RFP cells were utilized for live cell
imaging and labeled with DiO to examine the relative NIK expression during invasion under
various treated conditions (Figure 7). As seen in the quantification of invasion, the mangiferin with
TWEAK treatment condition mimicked the invasion of the NT. The addition of treatment with

TWEAK appears to combat the effects of mangiferin, though it is unable to further promote

20



invasion as seen in the TWEAK stimulated condition. Transcriptional induction of NIK plays a
crucial role in cancer cell invasion and inhibition of its induction could prove a key therapeutic

target.
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Figure 4: Signal specific NIK induction promotes invasion

RT-gPCR analysis was utilized to examine the expression of NF-kB proteins and MAP3Ks in BT114
glioma cells. Cells were treated with either A) TWEAK 10 ng/ml, B) TNF-a. 10 ng/ml at 0, 0.25, 0.5, 1, 4,
8, 16, 24 hours. C) RT-gqPCR analysis was utilized to examine the expression of NF-«xB proteins and
MAP3Ks in BT114 glioma cells (performed by Linda Herrera, PhD.). Cells were extracted from collagen
matrix at 0, 0.5, 4, 8, 24 hours. Heatmap was generated using R studio heatmap2.0. D) Quantification of
three-dimensional collagen invasion assay BT114 and BT116 glioma cells after 48 hours. Invasion was
conducted under basal, TWEAK treatment (10ng/ml) and TNF- (10ng/ml). Statistical analysis was

performed using Two-way ANOVA p < 0.001. Herrera, McFadden, Sitcheran unpublished.
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Figure 5: Invasion induces specific NIK mRNA expression

A) Live cell confocal microscopy was utilized to visualize RFP reporter under NIK promoter (pNIK-RFP)
(Red) under unstimulated conditions (NT). Monolayer (0 hrs) was pseudo colored white and overlaid to
reference invasion distance. B) Graph representation of RFP intensity after 48 hours and distance the cells

invaded.
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Figure 6: Mangiferin, a NIK inhibitor, attenuates TWEAK-induced glioma cell invasion

BT116 pNIK RFP cells were used for A) a proliferation assay was conducted to examine potential
changes in proliferation after treatment stimulation. Cells were treated with or without TWEAK (TW)
10ng/ml, TNF-a 10ng/ml, or Mangiferin 100 ug/ml. B) BT116 pNIK RFP cells were treated with the
aforementioned conditions for quantification of invasion. One-way ANOVA statistical analysis was

performed compared to NT. p <0.001
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Figure 7: Alterations in NIK expression change invasion potential

BT116 pNIK RFP cells were labeled with DiO before being seeded on collagen matrix and allowed to
invade for 48 hours. Live cell confocal microscopy was used to obtain Z-stack images over 48 hours with
images acquired at 0 hours (0 Hrs), 24 hours (24 Hrs), and 48 hours (48 Hrs). Cells were treated with
either A) NT, B) 10 ng/ml TWEAK, C) TNF-a, D) 10 ng/ml TWEAK with 100 ug/ml Mangiferin, and E)

100 ug/ml Mangiferin. White arrow heads indicate cells that have invaded into collagen matrix.

25



3.3.3 High NIK expressing cells induces invasion of follower cells through paracrine effects
As additional examinations of various cancers continue further illuminations into the
heterogeneous makeup of tumors are revealing the complexity of a tumor population [22,29]. The
invasion potential of cancerous cells appears to differ even within the same tumor which can result
in a leader/follower invasion phenotype [27]. The leader/follower phenotype presents itself in two
primary formats collective invasion where cell interaction is maintained as the cells invade or cells
follow one specific cell but do not maintain cell-cell interactions [23,24,25]. Spheroid invasion
assay show there is a positive correlation in invasion distance and relative NIK expression
represented by RFP reporter in BT116 pNIK-RFP glioma cells (Figure 8, Figure 9). Examination
of ROI categorized into leader, follower, and non-invading cells, show an increase in RFP signal
in cells at the leading edge of the invading strands and cells in the periphery (Figure 9B). As cells
invade into a 3D collagen matrix the higher the induction of RFP expression, where the cells with
the highest expression are located on the periphery of the invading field (Figure 10). Interestingly
upon TWEAK stimulation there is a shift in the invasion phenotype from individualized cell
invasion to promoting a more collective invasion phenotype (Figure 11). To further understand the
effects of high NIK expressing cells (BT25) on low NIK expressing cells (BT114) a cell mixing
experiment was performed under both monolayer and spheroid invasion conditions. Notably, in
the presence of high NIK expressing cells invasion was significantly increased, however there was
a reduction in cell-cell collective invasion phenotype. Signifying that the presence of high NIK
expressing cells increased the invasion potential of low NIK expressing cells, possibly by a
secreted factor. To further examine the possibility of a secreted factor BT116 pNIK-RFP cells
were treated with conditioned media taken from BT25 control, BT25 sgNIK, and BT25 NIK rescue

glioma cells during invasion. There was a significant increase in invasion in cells exposed to BT25
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control and BT25 NIK rescue conditioned media, while the BT25 sgNIK conditioned media had
no effect on invasion compared to the unconditioned media (Figure 12). High NIK expressing cells
induces invasion of less invasive cells through NIK dependent secreted factors, demonstrating that

NIK promotes a leader cell phenotype.

27



TWEAK

B BT116 Sphere Invasion C BT116 Change Radius

g & 8
e 2 °

200+

Radius (um)

100+

r 0HR 24 HR 48 HR
) 1 ]

0HR 24 HR 48 HR 72 hr Time

Invading Cells Per Sphere

Figure 8: Upregulation of NIK expression induces collective invasion

A) BT116 pNIK RFP cells were used for a spheroid invasion assay. Spheroids were embedded in
three-dimensional collagen matrix and allowed to invade for 72 hours. Confocal microscopy was used
to image spheroids, labeled DiO (green), RFP reporter (red), and DAPI (blue). B) Image J particle
analyze function was used to quantify the number of cells invading into the three-dimensional
collagen matrix at various time points. C) Image J was used to measure the radius of the spheroids at

various time points.
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Figure 9: NIK expression correlates with invasion potential in glioma

A) Three-dimensional projection images were acquired using confocal microscopy Z-stack. BT116 pNIK-
RFP cells were labeled with DiO (green), DAPI (blue), and NIK RFP promoter (red). Spheroids were
either treated with or without TWEAK (TW) 10 ng/ml. C) RFP mean intensity was measured using ICY

RIO program. Spheroid invasion assays were conducted in n>3.
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Figure 10: NIK expression levels are increased in collective invasion

BT116 pNIK RFP spheroids were embedded in three-dimensional collagen and treated with TWEAK
(TW) for 48 hours. Cells were labeled with DiO (green), RFP reporter (red), and DAPI (blue). White
arrow head point to areas of collective invasion and multicellular streaming. Represents A) a three-

dimensional projection image, B) a single image from a Z stack of spheroids.
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Figure 11: TWEAK stimulation induces collective invasion in glioma
Confocal microscopy live cell images were taken of BT116 glioma spheroids embedded in three-
dimensional collagen over a 37 hours time course. Arrow heads indicate sprouting points of collective

invasion.
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Figure 12: NIK dependent secreted factors alter invasion potential
A) BT116 glioma cells were stimulated with 25% conditioned media obtained from BT25 control,
BT25 sgNIK, and BT25 sgNIK +mNIK (Rescue) cells were added to normal growth media (NSC).
Cells were counter stained using Hoechst for visualization. B) Quantification of cells that were
allowed to invade into a three-dimensional collagen matrix for 48 hours before quantification and

analysis. One-way ANOVA statistical analysis was used to determine significance. P < 0.0001
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CHAPTER 4
CONCLUSION

The hallmarks of cancer are constantly adapting as new insights are being provided, but
invasion and metastasis have remained a constant area of interest [22]. While exploring the
complexity of invasion and metastasis examination of contributing factors, gene expression and
protein activation not only within the cell but the microenvironment must be take into
consideration [28,43,44]. The tumorigenic role of the NF-kB pathway in cancer has been explored,
with extensive focus on the canonical NF-kB pathway with little emphasis on the importance on
the non-canonical NF-kB pathway [45,46,47]. This study explores the effects of transcriptional
upregulation of NIK, the primary driver of the non-canonical NF-xB pathway, expression during

invasion resulting in alterations of invasion potential of low invasive cells.

Previously, we described TWEAK an activator of non-canonical NF-kB as an inducer of
transcriptional NIK expression [30]. Examination of NIK expression in MEFs showed signal
specific induction upon TWEAK stimulation, with no significant induction of expression with
TNF-a treatment (Figure 3). A further examination of the specificity of TWEAK induced NIK
transcription in glioma showed MAP3K8 transcription was pointedly increased along with NIK
(Figure 4A). While no response in NIK transcription by TNF-a stimulation was observed, though
MAP3KS8 was also unregulated suggesting that the response is not specific to TWEAK stimulation.
Quantification of glioma invasion potential was examined after treatment with either TWEAK or
TNF-a, with significant increase in invasion only observed in TWEAK stimulated conditions
(Figure 3B). Therefore, the upregulation of MAP3K8 does not alter the invasion potential as there

was no observed induction during TNF-a stimulated conditions. Interestingly, analysis during
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invasion showed significant induction of NIK throughout the duration of invasion (Figure 9).
Suggesting a specific active induction of mMRNA NIK expression during invasion. Live cell
imaging of RFP reporter for NIK expression in glioma cell lines showed an induction of RFP
signal as the cells invading into the collagen matrix, with RFP signal increasing the further the
cells invaded (Figure 9B). Providing a relative visualization of NIK expression in cells during
invasion. To further examine the importance of NIK transcriptional upregulation during invasion
glioma cells were treated with mangiferin, an established NF-xB inhibitor, to prevent NIK
transcription (Figure 10). Treatment with low concentrations of mangiferin in combination with
TWEAK, blocks the induction typically observed with TWEAK stimulation. Signifying the
importance of NIK induction to promote invasion. Furthermore, treatment with mangiferin alone
inhibits invasion and NIK expression. These findings suggest an essential role the transcriptional

induction of NIK expression in promoting invasion.

To explore the heterogenous makeup of glioma a spheroid invasion assay was utilized to
mimic tumor invasion [48]. Live cell imaging and quantification analysis using ImageJ showed a
significant increase in BT116 pNIK-RFP cells invading into the collagen matrix in TWEAK
treated when compared to untreated spheroids (Figure 8). Using RFP as a reporter for NIK to
visualize relative NIK expression showed a distinct trend of high RFP cells at the periphery of the
invasion field (Figure 8, 9, 10). Along with a notable shift in the invasion phenotype upon TWEAK
stimulation from individual cell invasion and individual multicellular streaming to a more
collective invasion phenotype. Examination of the ROI signal showed a significant increase in
RFP signal in the cells located at the leading edge compared to the cells trailing behind or not
invading. Signifying the induction of NIK expression during invasion promotes a leader cell

phenotype resulting in a shift in the invasion potential of follower cells. Conditioned media derived
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from NIK expressing cells induced invasion, while conditioned media from NIK knockout cells
had no effect on invasion (Figure 12). Upregulation of NIK expression causes a shift in the
invasion phenotype potentially through NIK dependent secreted factors. Previously, NIK has been
described as activating PU.1 the transcription factor that regulates cyclooxygenase-2(COX-2)
expression [43,44,45]. COX-2 is an inducible form of cyclooxygenase protein that converts
arachidonic acid into prostaglandin, prostaglandin can be secreted from cells promoting
cytoskeleton remodeling and promotion of invasion [43,44,45]. Perhaps the observed NIK
dependent alteration in invasion potential is a result of upregulation of COX-2 expression in high

NIK expressing cells.

This study has defined an essential role for transcriptional upregulation of NIK during
invasion to promote an invasion leader phenotype. While the inhibition or abolishment of NIK
induction attenuates glioma cell invasion. As well as describing a NIK dependent secreted factor
that increases the invasion potential of follower cells through a shift to a collective invasion
phenotype. A working model proposes the complexity of NIK expression and activity promoting
tumorigenesis and invasion in glioma (Figure 17) [32]. Collectively, these findings establish NIK

as a future potential target for cancer therapeutics.
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Figure 13: Model depicting promotion of invasion through specific induction of transcriptional
NIK expression

Model shows two distinct pathways for NIK activity, along with an undefined pathway for
induction of transcriptional NIK expression. A) NIK under basal conditions is constantly
degraded as a mechanism for its regulation, upon stimulation NIK is stabilized and
accumulates in the cytosol where NIK activates the downstream non-canonical NF-xB
pathway. B) Upon TWEAK stimulation NIK transcriptional upregulation occurs, through as of
yet unknown factors. C) Transcriptional upregulation of NIK expression promotes invasion
through NIK dependent paracrine secreted factors, and collective invasion. Each of the

described pathways contribute to the promotion of tumorigenesis, and invasion in glioma.
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