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ABSTRACT

Background: Glioblastoma (GBM) tumors are the most malignant brain cancers and are
characterized as Grade IV astrocytomas by the World Health Organization. GBM tumors can be
classified into three molecular subtypes known as proneural, classical, and mesenchymal. In
addition, GBM tumors also have a small population of cells known as glioma stem-like cells or
GSCs, which can also be classified into subtypes that mirror clinical GBM. Gene expression array
data revealed that Lymphocyte Antigen 6 Complex, Locus K (LY6K) may be a differentially
expressed gene between the PN and MES subtypes within the GSC subpopulation. LY6K is a
putative oncogene in various cancers, and elevated expression of LY6K is correlated with poor
patient prognosis in GBM. The aim of our research is to advance our understanding of the

mechanism by which LY6K contributes to GBM tumor biology.

Methods: Bioinformatic data mining was used to investigate LY6K expression in relation to GBM
clinical outcome. To understand the role of LY6K in GBM biology, we utilized patient-derived
glioma stem-like cells (GSCs) and U87 glioma cells and conducted cell proliferation assays, tumor
sphere forming frequency assays, and utilized orthotopic GBM xenograft models in
immunocompromised mice. We also studied the mechanism that promotes LY6K-mediated GBM
tumorigenicity by employing in vitro signaling assays, immunoblotting assays, and
immunofluorescent staining. Finally, we analyzed the importance of methylation on LY6K gene
expression by using combined bisulfite and restriction analyses and bisulfite sequencing. We also
demonstrated the clinical significance of LY6K by using ionizing radiation treatment and

evaluating the effect on GSC proliferation.
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Results: Increased expression of LYBK inversely correlates with survival of patients with GBM.
Our results show that LY6K promotes tumorigenicity in GBM cells both in vitro and in vivo. The
mechanism underlying this tumorigenic behavior is enhancement of ERKZ1/2 signaling.
Interestingly, we observed that tumor-promoting LY6K-ERK1/2 signaling is mediated by the
interaction of LY6K with caveolin-1, rather than through oncogenic receptor tyrosine kinase
(RTK)-mediated signaling. Moreover, association of LY6K with the cell membrane is crucial for
its tumorigenic functions. Finally, DNA methylation maintains LY6K silencing, and
hypomethylation of the LY6K promoter increases its expression. In GSCs, ionizing radiation leads
to demethylation of the LY6K promoter, thereby increasing LY6K expression and GSC resistance

to radiation therapy (RT).

Conclusion and Significance: Our study highlights the importance of the contribution of LY6K
to GBM tumor biology and suggests LY6K as a potential membrane target for treating GBM.
Although LY6K was reported as an oncogenic protein that promotes tumorigenicity in multiple
types of cancers, its role in GBM and the underlying mechanism by which LY6K mediates
oncogenic signaling are unknown. Here we determined oncogenic functions of LY6K in GBM and
describe a novel mechanism by which membrane-anchored LY6K stimulates ERK1/2 signaling
through its association with caveolin-1 (CAV-1). Additionally, LYBK expression is regulated by
gene promoter methylation, and irradiation induces LY6K expression by demethylating the LY6K
promoter. This is the first study to determine the role and mode of action of LY6K in GBM biology.
Our study highlights the importance of LY6K in enhancing tumorigenicity in GBM and suggests

LY6K as a potential target for reducing GBM resistance to ionizing radiation (IR).



Key points

1. Elevated LY6K expression correlates with poor prognosis and tumorigenicity in GSCs and
GBM cells.

2. LY6K functions by enhancing ERK1/2 signaling through interactions with CAV-1.

3. DNA methylation regulates LY6K. IR promotes LY6K promoter demethylation, thereby

increasing LY6K expression.
Importance of Study

Although LY6K was previously implicated in tumorigenicity of multiple types of cancers
including GBM, its role in GBM and the underlying mechanistic basis by which LY6K mediates
tumor-promoting signaling are unknown. Here, we illustrate a novel signaling mechanism by
which membrane-anchored LY6K enhances ERK1/2 signaling through its association with
caveolin-1 to facilitate GBM tumorigenicity. Additionally, DNA methylation contributes to LY6K
expression, and irradiation induces LY6K expression by promoter demethylation, resulting in
enhanced radiation resistance in GSCs. This is the first study to investigate the function and
underlying mechanism of LY6K in GBM tumor biology. Our study highlights LY6K as a potential

targetable protein to promote radiation sensitivity in GBM.
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CHAPTER 1: INTRODUCTION

The brain is an incredibly complex organ that contains two main types of cells: neurons
and glia. Glia in the brain can be further diversified into groups, including radial glia,
oligodendrocytes, oligodendrocyte progenitor cells, microglia, and astrocytes.® While astrocytes
have many important functions in the brain, such as their involvement in the blood-brain barrier,
tripartite synapses, and metabolic support for neurons,? abnormal proliferation of astrocytes can
lead to a class of gliomas called astrocytomas.® Astrocytomas can be divided, based on severity of
disease into various grades as classified by the World Health Organization with Grade 1V

astrocytomas, or glioblastomas (GBM)* being the most malignant brain cancer.®
Characterizing GBM Tumors

GBM tumors can either progress from low-grade gliomas (LGG) as secondary GBMs or
can form de novo as primary tumors. Primary GBM tumors have worse survival, and mutations in
the gene isocitrate dehydrogenase 1 (IDH1) strongly predict GBM patient prognoses.*
Specifically, the IDH-R132H mutation is present in ~10% of primary GBM and is a prognostic
indicator of secondary GBM as well as the glioma cytosine-phosphate-guanine (CpG) island
methylator phenotype (G-CIMP). The vast majority of gliomas carrying the IDH-R132H mutation
are also G-CIMP* and have much better prognosis than those that are IDH-WT and G-CIMP".
IDH1 encodes the IDH1 protein that is involved in the tricarboxylic acid cycle and is responsible
for converting isocitrate into a-ketoglutarate.® However, in IDH mutant tumors, a mutated subunit
of IDH1 forms a heterodimer with a WT subunit and gains the ability to convert a-ketoglutarate

into the oncometabolite 2-hydroxyglutarate (2-HG). Accumulation of 2-HG can lead to changes
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in cellular epigenomics including genome-wide alterations in DNA methylation that lead to cell

transformation.’

Distinct molecular characteristics and inherited heterogeneity are two features that render
GBM tumors resistant to current therapies leading to poor overall survival. Intra-tumoral
heterogeneity is considered a key contributor to GBM therapy resistance, which in turn promotes
poor survival outcomes. As shown in Figure 1, integrated genomic analysis of primary, IDH-WT
GBM tumors led to their classification into three molecular subtypes: proneural (PN), classical

(CL), and mesenchymal (MES).%°

PN tumors are known to have relatively better survival and are associated with mutations
in tumor protein 53 (TP53) and platelet-derived growth factor A (PDGFRA). Overexpression of
epidermal growth factor receptor (EGFR) is primarily seen in CL tumor, as well as the oncogenic
mutant EGFRvIII. Finally, the MES subtype is known for mutations in the tumor suppressive
neurofibromin 1 (NF1) gene. Regardless of subtype classification however, each tumor mass can
be comprised of multiple cell subpopulations and multiple subtypes as measured by simplicity
scores.®1% For various human cancers including GBM, tumor heterogeneity can also involve a
small population of cells, called cancer stem cells. Specifically in glioma, these are referred to as

glioma-initiating or glioma stem-like cells (GSCs).*
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Figure 1: GBM Subtypes

There are three main subtypes in GBM, each with its own gene expression profile. Proneural
subtypes are characterized as having mutations in genes such as TP53 and PDGFRA. IDH1
mutations seen in proneural tumors and have a distinct methylation phenotype called G-CIMP.
Classical subtypes are primarily characterized as overexpression of EGFR. Mesenchymal tumors
have mutations in NF1 and are associated with having the worst overall survival in patients.
Adapted from Verhaak et al® and Wang et al®.

Cancer Stem Cells

Stem cells (SCs) are critical during normal human development and are defined based on
their ability to self-renew and differentiate. During development, the growing organism requires
these malleable cells in order to properly form and organize various organs and tissues.'?
Moreover, SC pools are also essential for tissue repair after injuries. SCs use two different methods
of cell division to accomplish these dynamic tasks.*® Symmetric cell division is the process by
which one SC divides to form either two identical daughter stem cells or two identical daughter
differentiated cells. Asymmetric cell division allows one SC to achieve both of these results

together by producing one daughter stem cell and one daughter differentiated cell.
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CSC Self-Renewal and Differentiation

Although critical for normal functions, the unique ability of SCs to self-renew mandates
thorough regulation to ensure that SCs are free from harmful mutations that can be passed onto
future generations. Cells accomplish this regulation through transcriptional and/or epigenetic
means.™® While cellular microenvironments are generally very adept at this function, lack of proper
regulation can result in extreme consequences such as cancer. Cancer cells exhibit certain
hallmarks that allow a tumor to develop and grow.** More specifically, cancer stem cells (CSCs)
are a subpopulation of tumor cells that are cancerous but retain the ability of adult SCs to self-
renew and differentiate.’® This allows SCs to initiate tumor formation and/or promote tumor

growth.

The first evidence for CSCs was presented with the discovery that single melanoma cells
could give rise to tumors in NOD/SCID mice.® Since then, evidence for the ability of CSCs to
initiate tumors using proteins and pathways characteristic of normal stem cells has been shown in

various types of solid tumors®®, such as breast'’8, prostate'®, colorectal®, and brain*?! cancers.
Characterizing CSCs

Various methods exist to characterize CSCs and determine the degree to which a cell
possesses renewal abilities.?? CSCs form spheres in vitro that are maintained through serial
passages, while progenitor or differentiated cells lack this ability.!! Moreover, unlike differentiated
cells, in vivo xenografts with CSCs yield sizable tumors in immunocompromised mice, and these

can be faithfully recapitulated with serial transplantations. In addition, cell surface markers have
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been a useful tool to characterize CSCs, as many of these markers are present on CSCs and normal
stem cells but are not expressed on differentiated cells.?® For instance, CD133 is a marker for
hematopoietic stem cells, but has been widely considered as a CSC marker in breast, prostate,
colon, glioma, liver, lung, and ovarian cancers. Finally, lineage tracing studies use a marker (e.g.
GFP) to monitor the ability of a cell to give rise and maintain clonal progeny containing the
parental marker.> CSCs that can grow and maintain these colonies thus demonstrate a hierarchical

organization structure.
Plasticity in CSCs

There is growing evidence indicating that the tumor mass composed of CSCs,
differentiated cancer cells, and the non-malignant stromal cell network work together to allow the
tumor to adapt and thrive in the harsh tumor microenvironment (TME).?* A well-studied example
of cellular plasticity in normal cells is the intestinal stem cell population,?® in which certain
differentiated endocrine cells modulate their genetic profiles to resemble intestinal stem cells after
tissue injury.?® In colorectal cancer cells with genetic ablation of leucine-rich repeat-containing G-
protein coupled receptor 5 (LRG5)*-CSCs, differentiated keratin 20 (KRT20)" cancer cells have
been shown to become dedifferentiated upon entering a niche previously occupied by
LRG5" CSCs.?” Such functional plasticity is also seen in GSCs. Upon treatment with receptor
tyrosine kinase (RTK) inhibitors, GSCs can adopt a slow cell cycling state that is dependent upon
Notch signaling and is associated with chromatin remodeling using H3K27 demethylases.?® This
epigenetic modulation allows GSCs to be persistent when confronted with therapeutic insults,

thereby providing an avenue for tumor resistance to therapy. Furthermore in breast cancer,
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differentiated basal and luminal cells can revert to stem cell-like states at a low but significant
rate.?® Given sufficient time, subpopulations of stem, basal, or luminal cells cultured individually
can eventually recapitulate phenotypic proportions that include the other two cell types, thereby
mirroring the original breast cancer line. The ability of cancer cells to endure therapeutic stress is
once again evident in this situation.*>2® Unlike stem cells, basal and luminal breast cancer cells are
normally unable to give rise to tumors in mice. However, upon co-inoculation with irradiated cells,

all three subpopulations are effectively tumorigenic in animals.
CSCs in Therapeutic Resistance

Perhaps one of the most pressing reasons for targeting CSCs is their resistance to
conventional therapies. Conventional anti-proliferative therapies are largely aimed at targeting the
non-tumorigenic population of cells. However, such treatments lead to relapse in many types of
cancers, and this can be attributed almost entirely to the CSC population and surrounding niche
within the tumor.t® This is primarily due to the ability of CSCs to be plastic and modify their
growth patterns to promote favorable outcomes when confronted with therapeutic insults. CSCs
can change their proliferation rates to become slow-cycling or quiescent, thereby avoiding
chemotherapeutic agents that target highly proliferative cells.*° In addition to this cell-cycle
metabolic plasticity, various other mechanisms exist that allow CSCs to become resistant to
therapies. One of the most important mechanism is the ability of CSCs to efficiently repair DNA
damage, thereby avoiding apoptosis.3! Other examples include evading immune surveillance,
upregulation of aldehyde dehydrogenase (ALDH) proteins, and autophagy.3 CSCs tend to be

enriched in certain biomarkers, which are useful therapeutic targets. In breast cancer, CD24* cells
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proved to be a highly tumorigenic population that efficiently formed tumors in mice, while CD24"
populations failed to do s0.%2 Thus, specifically targeting the tumorigenic CSC population is crucial
for ensuring tumor elimination. In addition to such stem cell surface markers, treatments have also
been aimed at targeting signal transduction pathways that become aberrantly active in cancers.
Various drugs and antibody treatments target cytokines, ligands, and cell-surface receptors and
aim to curb abnormal signaling.®® As an example, therapies aimed at the human epidermal growth
factor receptor 2 (HER2) have shown substantial improvements in patient survival when combined
with traditional therapies. This is likely due to the ability of these therapies to target HER2 in
breast CSC populations.®® Moreover, in prostate cancer, WNT signaling has been studied for its
role in prostate CSC therapy resistance.®* Moreover, ALDH1AL is overexpressed in prostate
cancers and is associated with poor patient survival.® In prostate cancer cells, radiation therapy
(RT) increased the progenitor cell population and in turn, the progenitor cell populations were
resistant to RT. Furthermore, in ALDH™ cells, WNT/B-catenin signaling was upregulated and
contributed to radioresistance.®® In addition to signaling, CSCs are also aided in their therapy
resistance by the surrounding niche in the TME. In colorectal cancer, the CSC population is
supported by the intestinal crypt which is designed to maintain normal intestinal stem cells. All
of these mechanisms combined create a TME that is highly favorable for CSC survival when faced

with therapies.
Tumor Immunology

In recent years, the promise of immune-based therapies has provided a novel treatment

method, especially for cancers that are unresponsive to other forms of therapy. Immunotherapies
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are thought to act on T-cells in the cancer-immunity cycle.®” This is a model which begins with a
dying cancer cell releasing antigens that are taken up by dendritic cells or antigen presenting cells.
Upon capture, these cells prime T-cells by presenting the cancer antigens on major
histocompatibility complexes | and Il to the T-cell receptor. Once activated, cytotoxic T-
lymphocyte cells (CTLs) traffic to the tumor site and clonally expand to the specific antigen
presented by the dendric cells. Once the CTLs extravasate from the blood vessel and infiltrate the
tumor, they are equipped to recognize the cancer cells, based on the antigen to which they are
responding. Once a CTL recognizes a cancer cell based on this antigen, the CTL can kill the cell,

which releases further antigens and propagates the cycle.®®

One of the hallmarks of cancer cells is to try to suppress the immune system and evade
immune surveillance.** Although GBM tumors are often considered “immune-privileged” and are
known for being immunosuppressive or “cold” tumors, various avenues exist for targeting GSCs,
many of which involve immune-based therapies.>**° An immune checkpoint pathway that has
come under intense scrutiny for its role in immune suppression is the programmed death 1 (PD1),
which is expressed on T-cells after priming, and PD-ligand 1 (PD-L1), which is expressed on
tumor cells.® When PD-L1 binds PD1, the overall effect is immunosuppressive, thereby halting
the function of CTLs. #* Indeed, immunotherapeutic agents such as nivolumab are focused on
inhibiting this effect by creating monoclonal antibodies against PD1. Another checkpoint protein
that has received significant attention is CTL antigen 4 (CTLAA4), which is present on T-cells.
CTLA4 competes with a pro-stimulatory molecule for binding to the CD80 ligand present on

dendritic cells. Binding of CTLA4 to CD80 suppresses the function of the T-cells. Similar to PD-



25
1, antibodies against CTLA4 such as ipilimumab are also being investigated for their utility in
cancer therapy.3® In GBM, clinical trials based on immune checkpoint inhibitors such as nivolumab
have failed to generate significant increases in overall patient survival. However, there are some
select patients that have benefited from therapy,*? and the characteristics that allow for prolonged
survival in this small subset should be further investigated. In addition, combinations treatments
have the potential for inducing longer survival when mono-therapeutics fail to significantly
improve patient survival. Indeed, PD1 treatment in conjunction with RT and an inhibitor again
indolamine 2,3-dioxygenase 1 (IDO1) significantly improved survival in mice, whereas mono or

dual treatment in any combination failed to do s0.*3

Another promising field of GBM immunotherapy is treatment with chimeric antigen
receptor (CAR)-modified T cells. CAR-T cell therapy is a method by which T cells are engineered
to recognize and respond to tumor-associated antigens. Therefore, they can theoretically infiltrate
the tumor and target/kill cancer cells.** In GBM, CAR-T cells have been shown to infiltrate the
tumor and initiate an immune response, although no major increases in survival have yet been
reported.** Furthermore, oncolytic viruses have been studied for their potential to selectively infect
and kill tumor cells. The modified polio virus PVSRIPO has shown promising results and
prolonged GBM patient survival.*® While oncolytic viruses are known to act by directly targeting
and killing cancer cells, other mechanisms of actions may also be at play. PVSRIPO acts by
targeting the CD155 receptor on the surface of GBM cells. Following oncolysis, GBM cells can
release factor that stimulate antigen presenting cells, which then migrate to the draining lymph

node. At this point, resident CTLs can become primed, which initiate their migration to the tumor



26
site.*® Therefore, oncolytic viruses may function by directly killing tumor cells and leading to

secondary immune responses.

While immunotherapies hold strong promise in treating the tumor mass, there has been
little evidence showing their efficacy in CSCs. CSCs, including GSCs, can release various
cytokines and immunosuppressive molecules to dampen the immune response and evade
surveillance.*” GBM and the associated tumor microenvironment (TME) are particularly
immunosuppressive tumor, and GBM cells have high levels of checkpoint proteins and can release
various molecules to suppress the immune response, such as transforming growth factor  (TGFf)
and interleukin (IL)-10.¢ However, immunogenicity can be rescued in GSCs, when they are
treated with interferon y (IFNy) or a demethylating agent, indicating that tailored immunotherapies
can be useful for GBM treatment.*® Moreover, natural killer (NK) cells of the innate immune
system may be a potential avenue to combat GSC immunosuppression. In many cancers including
gliomas, activated NK cells have been shown to target CSC populations both in vitro and in
vivo.%%%! In addition, immune responses can also be elicited with cancer vaccines directed at
dendritic cells and prolong rodent survival.>? Notably, vaccine therapies have been introduced in

the clinic with notable immunogenicity in GSCs.554

Similar to other CSCs, GSCs are also known to be resistant to conventional therapeutics.
The first line of treatment for GBM patients include a chemotherapeutic agent called
temozolomide (TMZ) and radiation therapy (RT). The seminal discovery of TMZ as an antitumor
compound has been perhaps the most influential finding in GBM treatment in the past two decades.

Concomitant TMZ treatment with RT extends patient survival by 2.5 months relative to RT
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alone.® However, such conventional therapies have limited effects on GSCs.*® As discussed
above, immunotherapies are being more commonly studied as a viable new treatment for GBM.
While GBM has proven itself to be a difficult target for immunotherapies, clinical trials have
shown some increases in immune responses following treatment. Therefore, further research for

GBM immunotherapies, and specifically therapies targeting GSCs, is warranted.
LY6K

Our previous studies on gene expression profiling classified patient-derived GSCs into
subtypes that phenotypically resemble GBM, with MES-like GSCs being more aggressive relative
to PN-like GSCs.?! Among the 3,000 differentially expressed genes between these GSC subtypes,
Lymphocyte Antigen 6 Complex, Locus K (LY6K) was one of the top differentially expressed genes.
Located on chromosome 8q24.3, LY6K encodes the protein LY6K, which is a member of the
LY6/uPAR family. The protein is initially translated as a 165 amino acid precursor, which is then
modified into a 121 amino acid mature protein. LY6K contains 3 exons, which make up three
unique domains in the protein as shown in Figure 2. The first exon encodes the signal peptide. The
second and part of the third exons make up the LY6/UPAR (LU) domain. The LU domain consists
of a three-finger motif that is made up of disulfide bridges constructed from each of 10 cysteine
residues. Finally, the latter part of the third exon encodes the glycosylphosphatidylinositol (GPI)

anchor domain, which results in its localization on the plasma membrane.®
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Figure 2: Structure of the LY6K gene

Depiction of the three exons characteristic of LY6 family members. Exon 1 encodes the 5’-UTR
and N-terminus signal peptide. Exon 2 and the 5” of exon 3 encode the LU domain. The LU domain
consists of 80-90 amino acids containing 10 cysteine residues, which can form three fingered
structural motif (3F) via disulfide bonds. Finally, the 3’ of exon 3 encodes the GPI-anchor domain,
which serves as the attachment site for the GPI anchor after post-translational processing. Adapted
from Loughner et al.*

Function of LY6K

Ly6k is a cancer/testis antigen that has been examined for its role in sperm migration®’*8
and spermiogenesis.>® Although primarily expressed in the testis with weak expression in other
reproductive tissues, LY6K does have low levels of expression in non-reproductive organs
including the brain as shown in Figure 3.%° Ly6k has been established for its expression in testicular
germ cells and is known to associate with germ cell marker, testis expressed gene 101
(Tex101),%8%1 thereby localizing to lipid rafts.®> Male mice lacking Ly6k had substantially
decreased rates of pregnancy induction, despite having no difference in copulation. Moreover,
sperm from Ly6k-deficient mice significantly failed to bind and fertilize eggs.”® Ly6k has been
speculated to have 2 isoforms in mice, one that is GPI-anchored and another that lacks the GPI
anchor and is thus soluble;%%° however, this has not been confirmed in primates. At the cell
membrane, Ly6k is thought to form a complex with Tex101 that is essential for proper sperm
migration. Mice lacking GPIl-anchored Tex101 also lacked Ly6k in both water-soluble and triton-

soluble fractions. However, Ly6k expression in extracellular fractions decreased but was still
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present.®” Indeed, a missense variant of TEX101 in human males led to substantially decreased
levels of both TEX101 and LY6K and has been suggested as a marker of male infertility.®®
Although the precise mechanism for this infertility is yet unclear, rodent studies have indicated
that the Tex101/Ly6k complex is essential for proper process and localization of the sperm
membrane protein, a disintegrin and metalloprotease 3 (Adam3), which has been established for

its role in sperm migration.*®
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Figure 3: LY6K Expression Across Tissues

RNA-Seq data from 95 individuals, representing 27 tissue samples, showing the distribution of
LY6K based on reads per kilobase per million reads placed (RPKM). Analysis from
BioProject: PRIEB4337%


https://www.ncbi.nlm.nih.gov/bioproject/PRJEB4337/
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LY6K in Cancer

Although its precise role in physiological processes is yet unknown, LY6K is known to be
upregulated in several types of human cancers.%>% In both lung and esophageal cancers, LY6K
was identified as a serologic biomarker and has been associated with poor survival in patients.®":68
Similarly, genome-wide profiling indicated that LY6K is overexpressed in gingivobuccal cancer,®

cervical cancer,’ as well as bladder cancer, in which it may regulate cell growth and metastasis.’

Various studies have examined the transcriptional and epigenetic mechanisms promoting
LYBK expression in cancers. Heat shock factor 1 (HSF1) and its targets produce distinct cancer
signatures that have prognostic potential. In breast, colon, and lung cancers, HSF1 strongly binds
LY6K in both cell lines and patient samples to support oncogenic processes.’? In addition, activator
protein 1 (AP-1) transcription factor binding in the absence of methylation is thought to promote
LY6K expression in breast cancer, thereby increasing cell invasion and metastasis.”® Conversely,
methylation of the LY6K promoter in which a single nucleotide polymorphism has been
introduced, leads to suppression of LY6K, which is mediated by the paired box gene 3 (PAX3)
transcription factor.”* Tamoxifen is a well-established hormone treatment for patients with
estrogen receptor (ER)-positive breast cancer, and tumors that lose ERa expression become less
susceptible to tamoxifen treatment. In ERo" breast cancer cells, ERo has been shown to induce
expression of a microRNA that then negatively regulates LY6K and promotes tamoxifen
susceptibility. However, in ERa’ cells, LY6K can induce a different miRNA that then inhibits ERa
expression, thereby promoting tamoxifen resistance.” Similarly, evidence for miRNA regulation

of LY6K has also been studied in non-small cell lung cancer (NSCLC)."®
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Despite the growing evidence for upregulation of LY6K in various types of cancers®®’’,
relatively few studies have examined the precise mechanisms by which LY6K functions in
cancers. In breast cancer, LY6K and a related family member, LYG6E, are upregulated and are
associated with poor clinical outcomes.” Interestingly, LY6K and LYG6E mediate tumor
progression and are required for phosphorylation of both SMAD2/3 and SMADL1/5, thereby
regulating both TGFp and bone morphogenetic protein (BMP) signaling in cells. In addition, both
LY6K and LYG6E are important for helping cancer cells escape immune surveillance and may prove
to be useful targets in drug-resistant cancers.’® Notably, LY6K has been shown to induce immune
responses and has been proposed as a useful target for immunotherapies in clinical trials.
Transgenic mice expressing LY6K show a decrease in the proportion of functional T cells,
indicating a propensity to suppress the immune system.”® A peptide epitope derived from LY6K
elicited a strong response in CTL®, which could be detected among tumor-infiltrating
lymphocytes, regional lymph node lymphocytes, and peripheral blood lymphocytes in esophageal
cancer.8! Indeed, clinical trials in esophageal cancer patients aimed at testing the efficacy of a tri-
peptide vaccine that included LY6K showed increased T-cell responses®?®2 with slightly improved
survival.# Such immune responses to peptide vaccines have been seen in multiple other cancers
including NSCLC #8% and gastric cancer.®” LY6K is also identified as a putative target®® in both
human papillomavirus (HPV)* and HPV" subtypes of head and neck squamous cell carcinomas
(HNSCC).® Peptide vaccines containing LY6K induced CTL responses as well as significantly
improved overall HNSCC patient survival with one patient exhibiting a complete response.*® Head

and neck tumors have also shown responses in T helper cells in addition to CTLs.%*
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Although various studies have shown the importance of LY6K in other cancers, few studies

have examined its utility in GBM and the underlying mechanism of LY6K function has not yet
been investigated. Recently, a study aimed at profiling alternative splicing (AS) signatures in GBM
using TCGA RNA-Seq data showed that AS events in numerous genes are related to both overall
survival and disease-free survival.®? The authors then detected 1,829 AS events in 1,311 genes
related to overall survival and 1,667 AS events in 1,146 genes related to disease-free survival. Of
these, genes with a correlation coefficient between gene expression profiles and AS events of >
0.2 or < -0.2 were selected. Among the genes that are related to both overall and disease-free
survival, they found a set of five “feature” genes that may be useful prognostic indicators for GBM
patient treatment. These include S100A4, ECE2, CAST, ASPH, and LY6K. Of these five genes, AS
events of LY6K were negatively correlated with its expression. Together with the other four genes,
this allowed for construction of a prognostic predictor that uses AS events to predict patient clinical
outcome.®? In addition, peptide-based vaccines have also been tested in glioma patients. Similar to
other cancers, a vaccine cocktail that included an epitope derived from LY6K showed
immunoreactivity and CTL responses in all patients tested.> While there was some improvement

in patient survival, further research is required to establish a more efficient treatment regimen.
Regulation of Gene Expression & Epigenetics

Gene expression in a eukaryotic cell is tightly regulated and controlled by a plethora of
factors. At the transcriptional level, transcription factor binding to promoter and enhancer regions
as well as repressor regions control which genes are transcribed.®® Post-transcriptionally,

transcripts are subjected to alternative splicing, polyadenylation, and 5’-capping.®* One class of
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key regulators of gene expression is the family of microRNAs (miRNA) within the cell. miRNAs
are small (~22 nucleotide long) non-coding RNAs that generally function to diminish messenger
RNAs (mRNA) and post-transcriptional gene expression. This is accomplished through the RNA-
induced silencing complex (RISC), which primarily works by mRNA degradation or translation
inhibition®. However, dysregulation of miRNAs, either via genetic or epigenetic mechanisms, can
cause the cell to gain oncogenic properties, often due to downregulation of tumor suppressive
miRNAs.%® Previously work from our laboratory showed that miRNAs can be differentially
expressed in GSCs.®” Unpublished data from our laboratory showed that another such differentially
expressed miRNA is miR99b as shown in Figure 4. miR99b is downregulated in various cancers,

indicating that it might have tumor-suppressive functions in GBM.

ek

<25

>

%20 |

ﬂ -

§15 1 .
£10 . I
25l 1

S i |

E 0 I B B =

N Y R RO R

MES-like PN-like

Figure 4: miR99b Expression in MES-like and PN-like GSCs

miRNAs can have differential expression patterns between the MES-like and PN-like subtypes
of GSCs. Relative levels of miR99b are shown with high expression in six PN-like GSCs
significantly lower expression in four MES-like GSCs.
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While the mechanisms listed above list a miniscule portion of all the methods by which

cells regulate gene expression, one mechanism that is of particular importance for LY6K expression
is epigenetic regulation. Epigenetic modifications are present on both histones and nucleic acids.
Histones are proteins that around which DNA is wrapped to form chromatin in the nucleus.*
Histones can be subjected to various epigenetic modifications that determine the accessibility of
the DNA prior to gene transcription such as covalent modifications and chromatin remodeling.
Covalent modifications are primarily directed at lysine and arginine residues and involve
methylation and acetylation.®® Chromatin remodeling is governed by specialized proteins called
readers, writer, and erasers. While the effect of these epigenetic marks is gene-specific, acetylation

often promotes gene expression, while methylation often leads to gene silencing.*

Modifications to DNA are also well-studied. DNA methylation occurs at CG dinucleotides
(i.e. CpG sites), in which a group of writers called DNA methyltransferases (DNMTS) transfer a
methyl group from S-adenosyl methionine (SAM) to the cytosine base of the CpG site.® Regions
with multiple CpG sites, especially near the promoter of a gene, are referred to as CpG islands.
When normal cells become transformed into cancer cells, they modify their epigenetic signatures.
Subsequently, they become addicted to the changes in their epigenome in order to survive.'®* CSCs
in particular have distinct epigenetic signatures that are necessary for them to maintain their stem-
like properties.!® In GSCs, specialized epigenetic signatures can be used to differentiate
methylation patterns that specific to GSCs when compared to GBM bulk tumors and can be further
divided to be subtype-specific.1%? This is of particular importance to LY6K, given that LY6K is

differentially expressed between PN and MES GSCs. In addition, LY6K has a CpG island near its



35
promoter and is thought to be regulated with DNA methylation.”* Similar to other cancer/testis
antigens, LY6K has high expression in the testis and very low levels in other tissues.%® This is due
to the LY6K gene promoter being methylated in normal tissues. However, in cancer, non-
reproductive tissues undergo changes in DNA methylation that results in genes such as LY6K being
unmethylated.®® This can then lead to unregulated cell growth and can cause tumor growth or
propagation. Moreover, cancer cells can use epigenetic remodeling to survive therapeutic
interventions. For instance, following IR treatment, cancer cells can undergo global DNA
epigenetic reprogramming to provide them with a survival advantage.'®* Therefore, LY6K
promoter methylation may be an important factor in regulating LY6K expression and subsequent

tumor growth in GBM.
Aberrant Signaling in GBM
Receptor Tyrosine Kinases

Approximately half of GBM tumors contain abnormal alterations in the epidermal growth
factor receptor (EGFR).1% EGFR is a receptor tyrosine kinase (RTK), which becomes activated
upon EGF-binding and subsequent receptor dimerization and autophosphorylation.’®® The
phosphorylated residues create docking sites for growth factor receptor bound protein 2 (GRB2),
which then transduces the signal via son of sevenless (SOS). Downstream pathways such as
RAS/MEK/extracellular response Kinase (ERK), phosphoinositide 3-kinase
(PI13K)/AKT/mammalian target of rapamycin (mTOR), or janus kinase (JAK)/ signal transducer

and activator of transcription 3 (STAT3) can then lead to biological effects in the cell.’” RTK
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signal transduction pathways are altered in 88% of GBM tumors with nearly 10% of tumors having

alterations in multiple RTKs.1%

Aberrations in EGFR are most notable in the classical subtype of GBM. Classical tumors
have both EGFR overexpression and a mutant form EGFR known as vI11.° This mutant form lacks
exons 2-7 of EGFR, which normally encodes the ligand-binding domain.'® As a result, EGFRvIII
becomes constitutively active.'% In addition to this deletion, various point mutations, genomic
rearrangements, and other less known deletions have been discovered in EGFR.1%°, with some
alterations correlating with survival. For instance, the EGFRA2/TV mytation is associated with

significantly worse survival and is thought to influence tumor invasion and proliferation.°

Despite the importance of EGFR in GBM, treatments aimed at targeting EGFR remain
ineffective.!*112  Targeting EGFR and EGFRvIIl has demonstrated some utility in
immunotherapy-based approaches.*® Monoclonal antibody, mAb806, and some vaccine therapies
showed improved survival in preclinical and early clinical studies.>*!*® Although various small
molecule tyrosine kinase inhibitors (TKIs) targeting EGFR has been developed, few have shown
any major survival benefit in GBM patients.!* The first FDA-approved TKI is gefitinib, which
has been shown to have a dramatic effect on survival in a small subset of NSCLC patients.'*®
Similarly, erlotinib is TKI that targets the EGFR active kinase conformation and has been shown
to elicit responsiveness in NSCLC patients who have high expression of EGFR.® However, these
TKIs have failed to illustrate any survival benefits in GBM!1112, A potential explanation for this
is that compensatory pathways get activated in response to these inhibitors and help sustain cell

proliferation. Upon EGFR inhibition with erlotinib, resulting increases in tumor necrosis factor
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(TNF) levels can induce activation of c-Jun N-terminal kinase (JNK), AXL receptor, and
ERK.17118 Moreover, erlotinib targets the active conformation of EGFR. While this has
responsiveness in NSCLC, studies suggest that TKIs targeting the inactive conformation of EGFR
may have better success in GBM!®. In GBM cells that failed to respond to erlotinib, there was
enhanced responsiveness when treated with lapatinib, a TKI that targets the inactive form of
EGFR. Lapatinib decreased the levels of p-EGFR in cells that have mutations in the extracellular
domain of EGFR and promoted GBM cell death.!*® Furthermore, other signal pathways may be
responsible for this resistance. Upon blocking the insulin receptor (InsR) and insulin-like growth
factor 1 receptor (IGF1R), GBM cells were more responsive to treatment with gefitinib, potentially

through AKT regulation.'?
RAS

The mitogen activated protein kinase (MAPK; extracellular signal-regulated kinase,
ERK1/2) pathway is among the most highly dysregulated pathways observed in GBM tumors.1%®
In the canonical MAPK pathway, a ligand such as EGF binds to its respective RTK (e.g. EGFR)
and activates EGFR signaling through receptor dimerization and autophosphorylation.*? The
phosphorylated residues create docking sites for adapter proteins such as GRB2, through its Src
homology 2 (SH2) domain.*?? Subsequently, SOS is recruited to GRB2 through the SH3 domain,
thereby bringing SOS into close proximity to the membrane-bound RAS oncoprotein.'?® Upon
translation, RAS undergoes farnesylation by farnesyltransferases. This post-translational
modification allows RAS to localize to the membrane and interact with SOS to affect downstream

signaling. SOS is a guanine nucleotide exchange factor (GEF) that facilitates the switching of
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inactive GDP-bound RAS to active GTP-bound RAS.'?? The activation or inactivation of RAS is
tightly regulated in normal cells. Once active, RAS can activate downstream signaling and
subsequently should be inactivated through the action of GTPase activating proteins (GAPS) such

as NF1.

The RAS family has three members: NRAS, KRAS, and HRAS, with KRAS being the
most predominantly activated in human cancers, and all three have a high degree of sequence
homology. Mutations in both RAS and GAPs are well studied in human cancers and other human
diseases!?*, and RAS mutations are the most frequently seen in cancers, comprising about 20-30%
of all cancers.1?126 |n KRAS, G12 mutations are the most common in cancers such as pancreatic
ductal adenocarcinoma, colorectal cancer, and lung adenocarcinoma, with the guanine being
substituted for a plethora of amino acids, the most prevalent of which include aspartate, valine,

and cysteine.?’

Despite the prevalence of these RAS mutations, targeting RAS and its associated proteins
with pharmacological agents has had little success. Drug development has focused on various
aspects of RAS signaling including RAS itself, the RAS-binding domain, downstream effectors of
RAS, upstream activators of RAS, and farnesyltransferase inhibitors.*?” Recently, novel direct
inhibitors targeting RAS®?C have shown promise in clinical trials!?® (Clinical Trial Identifier:
NCT03600883, www.clinicaltrials.gov). Another level of regulation of RAS involves
phosphorylation. SRC has been shown to phosphorylate RAS-GTP and promote its switch to RAS-
GDP, thereby attenuating RAF activation and downstream signaling.!?® However, SHP can

dephosphorylate RAS and retain its GTP-bound conformation and continue RAF signaling.
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Inhibition of SHP prevents this dephosphorylation and therefore suppresses MAPK signaling and
oncogenesis.*?® Interestingly, this phosphorylation-mediated has been studied in GBM and may

prove to be a novel mechanism by which RAS can be pharmacologically targeted.
RAF

Once bound to GTP, RAS can activate various effectors, the most well-studied of which is
RAF. RAF binds RAS through its RAS-binding domain after being relieved of inhibition by 14-
3-3.1%% RAF has the ability to dimerize to help promote its downstream signaling. Of the three
members of the RAF family, ARAF, BRAF, and CRAF, both BRAF and CRAF can form
homodimers or heterodimers, while ARAF is more resistant to dimerization. Moreover, this
dimerization is enhanced upon EGF stimulation and with disease-associated RAF mutants.'*! RAF
mutants comprise about 7% of all human tumors.'?® Perhaps the most common activating mutation
in RAF is the BRAFV®%%E mutation, which causes RAF to become constitutively active even as a
monomer and become resistant to feedback inhibition.*?®*32 Moreover, depending on the type of
mutation, RAF mutants can function either as monomers or dimers in a RAS-dependent or RAS-

independent manner.

RAF inhibitors can target either RAF monomers or dimers. However, the latter inhibitors
can have a tendency to bind one protomer only and require clinically unrealistic concentrations to
bind both protomers. As a result, the unbound protomer may become activated and induce
downstream signaling.?® The inhibitor PLX8394 can target BRAF homodimers as well as BRAF-
CRAF heterodimers and inhibit downstream ERK signaling in both types of RAF dimers.

However, with CRAF-homodimers, PLX8394 promotes ERK signaling.!®® Interestingly,
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PLX8394 selectively targets RAS-independent RAF signaling, showing the necessity for a wide

array of inhibitors to treat specific cancers.
MEK

Once released from inhibition, active RAF can then activate MEK through phosphorylation
of serine resides at positions 218 and 222%°, Mutations in MEK can occur throughout the protein
and is not restricted to specific hotspots as is common for upstream members of the MAPK
pathway.'** MEK family members include MEK1 and MEK2, both of which are serine/threonine
and tyrosine kinases. While mutations in MEK1 are relatively rare, MEK1 mutants can be further
divided into three classes, based on the necessary of activation by RAF.'?6 When S218 and S222
are mutated to alanine, the class of MEK mutant determines its ability to phosphorylate ERK. The
first class of MEK1 inhibitors is RAF-dependent. S218A or S222A inhibits phosphorylation of
ERK. The second class, RAF-regulated mutants, have some activation of ERK with the mutations
but less than non-mutated MEK. Finally, the third class is RAF-independent. In this class,
regardless of the mutations of the normally phosphorylated serine residues, phosphorylation of

ERK is always present and high.1%

Although MEK mutations occur in ~1% of human cancers, various inhibitors have been
developed to target MEK and many are allosteric kinase inhibitors.}?® Many inhibitors are in
clinical trials, including trametinib, MEK162, and cobimetinib.* While these have shown some
clinical benefits, more robust effects may be seen when used in combination with other therapies.
When used in combination with the chemotherapeutic agent docetaxel, selumetinib improved

survival in NSCLC patients.’*® Moreover, melanoma patients with BRAFV%% mutations treated
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with trametinib as well as dabrafenib has significantly higher progression-free survival then with
monotherapy alone.'®"13 More recently, MEK inhibitors such as MAP855 have been developed
that are ATP-competitive and are thought to be more robust as they are likely to be unaffected by

the activation state of MEK 126
MAPK (ERK1/2)

The primary downstream target of MEK is MAPK/ERK1/2 as shown in Figure 5. Once
phosphorylated by MEK, ERK1/2 can either remain in the cytosol or translocate to the nucleus
and phosphorylate over 70 substrates'®® with a wide range of functions, including proliferation,
differentiation, and cell division.’® These substrates include JNK'*°, MYC!*!, and CREB!*.
Mutations in ERK1/2 are quite rare in cancers making up less than 1% of cancer-related
mutations.??® For this reason, development of inhibitors for ERK1 or ERK2 is less advanced
relative to RAF or MEK. Moreover, as ERK1/2 is the only known substrate of MEK, inhibitors
against MEK were considered to be of greater importance. However, more attention has been given
to ERK1/2 in recent years, owing to the challenges of RAF and MEK inhibitors in clinical trials,
as well as the robust feedback signaling mechanisms of the MAPK pathway.'?* ERK inhibitors
such as SCH772984 or VTX11e are ATP competitive ERK inhibitors and have shown some
potential in preclinical studies. However, as with RAF and MEK inhibitors, the use of ERK
inhibitors in clinical settings may be limited. This is due to the fact that prolonged exposure to
ERK inhibition can cause cancer cells to acquire resistance to the treatment due to the development

of ERK mutations that are favorable to cancer cell survival.1*3
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Upon activation, ERK1/2 activates various transcription factors, often related to cell
proliferation.’*® The sequential activation of RAS, RAF, MEK and ERK greatly enhance signal
amplification, causing robust biological effects. Cancer cells are able to hijack these pathways,
leading to the aberrant activation of ERK1/2-mediated oncogenic signaling, thereby promoting
abnormal proliferation. Nearly every step of this process is governed by regulated feedback
inhibition. For instance, once phosphorylated, active ERK1/2 can then use phosphorylation to
inhibit the activated RTK, SOS, RAF, and MEK.*** Moreover, scaffolding proteins have been
discovered that are important for proper alignment of the members of the MAPK pathway and
proper execution of signal transduction. Perhaps the most well-studied of these is kinase
suppressors of RAS (KSR1).1 Following activation, ERK1/2 can phosphorylate RAF and KSR1,
thereby decreasing their association with the membrane and attenuating the growth factor-
mediated signal.}*® RSK is another kinase that can also use phosphorylation to inhibit activated
members of the MAPK pathway and halt signal transduction.***147 This multistep feedback
regulation is crucial to ensuring proper cellular function. Due to the importance of feedback
inhibition, targeting the MAPK pathway can lead to unforeseen consequences, and may explain
why many inhibitors have failed in clinical trials. Both MEK and ERK inhibit RAF through
feedback inhibition; however, when they are inhibited, RAF is released from this inhibition and

can go on to active non-canonical downstream effectors, promoting anti-apoptotic cascades.*®
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CCR Molecular Pathways

Figure 5: Schematic depiction of the MAPK signaling pathway

Following ligand binding to its respective receptor, downstream adaptor proteins activate RAS-
GTP. This activates RAF, which phosphorylates MEK. Active MEK subsequently phosphorylates
ERKZ1/2, which can then activate numerous substrates to affect cellular processes. Adapted from
Pratilas & Solit, 2010, Clin Can Res.1#®
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Caveolin

The MAPK pathway is modulated by various factors within the cell, such as spatiotemporal
regulation and negative feedback signaling.'** Another such modulation is the recruitment of
members of the MAPK pathway to caveolae. Caveolae are small membrane invaginations that
have been linked to a number of different cellular functions, including endocytosis, protein
trafficking, cholesterol transport, and signal transduction.'*® Caveolae are found in the non-planar
lipid rafts of the plasma membrane, which also house GPI-anchored proteins. Caveolae are also
thought to play a role in maintain membrane organization by acting as a scaffold and sequesters
inactive proteins till a signal instructs otherwise.’® Caveolin proteins are main components of
caveolae and come in three isoforms: CAV-1, CAV-2, and CAV-3. CAV-1 and CAV-2 are found
in non-skeletal tissues and are capable of heterodimerization. CAV-3 is primarily found in muscle,
but some evidence has also been shown for its presence in glia.***>! Another important component
of caveolae is the cavin family. Cavins are cytosolic proteins that can be recruited to the caveolar
domains and have four known isoforms: cavin 1, cavin 2, cavin 3, and cavin 4. Each isoform has
a coiled-coil a-helical domain and a membrane association domain and form oligomeric
complexes.!®® In cavin-expressing cells, cavin proteins are required for proper formation of
caveolae and mice lacking cavin have decreased levels of caveolins. Although the precise function

of cavins is still being investigated, they are accepted as crucial members of caveola formation.t*

The primary structural component of caveolae in tissues is caveolin-1 (CAV-1). Early in
tumor progression, CAV-1 suppresses tumor-promoting signaling pathways.'®* However, CAV-1

has a stage-dependent role, whereby it becomes oncogenic in more advanced cancers, including
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GBM.2 Interestingly, this pattern is different for stroma. Stromal cells normally have relatively
high levels of CAV-1; however, loss of stromal CAV-1 is directly associated with cancer
progression.> CAV-1 has been associated with therapy resistance in multiple cancers and may be
a useful target for therapies in the future. Functionally, CAV-1 has been shown to be involved in
modulating the MAPK signaling pathway, with various members of the MAPK cascade (including
RAF) accumulating in caveolae following EGF stimulation'®* Some evidence also indicates that
CAV-1 and KSR1 interact and facilitate ERK1/2 activation.*>® EGF stimulation recruits CAV-1to
early endocytic compartments to promote MAPK signaling.**® While expression of CAV-1 can be
variable in different cell types, CAV-1 is highly expressed in glia. In astrocytes specifically, CAV-
1 has been shown to facilitate MAPK activation. ERK1/2 activation increases after astrocytes and
glioma cells are exposed to reactive oxygen species (ROS) in the form of H20z. In the presence of

CAV-1 siRNA however, both basal levels and ROS-induced p-ERK1/2 is diminished.*’

In this study, we determined the function and molecular mechanisms of LY6K in GBM.
We show that LY6K is oncogenic in GBM patients and promotes a more tumorigenic phenotype
in GBM cells. Moreover, this phenotype is a result of LY6K-induced ERK1/2 signaling and this
enhancement can be further modulated by EGF stimulation. Specifically, LY6K-induced ERK1/2
signaling results from the association of GPl-anchored LY6K with CAV-1. Finally, DNA
methylation maintains LY6K silencing and irradiation induces the expression of LY6K via
hypomethylation of LY6K gene promoter, thereby promoting GBM tumorigenicity and resistance

to radiation therapy.
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CHAPTER 2: MATERIALS AND METHODS

Cell Culture

HEK293T cells and U87 glioma cells (ATCC) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS) or 10%
cos-FBS and 1% penicillin and 1% streptomycin. Patient-derived glioma stem-like cells (GSCs)
that were previously characterized?® were cultured in stem cell media containing DMEM/F12
(Invitrogen), supplemented with B27 (2%, Invitrogen), 1% penicillin, 1% streptomycin, heparin
(5 pg/ml, Sigma-Aldrich), EGF (20 ng/ml), and basic fibroblast growth factor (FGF) (20 ng/ml,

PetroTech).

Xenografts, Tumorigenicity Assays, Bioluminescent Imaging, and Immunohistochemistry

Studies

All experiments using animals were conducted under an Institutional Animal Care and Use
Committee (IACUC)-approved protocol at Northwestern University in accordance with NIH and
institutional guidelines. Athymic (Ncr nu/nu) mice at six weeks of age (Taconic Farms) were
employed for all animal experiments as described previously.**®%° patient-derived GSCs (1 x 10*
or 5 x 10* cells) in 2-5 pl culture media were stereotactically implanted into the left striatum of
nude mice, with three to five mice per group. All mice were monitored regularly for the
development of neurological symptoms due to tumor burden. Mice were maintained until the

development of neurological symptoms, including hunched back, loss of body weight, reduced
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food consumption, and inactivity. After development of aforementioned symptoms, mice were

humanely sacrificed.

For in vivo bioluminescent imaging (BLI) of mice, tumor-bearing mice were injected 200
mg/kg of D-luciferin (potassium salt, Gold Biotechnology) before isoflurane anesthesia. Radiance
(photons/s/cm2/steradian) was measured 10 min after substrate injection using Living Image 4.3.1

software (Caliper Life Sciences) or Aura software (Spectral Imaging).

For hematoxylin and eosin (H&E) staining of brain sections, mice were humanely
euthanized two to four weeks after implantation, and brains were harvested as previously
described.®”1%® Each mouse brain was removed and embedded in O.C.T compound (Thermo
Fisher) and stored at -80°C. Brains bearing xenografted tumors were sectioned on a cryostat
(Leica) at 8-10 um thickness. The whole brain was sectioned from most anterior to posterior. Every
fifth tumor-bearing brain section of each brain was subjected to H&E staining to determine the
locations from beginning to the end of each tumor. After careful comparison, the section with the

largest tumor area in each tumor-bearing brain was used for the measurement. Tumor volume was
2

estimated by using the formula V = %, where a and b are the length and width of the tumor,

respectively.

Bioinformatic Analyses

RNA-seq data of expression levels of LY6K and CAV-1 gene expression levels in GBM
and low-grade glioma (LGG) of TCGA datasets were downloaded from FireBrowse

(http://firebrowse.org/). This includes 530 LGG and 166 GBM samples. A total of 47 classical, 63
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mesenchymal, and 39 proneural subtype tumors were included in GBM samples. The Mann-
Whitney U-test was performed to determine whether LY6K and/or CAV-1 were differentially
expressed in GBM and LGG. One-way ANOVA with the Student-Newman-Keuls post-hoc test
was used for the comparison of means among groups. Kaplan-Meier survival analyses were used
to assess the correlation between LY6K and/or CAV-1 and overall survival time in patients with
gliomas. In the analyses of the TCGA dataset, the median or quartile expression of LY6K and/or
CAV-1 in all glioma samples were selected as a cutoff to divide samples as high-and low-
expression groups. In addition, a second dataset from GSE4271 was used to confirm the results of
TCGA analyses.® The numerical data were presented as mean =+ standard deviation (SD) of at

least three determinations.

For amplification/copy number gain and expression data for LY6K (see Figure 7), data were
analyzed and downloaded from cBioPortal.1®%162 Amplification, as defined by cBioPortal,
indicates high-level amplification/copy number gain. Values are generated from the GISTIC or
RAE algorithms. The threshold for amplification/copy number gain for individual cancers is
defined by the specific study from which the alteration frequency was generated and details can

be viewed in the respective studies.61:162
Lentiviral Plasmids & Infection

TRC lentiviral control and target-specific ShRNA vectors were purchased from Dharmacon
(LY6K: TRCN0000117952 and TRCNO0000117956; CAV-1: TRCNO0000007999 and
TRCNO0000011218). TRCN0000117952 (referred to as shL1 in the figures) targets the 5’-UTR of

LY6K and TRCNO0000117956 (referred to as shL2 in the figures) targets the body of the gene. For
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LY6K overexpression, the LY6K open reading frame (ORF) was inserted into the pCMV6-Entry
vector to generate a construct containing LY6K including Myc and DDK tags. The resulting cDNA
fragment was then subcloned into the pCDH-EF1-MCS-IRES-RFP vector to generate pCDH-

LY6K lentiviral construct.

For rescue experiments, GSC83 or GSC30 cells stably expressing a lentiviral ShRNA
vector that targets the 3’-UTR of LY6K (TRCNO0000117952; shL1) were infected with the pCDH-
LYBK. For GSC83 or GSC30 cells expressing a lentiviral ShRNA vector that targets the body of
LY6K (TRCNO0000117956; shL2), a mutated version of the LY6K gene was used. Specifically, the
3" base of three codons were mutated in the ShRNA target gene sequence. This ensured that all
mutations were silent, thereby resulting in no change in the amino acid sequence, but rendering
the construct resistant to the shRNA based on the sequence. Site-directed mutagenesis was
performed with a QuikChange Site-Directed Mutagenesis Kit (Agilent), according to the

manufacturer's instructions.

For the LY6K-AGPI domain deletion mutant, cloning was performed as described for
LY6K-WT above. The open reading frame (ORF) for LY6K-AGPI excluded the region of the
LY6K gene starting at the most likely o site (GPI-attachment site),'3 as predicted by UnitProt

(www.uniprot.org/uniprot/Q17RY6).

For lentiviral infection, HEK293T cells were seeded at a density of 40 to 50% in 10cm
dishes on the evening prior to the transfection. During the morning of the transfection, 6 pg of
psPAX2, 6 ng of VSV-G, and 12 pg of the target vector (shRNA against LY6K or CAV-1, or full-

length LY6K or LY6KAGPI) were transfected into cells using polyethylenimine (PEI) as the
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lipophilic agent. Serum-containing media was changed 4-6 hours after transfection and cells were
incubated for 48 hours at 37°C. To establish stable cell lines, the HEK293T supernatants
containing lentivirus were harvested with polybrene (10 mg/ml, Sigma) and used to infect target
cells. 72 hours after transduction, infected cells were selected with fluorescence-activated cell

sorting (FACS).
Cell Proliferation Assays

In vitro cell proliferation assays were performed as previously described®’. Briefly, GSC
spheres or U87 glioma cells were dissociated into single cells, and cell density was quantified by
counting viable (Trypan Blue-negative) cells using a hematocytometer. Cells were seeded into 24-
well or 48-well plates (three wells averaged per time point and three or four time points). Each
well contained a density of 6,000 (GSC83 & GSC30), 9,000 (GSC528), or 15,000 (U87) cells per
well. Cells were counted at two, four, six, and/or eight days using a hemocytometer. All

proliferation assays were repeated three times.
Limiting Dilution Assays

Extreme limiting dilution assays (ELDA)/sphere forming frequency assays were conducted
as described previously'®®. Briefly, dissociated cells from glioma spheres were seeded in 96-well
plates at densities of 1, 10, 50, and 100 for all assays. For MES-like and PN-like GSCs, 7 and 14
days after seeding respectively, each well was examined for formation of tumor spheres.
Subsequently, sphere forming frequencies were calculated using the ELDS software

(http://bioinf.wehi.edu.au/software/elda/).164
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In Vitro Signaling Assays

All signaling assays were conducted with starvation media, lacking either serum and/or
growth factors. For all assays with U87 cells, cells were trypsinized and counted using a
hemocytometer and seeded in fresh media with 10% FBS. Six hours after seeding, media was
removed and replaced with fresh serum-free media overnight. For all assays with GSCs, cells were
counted using a hemocytometer and seeded in fresh stem cell media. Six hours after seeding, media
was removed and replaced with fresh growth factor-free stem cell media overnight. All treatments

below were conducted at 37°C.

For EGF stimulation, EGF (20 ng/ml) was added to cells and incubated for 10 min. For
SB590885 (BRAF inhibitor) experiments, 0.1 nM SB590885 was added to cells for 1 hour. For
PD98059 (MEK inhibitor) experiments, 50 uM PD98059 was added to cells for 1 hour. For
latrunculin A experiments, 10 uM latrunculin A was added to cells for 20 min. For mannosamine
hydrochloride experiments, 5 mg/ml D-mannosamine hydrochloride was added to cells for 1 h at
37°C. For MG132 experiments, 10 pM MG132 was added to cells and allowed to incubate
overnight at 37°C. For PI-PLC experiments, cells were counted using a hemocytometer and

suspended in Opti-MEM with 2 U/ml PI-PLC for 2 hours.

Kyte-Doolittle Hydropathy plot

Kyte-Doolittle Hydropathy plot for LY6K was generated with the ProtScale tool from

ExPASy (https://web.expasy.org/protscale/). The full nascent amino acid sequence for LY6K was
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used as the input and the resulting plot was analyzed for hydrophobicity patterns typical of GPI-

anchored proteins.
Co-Immunoprecipitation

Cells were lysed in radioimmunoprecipitation (RIPA) lysis buffer (ProteinTech)
supplemented with protease and phosphatase inhibitor cocktails (Sigma-Aldrich). Lysates were
pre-cleared by with 50 ul Protein A agarose bead slurry per 1 mg lysate for 1 hour at 4°C on a
rotator. They were subsequently centrifuged at 1,000 rpm for 3 min at 4°C. After preclearing,
lysates were subjected to immunoprecipitation with either 4 ug LY6K for 12 hours (ProteinTech,

Cat 12026-1-AP) or 5 ug CAV-1 overnight (Thermo Fisher, Cat PA1-064) at 4°C.

Following antibody incubation, the immunocomplex was captured with 50 pl Protein A
agarose bead slurry and incubated at 4°C (LY6K 12 hours; CAV-1 5 hours). The pull-down
complex was then washed and eluted twice with a glycine elution buffer. Eluents were pooled,
neutralized, and subjected to immunoblotting (I1B) analysis with 4X sodium dodecyl sulfate (SDS)
sample buffer. Lysates were heated for 10 min, run on a 12% SDS gel, subjected to electrotransfer,

and subsequently probed using appropriate antibodies.
Immunoblotting (I1B) Analyses

Cells were lysed directly with 2X sodium dodecyl sulfate (SDS) buffer supplemented with
protease and phosphatase inhibitor cocktails (Sigma-Aldrich). Protein samples were subjected to
SDS- 12% polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene fluoride

(PVDF) membranes. Blocked membranes were incubated with indicated antibodies overnight at
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4°C (1:500 or 1:1000). For all 1B analyses, glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as the loading control. Antibodies used include anti-LY6K (ProteinTech, Cat 12026-1-
AP), anti-GAPDH (Santa Cruz, Cat sc-47724), anti-p-ERK1/2 (Cell Signaling, Cat 9101S), anti-
ERKZ1/2 (Cell Signaling, Cat 9102S), anti-p-AKT (Cell Signaling, Cat 4060S), anti-AKT (Cell
Signaling, Cat 9272S), anti-p-EGFR (Cell Signaling, Cat 3777S), anti-EGFR (BD, Cat 610016),
anti-CAV-1 (Thermo Fisher, Cat PA1-064), anti-p-GSK3p (Cell Signaling, Cat 9331S), anti-
GSK3p (Cell Signaling, Cat 5676S), anti-p-SMAD2 (Cell Signaling, Cat 8828S), anti-SMAD2
(Cell Signaling, Cat 3102S), anti-p-SRC (Cell Signaling, Cat 2101S), anti-SRC (Santa Cruz, Cat
sc-19), anti-p-STAT3 (Cell Signaling, Cat 9131S), anti-STAT3 (Cell Signaling, Cat 9132S), anti-
p-PDGFRa (Santa Cruz, Cat sc-12910-R), anti-PDGFRa (Cell Signaling, Cat 3164), anti-p-AXL
(R&D Systems, Cat AF2228), anti-AXL (R&D Systems, Cat AF154), anti-p-MET (Upstate Cell
Signaling Solutions, Cat 07-211), and anti-MET (Santa Cruz, Cat sc-10) antibodies. Following
washing with 0.1% TBS-T, membranes were incubated with corresponding peroxidase-labeled
secondary antibodies (1:1000). Blots were developed with enhanced chemiluminescence (ECL,

Amersham Bioscience) reaction according to manufacturer’s instructions.

Immunofluorescent (IF) Staining

Cells were cultured in chamber slides and fixed with 4% formaldehyde (Fisher) for 30 min.
Cells requiring permeabilization were subsequently treated with 0.2% Triton X-100 for two min.
Cells were blocked with AquaBlock (East Coast Bio, North Berwick, ME) for 60 min and probed
with an anti-LY6K antibody (Abnova Cat PAB21148, 1:100) overnight at 4°C. For co-localization

experiments, cells were also probed with an anti-CAV-1 antibody (BD Cat 610493, 1:100)
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overnight at 4°C. After being washed three times with PBS, cells were incubated with Alexa 488
labelled secondary antibodies (1:200) and DAPI-containing mounting solution Vectashield
(Vector Laboratories), and then visualized by using a Nikon A1R (A) Spectral laser scanning

confocal microscope.
Methylation Analyses

Genomic DNA (gDNA) extraction was performed using QlAamp DNA Mini Kit (Qiagen)
and used for Illumina 450K array profiling that interrogates 485,577 CpG loci at the NUSeq Core
at Northwestern University. Chip processing was carried out according to manufacturer’s
instructions. The signal intensities obtained from the Illumina GenomeStudio was converted to -
values and normalization was carried out to remove biases between the Infinium I and Il probes
using established normalization protocols.’®>% Probes on X and Y-chromosomes were also
removed. In order to preserve the biological variations on methylation profiles among different
subtypes, no further normalization was performed.®® In addition to removal of X and Y
chromosomes (~12,000 probes), we carefully examined any technical biases. Probes that had
unusual distribution of B-values (high variance) on the same sample subtypes were removed. After
refining the data, we had a total of 386K probes. Thus, we analyzed approximately 85% of probes
to identify differential methylation patterns. Therefore, the probes eliminated due to high variance
or positioning on the X and Y chromosomes is about 15%. Data were deposited to GEO with a

deposit number of GSE90498.

Methylation analyses of LY6K CpG island promoter region was carried out using combined

bisulfite and restriction analyses (CoBRA) and direct bisulfite sequencing and confirmed with
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clone sequencing as previously described.92%8 Bisulfite conversion of gDNA was carried out
prior to CoBRA analyses using Epitect Bisulfite kit (Qiagen), according to manufacturer’s
instructions. Methylated positive controls were also generated by incubating unconverted samples
with S-Adenosyl methionine (SAM) and DNA methyltransferase (New England Biolabs) at 37°C
for 2 hours. Nested CoBRA primers were designed using previously published standard primers
designing criteria for bisulfite converted gDNA.2%? 10 ul PCR product was treated for 1 hour with
Bsh12361 (Thermo Scientific) at 37°C. After digestion, samples were resolved by agarose gels.
Digested (methylated) samples showed multiple bands on the gel, while undigested

(unmethylated) samples showed one band matching the uncut samples.

Direct bisulfite sequencing was carried out using agarose gel-purified bisulfite PCR
products with the QlAquick Gel Extraction Kit (Qiagen). Samples were then directly submitted to
the NUSeq Core. The sequencing chromatograms were compared to the genomic LY6K sequence
to determine which CpG sites had been subjected to bisulfite conversion and thus were methylated.
For each sample, 10 ng of DNA and 10 picomoles/ul primer was used for sequencing. To confirm
the results, gel-purified bisulfite PCR products were then subcloned into pGEM-T (Promega, Cat#:
A3600). Successful clones were extracted and sequenced by using T7 promoter sequencing primer
at the NUSeq Core and subjected to the chromatogram analysis described above. Each sequencing

reaction was carried out with samples in triplicates.
lonizing Radiation (IR) Treatment

GSCs were dissociated into single cells and placed in 6-well plates. Cells were then

subjected to 2 Gy IR using an X-Ray Irradiator (RS-2000 Series by Rad Source Technologies,
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Inc), followed by incubation at 37°C. Cells were collected at 24, 72, and 120 hours, and 10 days
after IR and subjected to bisulfite sequencing analyses. For cell proliferation assays following IR,
cells were seeded into 48-well plates and subjected to 2 Gray IR. They were then monitored for

proliferation over the next eight days.

Statistics

Statistical analysis was carried out using Microsoft Excel and GraphPad Prism version 5.0
for Windows. Analysis included one-way analysis of variance (ANOVA) with Newman-Keuls
post-hoc test and paired two-way Student t-test. Log-rank tests were used to determine significance

of Kaplan-Meier curves.
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CHAPTER 3: RESULTS

Elevated Expression of LY6K is Inversely Correlated with GBM Patient Survival

(Figures 6 & 7)

Analysis of our previously published gene expression profiling data between PN- and
MES-like GSCs?! showed LY6K being among the most highly differentially expressed genes (Fig.
6A). Interestingly, LY6K was one of many cancer testis antigens that was differentially expressed
between these subtypes. Similar to other types of human cancers, the primary aberration in LY6K
seen in gliomas was amplification/copy number gain based on the Cancer Genome Atlas (TCGA)
data and various publicly available datasets (Fig. 7A), with no known mutations in gliomas (Fig.
7B). Multiple datasets showed that GBM patients with elevated LY6K expression had shorter
survival compared to patients with lower levels of LY6K, illustrating its clinical importance (Fig.
6B, Fig. 7C).%>16° Moreover, GBM patients under 60 years of age with lower levels of LY6K
experienced relatively longer survival (Fig. 6C). LY6K expression was not prognostically
significant when considering tumor IDH1 status, TP53 status, or gender (data not shown).
Furthermore, MES GBM had relatively higher levels of LY6K when compared to PN GBM, and
Grade IV gliomas have higher levels of LY6K than Grade 111, indicating that LY6K expression is
correlated with the glioma tumor progression (Fig. 6D, Fig. 7D). Consistent with our gene
expression profiling data, LY6K protein expression was higher in MES-like GSCs relative to PN-
like GSCs, which had undetectable levels (Fig. 6E). Furthermore, its expression in established
glioma cell lines was nearly undetectable when compared with HelLa cells, which express LY6K

at very high levels (Fig. 6F).
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Figure 6.

Elevated expression of LY6K is inversely correlated with GBM patient survival. (A) LY6K was
among the top differentially expressed genes in MES-like GSCs, relative to PN-like GSCs. (B)
LY6K expression correlated with poor patient survival in GBM samples in a five-year analysis of
TCGA datasets. (C) Among all tested variables, only age (below 60 years) correlated with poor
survival in GBM patients in multivariate analyses with LY6K in TCGA datasets. (D) Expression
of LYBK was higher in MES GBM samples, relative to CL or PN in TCGA datasets. (E and F)
Immunoblot (IB) for LY6K expression in PN-like and MES-like GSCs (E) and established GBM
cell lines as well as HeLa cells (F). Data are representative of three independent experiments with
similar results. *p < 0.05.
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Figure 7.

LY6K is frequently amplified or has copy
number gain in clinical cancers. (A and B)
RNA Seq analysis of TCGA data. LY6K is
amplified or has copy number gain across
various cancer types. Only cancers with
alteration frequencies above greater than 0%
are shown (A). Few mutations and splice
variants of LY6K have been discovered, but
none have been observed in gliomas (B). For
A & B: Arrows and corresponding text in red
indicate data from glioma or GBM. (C-D)
Analyses of dataset GSE4271. Expression of
LY6K is associated with GBM prognosis (C)
and tumor progression (D). *p < 0.05.

Continued on next page
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LY6K Promotes GSC Proliferation, Sphere Forming Frequencies, and Tumorigenicity

(Figures 8 & 9)

To analyze the tumor-promoting potential of LY6K in GSCs, we utilized short hairpin
RNAs (sShRNAS) to suppress LY6K expression in two MES-like GSC lines, GSC83 and GSC30,
both of which have high endogenous expression of LY6K (Fig. 6E). To ensure sShRNA specificity,
we used two different ShRNAs each targeting separate regions of the LYGK gene. shL1 targets the
3’-untranslated region (UTR) of the LY6K mMRNA, while shL2 targets the body of the LY6K
MRNA. In both cell lines, knockdown (KD) of LY6K significantly inhibited GSC proliferation
(Fig. 8A), indicating that LY6K may be important for cell growth. KD also significantly decreased
glioma sphere-forming frequencies (Fig. 8B). The ability of cells to form spheres is an indication
of their stemness; therefore, enhanced glioma sphere forming abilities indicates that GSCs are
relatively more tumorigenic. Finally, we implanted in vivo tumor xenografts using these GSCs and
measured tumor growth using bioluminescent imaging (BLI) in xenograft-bearing
immunocompromised nude mice and hematoxylin/eosin staining on brain sections with xenografts
(Fig. 8C, Fig. 9A). Mice bearing xenografts with GSCs that have KD of LY6K developed
significantly smaller tumors, relative to those with high endogenous LY6K levels, as quantified in

Figure 9A.

We then tested the specificity of the tumor-promoting roles of LY6K in MES-like GSCs by
conducting rescue experiments. After knocking down LY6K, we subsequently re-expressed LY6K
by exogenously expressing sShRNA-resistant LYBK in these GSCs. Rescuing LY6K restored cell

proliferation (Fig. 8D) and sphere-forming frequencies (Fig. 8E) in vitro. We also measured in
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vivo tumor growth and monitored animal survival using rescue constructs and observed that re-
expression of LY6K decreases animal survival and increases tumor volumes to levels comparable
to controls (Fig. 8F, Fig. 9B). To further demonstrate the specificity of LY6K-induced
tumorigenicity, we overexpressed LY6K in GSC528 and U87 cells. GSC528 is a PN-like GSC line
and U87 is an established glioma cell line. Both cell lines have undetectable levels of endogenous
LY6K (Figs. 6E, 6F) As expected, exogenous expression of LY6K in these cells promoted cell
growth and sphere-forming frequencies (Fig. 8G, 8H, 81). Taken together, these results indicate

that elevated expression of LY6K enhances tumorigenicity both in vitro and in vivo.
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Figure 8.

LY6K enhances GBM cell proliferation, sphere-forming frequencies, and tumorigenicity. (A to C)
In MES-like GSC83 and GSC30, knockdown of LY6K suppressed cell proliferation (A), sphere-
forming frequencies (B), and in vivo tumor growth (C). (D to F) Rescuing LY6K in GSC83 and
GSC30 with knockdown of endogenous LY6K restored cell proliferation (D), sphere-forming
frequencies (E), and in vivo tumor growth and survival (F). For (F) Top, BLI. Bottom, Kaplan-
Meier survival analysis. (G) Overexpression of exogenous LY6K in GSC528 increased cell
proliferation (left) and sphere-forming frequencies (right). (H) Overexpression of LY6K in U87
cells increased cell proliferation. (1) Bright-field phase contrast representative images showing cell
growth at Day 8 of proliferation assay from (H). Scale bar in (I) is 100 um. Insets in (A), (D), (G),
(H): 1B for LY6K and GAPDH (loading control) in indicated GSCs or GBM cells. Data are
representative of two to three independent experiments with similar results. **p < 0.03, ***p <
0.01.
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Figure 9

LY6K promotes GBM tumorigenicity in
vivo. (A) H&E staining analysis of
mouse brain sections with GSC83 tumor
xenografts with indicated modifications.
Graph on right shows quantification of
tumor volume in indicated GSC83
xenograft tumors. (B) H&E staining
analysis of mouse brain sections with
GSC30 tumor xenografts with indicated
modifications. Graph on right shows
quantification of tumor volume in
indicated GSC30 xenograft tumors.
Scale bar in (A) and (B) is 200 um. Data
are representative from two to three
independent experiments with similar
results. **p < 0.03, ***p < 0.01.
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LY6K Enhances ERK1/2 Activation in GSCs and U87 Cells

(Figures 10, 11 & 12)

To determine the mechanisms underlying the tumorigenic effects of LY6K expression, we
examined downstream signaling mediators of signaling pathways known to be aberrantly activated
in GBM.31% These mediators include phosphorylated (p)-AKT (PI3K/AKT/mTOR pathway), p-
ERK1/2 (RAS/RAF/MEK/ERK pathway), p-GSK3p (WNT/Frizzled/GSK3[/B-catenin pathway),
p-SMAD2 (TGFB/SMAD2 pathway), p-SRC (SRC/FAK pathway), and p-STAT3 (JAK/STAT3
pathway) (Fig. 11A). Of these, only p-ERK1/2 levels consistently displayed marked decreases
when endogenous LY6K was knocked down in GSC83 in GSC30 cells (Fig. 10A). ERK/MAPK
signaling is an established cell proliferation pathway and the changes seen in p-ERK1/2 signaling
are consistent with the proliferative phenotypes seen in Figure 8. Subsequent re-expression of
LY6K in these cells rescued p-ERK1/2 levels. Consistent with these findings, in GSC528 and U87
cells which have undetectable endogenous expression of LY6K, exogenous expression of LY6K
markedly increased p-ERK1/2 levels (Fig. 10B). For both aforementioned experiments, no
appreciable alteration in levels of p-AKT was observed (Figs. 10A, 10B), indicating that LY6K

selectively induces ERK1/2 signaling in GSCs.

Interestingly, we also observed the effect of LY6K overexpression in JK42, a GSC line
that has undetectable levels of endogenous LY6K but has very high levels of p-ERK1/2 (data not
shown). We found that in JK42 cells, overexpression of LY6K has no change in p-ERK1/2, as the

p-ERK1/2 levels are endogenous saturated. Moreover, we found no change in cell growth in JK42
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cells, regardless of LY6K expression, indicating that LY6K may only act on ERK1/2 signaling

when there is space to modulate the levels of activated ERK1/2.

Given that ERK1/2 activation is known to be a downstream effect of EGFR signaling in
GBM,!® we examined EGFR as a potential upstream initiator of LY6K-induced ERK1/2
activation. We chose to conduct these experiments in GSC528 and U87 cells because they have
undetectable or low levels of endogenous EGFR expression respectively. In both cell lines, p-
ERK1/2 levels increased in response to LY6K overexpression. Upon EGF stimulation, cells
overexpressing LY6K showed further enhancement of p-ERK1/2 levels; however, no
accompanying changes in p-EGFR levels were observed. This suggests that EGFR may not be
responsible for LY6K-induced ERK1/2 activation and that EGF may have a function unrelated to
EGFR (Fig. 10C, Fig. 11B). To further understand the mechanistic basis of LY6K action, we
treated cells with RAF and MEK inhibitors (Fig. 10D). RAF and MEK are kinases that are directly
upstream of ERK in the MAPK pathway and are necessary for proper ERK activation. For RAF
inhibition, we used the triarylimidazole inhibitor SB590885, which binds the ATP-binding pocket
of active BRAF. This inhibitor specifically inhibits BRAF and has minimal effects on ARAF or
CRAF.%7 Treatment with SB590885 yielded undetectable p-ERK1/2 levels, regardless of LY6K
expression. Moreover, RAF inhibition decreased p-AKT levels, but AKT activation was still
detectable. For MEK inhibition, we used the selective allosteric non-ATP-competitive inhibitor,
PD98059, which binds an allosteric site and potently inhibits MEK1. Moreover, PD98059 is
specific to MEK1 and does not target ERK1/2.1% While RAF inhibition yielded no detectable

levels of pERK1/2, MEK inhibition with PD98059 showed a more nuanced effect. PD98059
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blocked LY6K-induced p-ERK1/2 only; thus, MEK inhibition may cause cells to retain basal p-
ERK1/2 levels. To further investigate this finding, we tested the effect of SB590885 and PD98059
treatment in GSC528 cells (Fig. 11C). In this cell line, p-ERK1/2 levels were nearly undetectable
when treated with either SB590885 or PD98059, potentially due to the presence of different classes

of MEK proteins in these various cell lines.126:134

Taken together, these data indicate that the observed modulation of ERK1/2 signaling is
likely due to other dynamic changes occurring at the membrane, without involvement of EGFR.
Therefore, we examined other RTKs that are frequently activated in GBM, including PDGFRa, c-
MET, and AXL.1%!17 Modulation of LY6K expression did not affect activation of these RTKs
(Fig. 11D), thus indicating that LY6K activation of p-ERK1/2 is unlikely to be related to RTK
signaling in GBM cells. Since these cells did have a strong reaction to EGF, regardless of EGFR
expression, we next examined whether erlotinib would have any effect. Erlotinib is an EGFR
inhibitor that targets the active kinase form of EGFR.1%° We found that erlotinib does effectively
curtail p-ERK1/2 levels in U87 cells, even in the presence of LY6K (Fig. 12A). However, given
that EGFR does not appear to cause the changes we observed in ERK1/2 signaling, we examined
other pathways that may be influenced by erlotinib. While erlotinib is best known as an EGFR
inhibitor, it is also thought to be involved in the JAK/STAT signaling pathway.'’® Thus, we used
another inhibitor known to inhibit JAK1 and JAK2, ruxolitinib.}’* Treatment of U87 cells with
ruxolitinib did not alter p-ERK1/2 signaling, thus indicating that the JAK/STAT pathway is not

responsible for LY6K-induced ERK1/2 signal enhancement (Fig. 12B).



sh LY6K
sh-L + Vec
sh-L + LYBK
sh LYBK
sh-L + Vec
sh L + LYBK

Ctrl

LY6K ! -26
P-ERK1/2 [ [ l===ﬂ== —42
ERK1/2 el | [
P-AKT [ | _52
AKT [ ][ ] [ ],
GAPDH [t 0| [ ] [ e _ -,

GSC83 GSC30

Ctrl LY6K CtrI LY6K
EGF - +

LYBK ! -26
p-ERK1/2 I—Il'Til == _,
ERK1/2 | o ) (S _,,
P-AKT [ i e P
AKT (- ] o]
p-EGFR | B | [ ] - 140
EGFR I =149
GAPDH [ o0 | [ == _ 3,

GSCb528 us7

Figure 10.

LYK
LY6K

=
d—-

Lo [ [y
p-ERK1/2 ] [
ERK 12 e -
P-AKT [ —
T[] — 2
GAPDH || [——==]-34

GSC528 U87

=
.._.

D

SB590885 - -
PD98059 - - - - + +

Lyek [ W[ .,

p-ERK1/2 [ | |,

ERk12 R .,

p-AKT [ -

AKT (- - -,

GAPDH [ a | a8 e 8| -,
us7

68

LY6K promotes ERK1/2 activation in GBM cells. (A) IB. LY6K knockdown decreased pERK1/2
levels in GSC83 (left) and GSC30 (right) cells, while subsequent expression of exogenous LY6K
restored p-ERK1/2 levels. (B) IB. Exogenous expression of LY6K enhanced p-ERK1/2 in GSC528
(left) and U87 cells (right) with otherwise undetectable levels of LY6K. (C) IB. EGF further
increased LY6K-induced p-ERK1/2 levels in GSC528 and U87 cells with exogenous LY6K
expression. No notable changes in p-EGFR/EGFR were observed. (D) IB. RAF inhibition by
SB590885 strongly suppressed p-ERK1/2 expression, while MEK inhibition by PD98059 blocked
LY6K-induced ERK1/2 signaling. For all IB, p-AKT/AKT were used as non-specific proteins and
GAPDH was a loading control. Data are representative of three independent experiments with

similar results.
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Figure 11.

LY6K selectively activates p-ERK1/2 but not other signaling pathways, and functions independent
of EGFR signaling. (A to D) IB. (A) Of all signaling mediators tested, LY6K expression enhanced
only p-ERK1/2 expression faithfully and reproducibly. (B) No changes in p-EGFR or EGFR were
detected commiserate to the changes seen in p-ERK1/2 in GSC30 (left) cells. No p-EGFR or EGFR
was detectable in GSC528. (C) MEK inhibitor PD98059 inhibited LY6K-induced p-ERK1/2 in
GSC528. EGF induced p-ERK1/2 in GSC528 cells, despite these cells lacking EGFR expression
as observed in (B). (D) Activation of PDGFRa, AXL, or c-MET was not affected by the presence
of LY6K. For all IB, p-AKT/AKT were used as non-specific proteins and GAPDH was the loading
control. Data are representative of three independent experiments with similar results.
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CAV-1 Mediates LY6K Activation of p-ERK1/2 in GBM Cells
(Figure 13)

Given that the enhancement of ERK1/2 signaling resulting from LY6K is unlikely to be
caused by RTK signaling, we focused on other potential activators of MAPK signaling. Since
LY6K is a GPl-anchored membrane protein, we analyzed additional proteins, particular those
pertaining to the membrane, that may be involved in LY6K-enhanced p-ERK1/2 activation.
Reverse phase protein array (RPPA) analysis!’ identified caveolin-1 (CAV-1) as a potential
interacting protein based on the correlation between LY6K median mRNA levels and CAV-1
protein expression (Fig. 13A). Low levels of LY6K mRNA correlate with lower CAV-1 RPPA
scores and high levels of LY6K mRNA levels correlate with higher CAV-1 RPPA scores.
Moreover, CAV-1 was the only protein in the RPPA analysis whose adjusted p-values was
significant at 0.00256 and was specific to GBM datasets. No other protein had a significant

adjusted p-value.
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CAV-1 is a major component of caveolae, which are small, 50-100 nm membrane
invaginations that are important for plethora of cellular functions including signal transduction.#°
Caveolae are found in the ordered, dynamic lipid rafts of the plasma membrane, which also house
GPl-anchored proteins.'®® LY6 family members are known to utilize CAV-1-mediated endocytosis
to influence cell signaling.”® As CAV-1 is upregulated in GBM and has tumor-promoting roles in
advanced cancers,®'°2 we hypothesized that CAV-1 is involved in LY6K-enhanced ERK1/2
signaling. Reciprocal IP-1B analysis showed that LY6K can associate with CAV-1 (Fig. 13B),
while no signal was detected in the beads or 1gG negative controls. Additionally, high expression
of CAV-1 inversely correlated with poor survival in glioma patients (Fig. 13C). Importantly, high
expression of both CAV-1 with LY6K (Fig. 13D) yielded the worst overall survival and low levels
of both proteins showed relatively better survival in GBM patients. Together, these data indicate
that the interaction between LY6K and CAV-1 may be a cause of the poor prognosis seen in GBM

patients with high levels of LY6K.

To further assess membrane dynamics, we treated U87 cells with latrunculin A, a toxin
isolated from the red sea sponge, Latrunculia magnifica. Latrunculin A disrupts proper membrane
formation by inhibiting actin polymerization, thereby interfering with CAV-1 distribution’.
Specifically, latrunculin A sequesters actin monomers and promotes depolymerization of actin
filaments.}”® This causes improper caveolae formation and can interfere with downstream
signaling pathways. As expected, treatment with latrunculin A caused a marked decreased in the
levels of p-ERK1/2 (Fig. 13E). Notably, we also observed a decrease in the levels of p-AKT,

implying that disruption of proper membrane formation suppresses multiple signaling cascades.
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Significantly, the decrease in p-ERK1/2 was true even in the presence of LY6K (Fig. 13E),
indicating that membrane polymerization and proper CAV-1 distribution are necessary for LY6K

function.

To further investigate the role of CAV-1 in LY6K-enhanced ERK1/2 signaling, we
suppressed CAV-1 expression through shRNA-mediated KD. CAV-1 KD had negligible effects on
p-ERK1/2 levels in control U87 cells but caused an appreciable decrease in p-ERK1/2 levels in
cells overexpressing LY6K (Fig. 13F). In the presence of LY6K, CAV-1 expressing cells showed
strong enhancement of p-ERK1/2 in response to EGF stimulation. However, in cells with CAV-1
knocked down, EGF stimulation only partially increased LY6K-enhanced p-ERK1/2 levels (Fig.
13F). Finally, we manipulated both CAV-1 and LY6K levels and treated cells with either the RAF
inhibitor, SB590885, or the MEK inhibitor, PD98059, as described above (Fig. 13G). Consistent
with Figure 10D, CAV-1 KD suppressed LY6K-enhanced p-ERK1/2 upon inhibition of RAF or
MEK. Treatment with SB590885 led to undetectable levels of p-ERK1/2 in all conditions. As seen
previously, treatment with PD98059 was more subtle. In the absence of LY6K, PD98059 led to
undetectable levels of p-ERK1/2. In the presence of LY6K however, PD98059 led to undetectable
levels of p-ERK1/2 only when CAV-1 was also knocked down. In the presence of CAV-1, there

was slight activation of p-ERK1/2 (Fig. 13G).
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Figure 13.

CAV-1 mediates LY6K-enhanced p-ERK1/2 in GBM cells. (A) RPPA analysis. CAV-1 is the only
protein whose expression significantly correlated with LY6K. (B) Reciprocal co-
immunoprecipitation analysis. Exogenous LY6K associated with CAV-1. (C and D) Kaplan-Meier
survival analysis of TCGA datasets. High levels of CAV-1 correlated with poor survival in the
TCGA GBM+LGG dataset (C). Co-expression of LY6K and CAV-1 correlated with poor survival
in the TCGA GBM dataset (D). (E) IB. Latrunculin A treatment decreased LY6K-enhanced p-
ERK1/2 levels. (F) IB. CAV-1 knockdown decreased LY6K-enhanced p-ERK1/2, even in the
presence of EGF. (G) RAF inhibition by SB590885 strongly suppressed p-ERK1/2 levels, while
MEK inhibition by PD98059 blocked LY6K-enhanced p-ERK1/2 only but retained basal p-
ERKZ1/2 levels. Knockdown of CAV-1 suppressed even basal levels of LY6K-enhanced pERK1/2.
For all 1B, U87 cells with indicated modifications were used. p-AKT/AKT were used as non-
specific proteins and GAPDH was a loading control. Data in B and E to G are representative of
three independent experiments with similar results.
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GPI-Anchor Domain of LY6K is Necessary for LY6K-Enhanced ERK1/2 Signaling and
Tumorigenicity.
(Figures 14 & 15)

Similar to other members of the LY6 family, LY6K is predicted to have a
glycosylphosphatidylinositol (GPI1) anchor that anchors it to the extracellular surface of the plasma
membrane.'’® We confirmed this prediction by analyzing a Kyte-Doolittle hydropathy plot (Fig
14A), which indicated that the LY6K amino acid sequence is consistent with GPl-anchored
proteins. Specifically, we observed high hydrophobic regions at the N and C termini, which is
indicative of the presence of a GPI anchor. Furthermore, we experimentally corroborated this
finding by treating cells with phosphatidylinositol-phospholipase C (PI-PLC). PI-PLC is an
enzyme that specifically cleaves GPI-anchors, thus releasing GPIl-anchored proteins from the
membrane.!’® When U87 cells overexpressing LY6K were treated with PI-PLC, we observed
decreased levels of LY6K as well as p-ERK1/2 (Fig. 14B). To further demonstrate the necessity
of membrane association of LY6K in ERK1/2 activation, we treated cells with mannosamine
hydrochloride (Mann-HCI). Mann-HCI inhibits incorporation of GPI anchors into their respective
proteins, thereby causing these proteins to accumulate along the secretory pathway instead of
localizing to the membrane.'’” Treatment with Mann-HCI resulted in a notable shift in molecular
weight of LY6K, due to the loss of the GPI anchor. Importantly, Mann-HCI treatment also
decreased p-ERK1/2 levels in cells expressing LY6K (Fig. 15A). Thus, inhibition of LY6K

membrane-association abrogates the role of LY6K in ERK1/2 activation.
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To complement these pharmacological manipulations, we generated U87 cells that stably
express a mutant LY6K, LY6K-AGPI, which lacks the GPI anchor domain (Fig. 14C). We
determined proper subcellular localization of LY6K based on the presence of the GPI anchor by
using immunofluorescent staining. In the absence of triton-mediated membrane permeabilization,
LY6K was undetectable in both control and LY6K-AGPI-expressing cells, whereas strong LY6K
expression was seen in LY6K-WT-expressing cells (Fig. 14D). Moreover, LY6K-WT-expressing
cells also showed clear co-localization between LY6K and CAV-1, while control and LY6K-
AGPI-expressing cells showed no co-localization between LY6K and CAV-1 (Fig. 15B). This
shows that LY6K-WT and CAV-1 can localize to the membrane, further providing evidence for
their potential to interact directly. However, in the presence of triton-mediated membrane
permeabilization, LY6K expression was detected in both LY6K-AGPI- or LY6K-WT-expressing
cells. These data indicate that deletion of the GPI anchor domain prevents LY6K from localizing
to the membrane and associating with CAV-1, thus retaining it in the cytosol. We then examined
p-ERK1/2 signaling in these cells. Compared to LY6K-WT, U87 cells expressing the LY6K-AGPI
mutant failed to enhance p-ERK1/2 relative to control, even in the presence of EGF stimulation
(Fig. 14E). Together, these data suggest that the GPI anchor and proper membrane localization are

crucial for LY6K-enhanced ERK1/2 signaling.

Additionally, proteasome inhibition attenuates ERK1/2 signaling and reduces cell
proliferation'’® by suppressing degradation of dual specificity phosphatases (e.g. MAPK-
phosphatase-1). Moreover, we observed that total levels of LY6K increase when GSC528 cells

were subjected to EGF stimulation (see Fig. 11C). We also observed that the total levels of LY6K
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decreased when U87 cells are cultured in serum-free media, relative to serum-containing media
(Fig. 15C). Both of these effects indicate that LY6K protein stability may vary based on the
specific culture conditions. To determine whether proteasome inhibition modulates LY6K-
enhanced ERK1/2 activation, we treated U87 cells expressing a control vector, LY6K-AGPI, or
LY6K-WT with a proteasome inhibitor, MG132 (Fig. 14F). While treatment with MG132
markedly reduced p-ERKZ1/2 levels in all conditions (Fig. 14F), cells expressing a control vector
or LY6K-AGPI showed more pronounced reduction of p-ERK1/2 relative to cells expressing
LY6K-WT (Fig. 14F, right). Of note, MG132 treatment resulted in the appearance of different
sizes of LY6K, suggesting that LY6K requires processing prior to its maturation as a functional

protein.

Finally, to assess the importance of the GPI anchor of LY6K on GBM tumorigenicity, we
conducted in vivo xenograft experiments using GSC83 cells with knockdown of endogenous LY6K
and subsequent exogenous expression of either LY6K-AGPI or a control vector (Fig. 14G). Unlike
LY6K-WT (Fig. 8F), exogenous expression of LY6K-AGPI failed to rescue LY6K-enhanced GSC
intracranial tumor growth and overall survival of tumor-bearing animals relative to controls. This

highlights the importance of the GPI anchor for LY6K-mediated GBM tumorigenicity.
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Figure 14.

The GPIl-anchor domain of LY6K is necessary for LY6K-enhanced ERK1/2 signaling and
tumorigenicity. (A) Kyte-Doolittle Hydropathy Plot analysis. LY 6K fits the typical hydrophobicity
profile for GPI-anchored proteins (see blue circles marking highly hydrophobic regions at N- and
C-termini). (B) IB. Treatment with PI-PLC decreased molecular weight of decreased levels LY6K
and showed accompanying suppression of p-ERK1/2 levels. (C) Schematic of the three domains
of the transcribed sequence for LY6K-WT (signal peptide, LU domain, and GPIl-anchor domain)
and the constructed mutant LY6K-AGPI, which lacks the GPI-anchor domain. The predicted
amino acid position corresponding to each domain is depicted below. (D) Immunofluorescent
staining. Unlike the LY6K-AGPI mutant, LY6K-WT is present on the cell membrane. LY6K-
AGPI could not be visualized in the absence of membrane permeabilization (-Triton). (E) IB.
Expression of LY6K-WT enhanced p-ERK1/2 levels, whereas LY6K-AGPI failed to do so, even
in the presence of EGF. (F) IB. Proteasomal inhibitor MG132 reduced LY 6K-enhanced p-ERK1/2.
(G) GBM xenograft experiments. In GSC83 cells with knockdown of endogenous LYG6K,
subsequent expression of LY6K-AGPI mutant failed to restore tumorigenicity. Left, BLI images.
Right, Kaplan-Meier survival analysis. For all IB, U87 cells with indicated modifications were
used. p-AKT/AKT were used as non-specific proteins and GAPDH was a loading control. Scale
bar in D is 10 um. Data in B and D to G are representative from two to three independent
experiments with similar results.
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Figure 15.

The GPI-anchor domain of LY6K is required for its activity. (A) IB. Treatment with mannosamine
hydrochloride (a compound that inhibits GPI anchor incorporation) reduced LY6K-enhanced p-
ERK1/2 levels. (B) Immunofluorescent staining. Unlike control cells and the LY6K-AGPI mutant,
LY6K-WT can co-localize with CAV-1 on the cell membrane. White arrows indicate the co-
localization between LY6K and CAV-1. Scale bar in B is 10 um. (C) IB. Serum-rich media
stabilizes overall levels of LY6K expression. Serum-free media promoted decreased expression of
LY6K and treatment with erlotinib further decreases LY6K levels.
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Promoter Methylation Contributes to LY6K Gene Expression and GBM Response to

Radiation

(Figures 16 & 17)

Cancer/testis antigens are epigenetically silenced in non-reproductive tissues, but can
become aberrantly activated during cancer.!®® Since LY6K is a cancer/testis antigen, we
investigated whether LY6K expression is silenced by DNA methylation in GBM. Characterization
of the gene locus of LY6K revealed a CpG island along its promoter region (Fig. 17A, green bar).
Analysis of these CpG sites using our published 450K Methylation Array dataset'’? revealed that
PN-like GSCs have significantly higher levels of methylation relative to MES-like GSCs, which
is consistent with PN-like GSCs having lower levels of LY6K expression relative to MES-like
GSCs (Fig. 17B, left & Fig 6E). Interestingly, this differential methylation appears to be limited
to GSCs, as methylation analysis of TCGA GBM samples showed high levels of methylation for
all probes examined, regardless of GBM subtype (Fig. 17B, right). We validated these results by
using combined bisulfite and restriction analysis (CoBRA), which revealed that LY6K is
hypermethylated (cut) in PN-like GSCs and hypomethylated (uncut) in MES-like GSCs (Fig.
16A). These methylation profiles were further confirmed at single-base resolution with bisulfite
sequencing analysis. Over 90% of CpG sites in PN-like GSCs were methylated while less than
10% of CpG sites in MES-like GSCs were methylated (Figs. 16B, 17C). We also saw that
individual CpG sites have high B-values (high methylation levels) in PN-like GSCs but have very
low B-values in MES-like GSCs (Fig. 17D). Using a B-value threshold of 0.4, we were able to

effectively distinguish between PN-like and MES-like GSCs with individual CpG sites within the
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CpG island. The primers used for PCR for both CoBRA and bisulfite sequencing are illustrated in

Figure 17E and the abbreviations used in Figures 17A, 17B, and 17D are shown in Figure 17F.

Radiation therapy (RT) is the first line of treatment for GBM patients,**® and RT is known
to alter cancer cell epigenomes.®*19117® Therefore, we tested whether ionizing radiation (IR) alters
LY6K promoter methylation with corresponding alterations in LY6K expression. IR markedly
increased LY6K expression in PN-like GSCs'®, whereas minimal changes were found in IR-treated
MES-like GSCs (Fig. 16C). Moreover, the increase in LYBK expression we observed in PN-like
GSCs could be seen in as little as 24 hours and lasts up t0120 hours (Fig. 17G). We then subjected
PN-like GSC17 and GSC19, and MES-like GSC83 to 2 Gy IR and subsequently isolated genomic
DNA at 24h, 72h, and 120h after IR. IR-treated PN-like GSCs showed markedly decreased CpG
island methylation (Fig. 16B) and induction of LY6K protein expression (Fig. 16D). For GSC17
cells, the change in methylation and induction of protein expression were only apparent 72h after
IR, while GSC19 showed changes within 24h (Figs. 16B, 16D). We also observed changes in
cellular morphology in response of IR in PN-like GSCs. (Fig. 17H). In contrast, MES-like GSC83
showed no changes in promoter methylation (Fig. 16B), LY6K expression (Fig. 16D), or cell
morphology (Fig. 17H). Notably, 10 days after IR, expression of LY6K was comparable between

PN-like and MES-like GSCs (Fig. 16D).

Finally, using MES-like GSC83 cells, we determined the effect of modifying LY6K
expression on response to IR. Knockdown of endogenous LY6K and subsequent expression of
LY6K-WT rendered GSC83 cells resistant to 2 Gy IR. However, cells with LY6K KD and

subsequent expression of LY6K-AGPI or a control vector showed sensitivity to the same treatment
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(Fig. 16E). These data are consistent with our previous finding that MES-like GSCs are resistant
to IR in vitro,?! and suggest that up-regulation of LY6K in MES-like GSCs contributes to GBM
RT resistance. Taken together, these results indicate that LY6K promoter methylation is especially

important for GSC subpopulations, particularly with respect to modulating GSC response to RT.

Finally, we determined how MES-like GSC83 cells respond to IR when LY6K expression
is modulated. Without IR treatment, cells with knockdown of endogenous LY6K, re-expression of
exogenous LYBK-WT maintained the potential of cell proliferation whereas re-expression of a
LY6K-AGPI mutant (Fig. 14) had similar inhibitory effects to that with a vector control (Fig. 16E,
left). Moreover, when cells were exposed to 2 Gy IR, re-expression of LY6K-WT rendered GSC83
cells resistant to IR, while LY6K-AGPI- or vector-expressing cells responded to IR treatments
(Fig. 16E, right). These data are consistent with our previous finding that MES-like GSCs are
resistant to IR in vitro,?! and strongly suggest that up-regulation of LY6K in MES-like GSCs

contributes to GBM resistance to RT.



82

A _ C
PN-like MES-like 5100+
= . . o Ctrl = IR
T~ oY b o ¥ o o < i
_ T = 0 = O 0 O _© «
Jycucucuc ucucuc g 14
LY6K -
(]
* Methylated cell line £ 01
U: Uncut kol i
C: Cut ox PN-like
B SOV MN =D 0N MO DD T D
DO ONT DO DONOD T INDNWONO
N A T et RNNNNNNND 0hr 24 hr 120 hr  10dy

% 17 1983 17 1983 17 19 83 17 19 83
* IR 9000000000000000000000000 %5 Lvek_ m =Rt =msl 2
*24h 0000000000006000000000000 % . GAPDH [T = | [ 5 = | [cmee ] (o w0l -,

72h QOOOOORAVOCOORCOAOOCAC0 0
120h DOOOCOREEOOOVOOEOACOVOOCD 0 E
GSCs83

+ ‘IR 900000000000000,000000009 52 . R +IR

24h COO0000CO000COCE000CCNCe 8 |, 5 40

72h CO00OOQCOOOONRD 0 0 imem Al 1 sieaoh

120h 4 el N B
COO0OCONOITCe S 20 ieve /i | ShisLvek

-IR 0G0000OQ000COO00000C00e 4 e 10 /
24h QOOOCORRCOCCORACAOCAOAAD O |4y E /
72h 0O00OOCOCOVTNONOVOVOJ0 0 80— —
120h QOCO0O0OOAOCORAROAOCOOROY 0 0 2 4 &6 0 2 4 s
* Methylated cell line

@ Methylated CpG site
O Unmethylated CpG site

Num

Figure 16.

Promoter methylation contributes to LY6K gene expression and modulates GBM cell response to
radiation. (A) CoBRA. LY6K was methylated in PN-like GSCs and was unmethylated in MES-
like GSCs. DNA incubated with S-adenosyl methionine was used as a positive control. (B).
Bisulfite sequencing analysis. In the absence of IR, PN-like GSC17 and GSC19 had high levels of
methylation of the LY6K gene promoter, while GSC83 had relatively low DNA methylation.
Within 72h or 24h after 2 Gy IR, the methylation profile switched to be much more MES-like in
both GSC17 and GSC19, respectively. The methylation profile for GSC83 remained stable,
regardless of IR. Filled circles indicate methylated CG sites. Clear circles indicate unmethylated
CG sites. Percentage of CG sites methylated is shown on the right. Base pair location is listed on
top. (C) Analysis of DNA expression array data of GSCs treated with 2 Gy IR.%8 IR induced 20
and 50-fold higher LY6K expression in PN-like GSCs, whereas LY6K expression remained stable
in IR-treated MES-like GSCs. (D) IB. IR-induced LY6K protein expression levels in PN-like
GSC17 and GSC19 increases with time, whereas LY6K expression in IR-treated MES-like GSC83
remained stable. GAPDH was a loading control. (E) Cell proliferation assay. In GSC83 cells with
knockdown of endogenous LY6K, expression of LY6K-WT increased cell proliferation and
resistance to IR, unlike LY6K-AGPI or a control vector. Red asterisks (*) in A and B indicate
methylated cell lines. Data in A, B, D, and E are representative from two to three independent
experiments with similar results. *p < 0.05, ***p < 0.001.
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Figure 17.

DNA methylation of LY6K gene promoter regulates its expression and GSC response to irradiation.
(A) Schematic showing the location of various CpG sites in the promoter region of LY6K. Light
blue lines indicate CpG sites. Green bar indicates predicted CpG island. (B) Bisulfite sequencing
analysis showing that PN-like GSC 17 and 19 have high methylation percentages, while MES-

Continuted on next page
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Figure 17 cont.

like GSC 83 and 30 have low methylation percentages. Base pair location is listed on top. (C)
Relative methylation levels for CpG sites in the LY6K promoter in PN-like or MES-like GSCs
(left) or PN or MES GBM (right). (D) B-values for the indicated individual CpG sites along the
LYBK CpG island for indicated PN-like and MES-like GSCs. (E) Illustration of nested primers
used for CoBRA PCR, showing forward (blue), internal forward (red), and reverse (brown)
primers, with CpG sites bolded. Sequence between the purple arrowheads is the PCR-amplified
sequence. The base pair location is indicated on the left. (F) Table showing the CpG probe IDs
and abbreviations used in (A), (C), and (D). (G) Visual representation showing how PN-like
GSC17 and GSC19 change from having tight spheres typical of PN-like GSCs to having loose
spheres, similar to MES-like GSC83 in the presence of IR. Scale bar in G is 200 um. (H) Relative
fold change of LY6K expression in PN-like GSC 17, 19, and 157 at the indicated timepoints, before
and after 2 Gy IR.
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CHAPTER 4: DISCUSSION

Sustained cell proliferation resulting from aberrant signal transduction is a hallmark of
cancer.!* Previous studies have shown the prevalence of LY6K and the LY®6 family members in
other human cancers including breast’, esophageal®’, and lung® cancers, as well as the role of
LY6K as an oncogene that is correlated with poor patient survival.®® In all cancers examined to
date, LYBK expression is correlated with poor patient survival. However, the function of LY6K in
GBM tumorigenicity is unknown. Here, we show for the first time that LY6K expression correlates
with poor prognosis of GBM patients in multiple datasets, and multivariate analyses show that
patients below 60 years of age with low levels of LY6K have a survival advantage. Our data
indicate that LY6K expression is higher in MES GBM samples and is differentially expressed
between PN-like and MES-like GSCs. Functionally, increased expression of LY6K promotes GBM
tumorigenicity in vitro and in vivo. This is especially relevant, given recent evidence showing the
utility of alternative splicing events of LY6K as a prognostic indication of GBM patient survival,®?
as well as the potential of using LY6K in immunotherapy.>*shRNA-mediated knockdown of LY6K
in MES-like GSCs significantly decreases cell proliferation, sphere forming frequencies, and in
vivo tumor growth and tumor volume. These phenotypes can be rescued upon re-expression of
LY6K in these cells. Complimentarily, overexpression of LY6K in PN-like GSCs or U87 glioma

cells increases their tumorigenic behaviors.

Mechanistically, we report that LY6K promotes tumorigenicity of GSCs and GBM cells
by enhancing MAPK signaling. Knockdown of LY6K in MES-like GSCs decreases basal levels of

p-ERK1/2 but fails to alter other cancer signaling pathways. Commensurate to the tumorigenic
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phenotypes seen in vitro and in vivo, p-ERK1/2 can be rescued with re-expression of LY6K.
Similarly, overexpression of LY6K in PN-like GSCs and U87 cells, which normally have
undetectable levels of LY6K, leads to a significant increase in p-ERK1/2, proportional to the

increased cell growth observed in vitro.

Although MAPK signaling is often the result of RTK-mediated signal transduction, we
found no evidence that RTKs including EGFR, PDGFRa, MET, or AXL are involved in LY6K-
induced ERK1/2 signal enhancement. Despite this, we did find evidence to support the notion of
EGF-mediated signaling. EGF stimulation significantly increases levels of p-ERK1/2 in PN-like
GSCs which have undetectable expression of EGFR, as well as in U87 cells which have low levels
of EGFR. Moreover in U87 cells, EGFR activation following EGF stimulation was similar
regardless of LY6K expression. In PN-like GSC528 cells, EGF stimulations caused a profound
increase in p-ERK1/2 but resulted in no detectable p-EGFR or total EGFR levels. We subsequently
tested the effect of inhibiting RAF or MEK, the two kinases that are directly upstream of ERK1/2.
In both GSC528 and U87 cells, RAF inhibition led to a decrease in p-ERK1/2, such that expression
was nearly undetectable. RAF inhibition also decreased levels of p-AKT, indicating the
involvement of RAF in multiple signaling pathways. MEK inhibition however was subtle. In
response to MEK inhibition, PN-like GSC528 had decreases in p-ERK1/2 levels commensurate to
RAF inhibition. However, U87 cells showed suppression of LY6K-induced p-ERK1/2 but retained
basal levels of p-ERK1/2. This is likely due to the presence of difference classes of MEK enzymes
in these two cell types.® Taken together, these results indicate that LY6K-induced ERK1/2

signaling is further enhanced by EGF, but occurs in an EGFR-independent mechanism. In addition,
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LY6K affects ERK1/2 signaling specifically and does not alter other cancer-related signaling

pathways, such as AKT signaling.

Given that RTK signaling is unlikely to be the cause of the enhancement seen in ERK1/2
activation, we searched for potential interactors of LY6K who may be responsible for this effect.
Reverse phase protein array analysis showed that CAV-1 is the only protein that significantly
correlates with LY6K levels. As CAV-1 is a membrane-bound protein that is found in lipid rafts, it
seemed a likely candidate to study further. In addition, disrupting actin polymerization and
subsequent membrane formation by treating with latrunculin A decreased the level of p-ERK1/2
and suppressed LY6K-induced p-ERK1/2. This indicates that proper membrane assembly is
necessary for LY6K to function. Reverse co-immunoprecipitation analysis showed a direct
interaction between LY6K and CAV-1, giving further evidence for CAV-1 being the mediator
between LY6K and ERK1/2 signal enhancement. Moreover, CAV-1 is associated with poor patient
survival in glioma patients and multivariate analysis showed that high expression of LY6K and
CAV-1 gives the poorest overall GBM patient survival. Correspondingly, knockdown of CAV-1
decreased the levels of p-ERK1/2 and diminished p-ERK1/2 resulting from EGF stimulation in
U87 cells expressing LY6K. Again, we tested the effect of inhibiting RAF or MEK in the presence
or absence of CAV-1 knockdown. As described previously, in the presence of LY6K, p-ERK1/2
levels decrease with MEK inhibition and are undetectable with RAF inhibition. However, if CAV-
1 is also knocked down, then p-ERK1/2 levels are undetectable with both RAF and MEK

inhibition.
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Finally, we examined the importance of the GPI anchor on LY6K function. LY6K is
predicted to have a GPI anchor, but is known to exist in soluble form in rodents.®® We first
confirmed the presence of the GPI anchor using a Kyte-Doolittle Hydropathy analysis, which
showed the presence of highly hydrophobic amino acid residues at both the N- and C-termini. We
also used a prediction software to determine that the most likely position for GPI anchor
attachment (the w-site)!%® was at amino acid position 137. We experimentally confirmed this by
treating cells containing LY6K with phosphatidylinositol-phospholipase C (PI-PLC), which
specifically cleaves GPl-anchored proteins from the membrane. Treatment with PI-PLC decreased
overall levels of LY6K, indicating that the enzyme successfully cleaved LY6K at the membrane,
and this was associated with a decrease in overall p-ERK1/2 levels. Additionally, we genetically
ablated the GPI-anchor domain of LY6K and found that this inhibited proper membrane
localization through immunofluorescent analysis. Immunoblotting (IB) analysis showed that
removing the GPI anchor domain abolished the ability of LY6K to enhance p-ERK1/2 levels, even
with EGF stimulation. Furthermore, xenograft experiments showed that LY6K lacking the GPI
anchor domain is unable to increase tumor growth beyond controls, unlike wild-type LY6K. This
indicates that LY6K must be membrane-bound in order to properly function and respond to EGF.
Overall, our studies thus indicate that membrane-bound LY6K interacts with CAV-1, thereby

enhancing ERK1/2 activity and subsequently promoting cell proliferation in GBM (Fig. 18).
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Figure 18: Summary

Schematic depiction of how membrane-bound LY6K associates with CAV-1 to enhance ERK1/2
signaling, thereby promoting GBM cell proliferation and tumorigenicity. Our model proposes that
LY6K must be GPIl-anchored in order to effectively interact with CAV-1 within caveolae.
Following this interaction, the LY6K/CAV-1 complex can act on the MAPK signaling pathway
and affect RAF and MEK to eventually increase the amount of activated p-ERK1/2. p-ERK1/2 can
then translocate to the nucleus and activate transcription factors that are responsible for many
different downstream effects. For the purposes of our model, p-ERK1/2 can help to promote gene
that increase cell proliferation, thereby increasing GSC growth and tumorigenicity.
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Previous studies have demonstrated LY6K and its family members as cancer-initiating

genes in several types of human cancers.%%7.78 |n breast cancer, LY6K and LYGE are required for
TGFp signaling and promote drug resistance and cancer cell escape from immune surveillance.™
However, the precise mechanisms responsible for these functions are unknown. In this study, we
show that LY6K is markedly up-regulated in GBM, and LY6K promotes GBM tumorigenicity via
ERK1/2-mediated signaling. Although ERK1/2 activation is often a result of RTK-stimulated
signaling, we found no evidence that any RTK examined is responsible for LY6K-induced ERK1/2
activation. Rather, LY6K stimulates ERK1/2 activity through association with CAV-1. Our data
are also consistent with previous studies that CAV-1 transport from the cell surface to early
endocytic vesicles activates ERK1/2 signaling.t®. Moreover, in the absence of EGF stimulation,
inhibition of RAF or MEK, protein kinases directly upstream of ERK1/2, markedly attenuates

LY6K-induced ERK1/2 activity.

Given that EGF is known to recruit CAV-1 to endocytic compartments and subsequently
activate MAPK signaling,®® it is possible that LY6K acts as a mediator in this exchange to ensure
efficient activation of the MAPK pathway. Moreover, other members of the LY6 family are also
known to utilize caveolin-mediated internalization to modulate cell signaling.'”® Indeed,
pharmacologic inhibition of proper membrane formation or CAV-1 KD dampens LY6K-induced
ERKZ1/2 activity. Notably, genetic ablation of the GPI-anchor domain of LY6K caused improper
localization of LY6K and abolished LY6K-enhancement of p-ERK1/2, even in the presence of
EGF. Moreover, GPI anchor ablation also resulted in decreased cell proliferation in vitro and

suppressed tumor growth in xenograft experiments. These data suggest that proper membrane
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localization of LY6K is critical for its role in enhancing ERK1/2 signaling and promoting
tumorigenicity in GBM. Although our results indicate that membrane-anchored LY6K and CAV-
1 interact to promote ERK1/2 signaling, future studies designed to illuminate the precise
mechanism by which LY6K and CAV-1 interact are warranted. As both proteins are localized to
lipid rafts!”, it is also plausible that other proteins in the lipid bilayer or perhaps the lipids

themselves are helping to facilitate this interaction.

A clinically relevant finding in this study is that LY6K promoter methylation maintains its
silencing and contributes to GBM response to radiation therapy (RT). LY6K is a member of the
cancer/testis antigen family of proteins, which can become aberrantly expressed in cancers
originating from non-reproductive tissues through modulation of DNA methylation profiles. Our
DNA methylation analysis of a cohort of PN-like or MES-like GSCs'% revealed that the LY6K
gene promoter is hypermethylated in PN-like GSCs, but hypomethylated in MES-like GSCs. This
methylation profile results in LY6K silencing in PN-like GSCs and LY6K expression in MES-like
GSCs. Moreover, RT is the first line of treatment in the standard care of GBM patients. Consistent
with our recent reports, 88 IR exposure of PN-like GSCs markedly reduced DNA methylation
and induced expression of LY6K, at both the gene and protein levels. Importantly, we found that
in MES-like GSC83 cells with knockdown of endogenous LY6K, re-expression of exogenous
LY6K-WT significantly increased cell proliferation, while expression of the LY6K-AGPI mutant
failed to increase proliferation relative to knockdown alone. Significantly, when these cells were
exposed to IR and subsequently analyzed for cell proliferation, only LY6K-WT maintained the

high growth potential seen in non-IR conditions. GSCs expressing either a vector control or LY6K-
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AGPI failed to maintain high cell proliferation. These data indicate that cells expressing LY6K-
WT acquired resistance to IR and were thus able to survive the damaging effects of RT.1® These
data indicate that in GBM patients with LY6K upregulation, targeting LY6K-CAV-1-ERK1/2

signaling may be a feasible approach to enhance GBM tumor response to RT.
Future Directions and Conclusions

Taken together, our data reveal a novel function for LY6K and a previously unknown role
in GBM biology. We show that LY6K interacts with CAV-1 to enhance ERK1/2 signal
transduction in GBM using both GSCs and established GBM cell lines. While our results clearly
indicate that LY6K modulates the ERK1/2 signaling pathway, future studies should examine the
precise mechanism by which this occurs. We show that CAV-1 is crucial to this enhancement and
that CAV-1 directly interacts with LY6K. However, it is important to understand exactly how
CAV-1 interacts with LY6K at the membrane. Given that LY6K is bound to the extracellular side
of the membrane, while CAV-1 is on the inner leaflet, future studies should determine how these
two proteins interact and whether such association affects downstream signaling. Perhaps there are
other integral membrane proteins or transmembrane proteins that are facilitating this interaction.

It is even possible that the phospholipids of the membrane are enhancing signaling.'8-182

In addition, we show that the interaction between LY6K and CAV-1 influences ERK1/2
signaling. However, the mechanism that allows these two proteins to interact with and enhance
ERK1/2 remains elusive. We show that inhibiting either RAF or MEK suppresses LY6K-induces
ERK1/2 signal enhancement, thereby indicating that the function of LY6K occurs upstream of

these kinases. Future studies should examine which particular part of the MAPK pathway is being
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influenced by LY6K. Elucidating this would allow for investigations into targeting that piece and
potentially provide an avenue for stopping LY6K-mediated GBM tumorigenicity. Moreover, while
our studies indicate that there are no RTKs (including EGFR) that are responsible for the effects
seen in ERK1/2 signaling, we did find evidence that cells expressing LY6K respond to both EGF
and erlotinib, an EGFR inhibitor. Even GSC528, which does not express any detectable levels of
EGFR had some response to erlotinib. These data indicate that LY6K is responsive to agents
targeting the membrane. Elucidating the exact role of LY6K at the membrane an prove to be very
useful while targeting this protein for GBM or other cancers. Future studies should focus on
whether erlotinib can target receptors other EGFR or any other kinases and whether those kinases

are related to LY6K.

Another interesting avenue for future research is whether LY6K can act on ERK1/2
signaling in other systems. The normal function of LY6K is to promote sperm migration during
reproduction.®”%8%062 Fyture studies should examine whether the involvement of LY6K in sperm
migration is dependent on ERK1/2 signaling and whether LY6K can interact with CAV-1 in
sperm. Moreover, LY6K is known to be oncogenic in various types of human cancers.%%-%878 Few
studies have examine the role of LY6K in cell signaling,”""® and no other study has examine
LY6K as an effector in ERK1/2 signaling. Future experiments should focus on how LY6K
functions in other cancers and whether it can act on ERK1/2 signaling through association with
CAV-1 in cancers outside of GBM. In addition, the function of LY6K as an oncogene appears to
be limited to GBM and not relevant in low grade-gliomas. In low grade-gliomas, LY6K is not

significantly correlated with patient survival, indicating that it might function in a context-
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dependent manner. Studies examining this further will provide valuable information about the

precise oncogenic potential of LYGK and its utility in therapeutic intervention.

Moreover, our studies showed that membrane-associated LY6K associates with CAV-1,
and this can induce tumorigenic behaviors. However, genetic ablation of the GPI-anchor domain
of LYBK appears to halt these behaviors. It is interesting that in the GPI-mutant form of LY6K,
there is no modification to the signal peptide of LY6K. Thus, it is possible that LY6K-AGPI is still
being targeted to the membrane, but it unable to be anchored in the membrane. In mice, LY6K has
been shown to have two isoforms, one of which is soluble.>” It would be interesting to see
whether the LY6K-4GPI mutant form is retained in the cell or whether it is secreted, as has been
shown for other members of the LY6 family.®® Moreover, future studies should also examine
whether there are any isoforms of LY6K that are soluble in normal primate cells. Investigating their

function may provide new insights regarding the mechanistic roles of LY6K.

Finally, future studies should also examine implications of targeting LY6K in
immunotherapies, especially in combination with temozolomide treatment and IR. Various studies
have examined the potential of LY6K in vaccine-based therapies. As LY6K may suppress the
immune system, ’° targeting LY 6K would be a useful tool to make “immune-cold” tumors such as
GBM into “hot” tumors. Peptide vaccine therapies aimed at LY 6K have shown immune responses
and some improvement in patient survival in esophageal, lung, head and neck, and gastric

Cancer580-87,90,91

As previously mentioned, while the role of LY6K has been implicated in several types of

cancers, the role and mechanism of LY6K action in GBM biology has yet to be elucidated. A
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recent study that was aimed at identifying prognostic indicators for GBM with respect to
alternative splicing mechanisms showed that a set of five genes were useful in predicting overall
and disease-free survival.®? LY6K is one of the five genes, and together with the other genes, was
found to be a useful tool in predicting patient survival.®? Furthermore, peptide-based vaccine
cocktails containing an LY6K-based epitope induced CTL responses in glioma patients.>* These
studies indicate that LY6K is an important factor in GBM patients and immunotherapies derived

from LY6K may be a useful mechanism for increase GBM patient survival.

We show here that LY6K expression is regulated by gene promoter methylation and
modulating the methylation status corresponds to changes in expression. We also show that LY6K
methylation and expression can change depending on the presence of IR. In cells that have high
levels of methylation of the LYGK promoter and correspondingly low levels of LY6K expression,
IR can induce promoter demethylation and gene expression. In addition, only cells expressing WT-
LY6K are resistant to radiation. On the other hand, GSCs expressing a control vector or the GPI-
mutant LY6K have decreased growth rates following IR. Given this resistance pattern, combining
IR with vaccine-based immunotherapies may provide a useful method for eliciting immune

responses to LY6K and promoting sensitivity to IR in GSCs expressing LY6K.

In conclusion, we demonstrate that LY6K has oncogenic roles in GBM and correlates with
poor GBM patient prognosis. LY6K expression increases cell proliferation in vitro and promotes
tumor growth in immunocompromised mice, while suppression of LY6K decreases cell
proliferation and tumor growth in orthotopic xenografts. Mechanistically, LY6K promotes GBM

tumorigenicity by activating the MAPK pathway via interactions with CAV-1. Interestingly, we



96
show that proper membrane localization is absolutely crucial for this effect. Mutant forms of LY6K
that lack the membrane anchoring domain are unable to enhance ERK1/2 signaling or promote
tumorigenic behaviors. Finally, we show that LY6K expression is governed by gene promoter
methylation and that the LY6K promoter becomes demethylated with IR. Given that localization
of LY6K to the membrane is required for LY6K oncogenic activity, LY6K could be considered as
a potential target for antibody-guided therapy, which, in conjunction with temozolomide and IR

therapies, may help to overcome GBM recurrence and resistance to RT.
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